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SUMMARY 
 

Local and long-range neuronal communication is critical for cognitive abilities. A 

hallmark of such communication is oscillatory activity that unfolds across functional brain 

networks. The development of these functional networks is heavily influenced by early patterns 

of neuronal activity. During the first two postnatal weeks, discontinuous bursts of activity, often 

generated spontaneously in the sensory periphery, aid the refinement of neuronal circuits 

important for adult sensory processing. Similar activity patterns also occur in hippocampal-

prefrontal circuits which are involved in cognition. Disturbance of these early activity patterns 

has a profound impact on adult circuits and behavioral abilities, implying a causal role of 

neonatal activity in functional network development. Yet, to date, it is not clear whether these 

early patterns of coordinated activity emerge endogenously within cortical-hippocampal 

networks or whether they are shaped by inputs from sensory systems.   

Rodents are born with limited sensory abilities and remain blind, deaf, and do not 

whisker until the end of the second postnatal week. During this period, newborn mice instead 

rely heavily on their sense of smell which is functional from birth onward and instructs goal-

directed behaviors and the formation of associative memories. Aside from its early 

functionality, the olfactory system also differs from the other sensory systems in its direct 

connectivity with cortical brain areas such as the lateral entorhinal cortex which represents a 

nodal point in the cortical-hippocampal circuitry. Thus, olfaction might shape the maturation of 

neuronal networks involved in cognitive processing.  

In this thesis, I aim to shed light on the contribution of olfactory activity on the network 

entrainment within entorhinal-hippocampal-prefrontal circuits during neonatal development. 

Using a wide range of experimental techniques such as in vivo intra- and extracellular 

electrophysiology, pharmacological manipulations, opto- and chemogenetics, and axonal 

tracing we report that neonatal olfactory bulb activity is characterized by a continuous, 

respiration-driven slow rhythm which is accompanied by discontinuous activity patterns in the 

theta/beta range. Olfactory bulb activity further drives neuronal firing and discontinuous 

network activity in the developing lateral entorhinal cortex via axonal projections from mitral 

cells. This early network activity is only mildly affected by anesthesia and increases after 

olfactory stimulation. Furthermore, bursting compared to non-bursting mitral cells are 

temporally more tightly coupled to discontinuous network oscillations in the olfactory bulb and 

lateral entorhinal cortex. Additionally, we report that mitral cell activity further entrains 

hippocampal and prefrontal circuits during synchronized beta oscillations. Considering the 

importance of cortical-hippocampal beta oscillations for memory processing, this early 

synchronization of the network might act as a template for long-range communication during 
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cognitive processing. Together these findings suggest an important role of olfaction for the 

development of brain networks involved in cognitive processing.  

Sensory processing is not merely a feedforward process but depends on feedback from 

cortical brain areas providing information about context, attention, and prior knowledge. Next 

we, therefore, investigated the development of feedback projections to the olfactory bulb and 

show that feedback projections, in contrast to feedforward projections, develop postnatally in 

an area-specific manner. While glutamatergic feedback from the piriform cortex emerges 

already shortly after birth, feedback from brain areas such as the lateral entorhinal cortex, 

ventral hippocampus, and cortical amygdala appears only at the beginning of the second 

postnatal week. These data suggest that olfactory processing occurs mostly independent from 

top-down influences at birth, but is increasingly modulated by cortical feedback across 

development.  

Together the here presented data show that the olfactory system is already functional 

from birth onward, but its connectivity and network activity are still developing. The immature 

olfactory bulb activity has a profound impact on the coordinated activity patterns in brain areas 

that are critical for later cognitive abilities. While many open questions remain, these data 

provide first insights into the role that olfactory activity plays in the maturation of cortical-

hippocampal networks.  
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ZUSAMMENFASSUNG 
 

 Lokale und weitreichende neuronale Kommunikation ist für kognitive Fähigkeiten 

maßgeblich. Ein Merkmal solcher Kommunikation ist oszillatorische Aktivität welche in 

funktionalen Netzwerken auftritt. Die Entstehung dieser funktionalen Netzwerke wird stark 

durch frühe neuronale Aktivität beeinflusst. In den ersten beiden postnatalen Wochen tragen 

diskontinuierliche Aktivitätsmuster, die oft spontan in der sensorischen Peripherie entstehen, 

zu der Entwicklung neuronaler Schaltkreise und späterer sensorischer Verarbeitung im 

Erwachsenenalter bei. Ähnliche Aktivitätsmuster treten auch in kortikalen und hippocampalen 

Schaltkreisen auf, die für kognitive Fähigkeiten wichtig sind. Eine Störung dieser frühen 

Aktivitätsmuster hat tiefgreifende Auswirkungen auf die neuronalen Netzwerke und 

Verhaltensfähigkeiten im Erwachsenenalter. Dies spricht dafür, dass neonatale 

Aktivitätsmuster eine kausale Rolle für die funktionelle Entwicklung dieser Netzwerke spielen. 

Bislang ist jedoch unbekannt, ob diese frühe koordinierte Gehirnaktivität endogen innerhalb 

kortikal-hippocampaler Schaltkreise entsteht oder ob sie unter Beitrag von sensorischen 

Systemen geformt wird.   

 Nagetiere werden mit eingeschränkten sensorischen Fähigkeiten geboren und sind bis 

zum Ende der zweiten postnatalen Woche blind, taub und nutzen ihre Schnurrhaare nicht aktiv. 

Während dieses Zeitraums verlassen sich neugeborene Mäuse stattdessen stark auf ihren 

Geruchssinn, der von Geburt an funktionsfähig ist und zielgerichtete Verhaltensweisen und die 

Bildung von assoziativen Erinnerungen steuert. Abgesehen von der frühen Funktionalität 

unterscheidet sich das olfaktorische System von den anderen sensorischen Systemen auch 

durch seine direkte Verbindung zu kortikalen Hirnbereichen, wie unter anderem dem lateralen 

entorhinalen Kortex, der einen Knotenpunkt in kortikalen und hippocampalen Netzwerken 

darstellt. Somit könnte der Geruchssinn die Entwicklung neuronaler Netzwerke, die an der 

kognitiven Verarbeitung beteiligt sind, beeinflussen.  

 Ziel dieser Arbeit ist es, den Beitrag der olfaktorischen Aktivität zu der Entstehung 

kortikal-hippocampaler Netzwerke während der neonatalen Entwicklung zu beleuchten. Unter 

Verwendung diverser experimenteller Techniken, wie in-vivo-Elektrophysiologie, 

pharmakologische Manipulationen, Opto- und Chemogenetik sowie der histologischen 

Darstellung axonaler Verbindungen, berichten wir, dass die Aktivität des neonatalen Bulbus 

olfactorius durch einen kontinuierlichen, atmungsgesteuerten langsamen Rhythmus 

gekennzeichnet ist, der von diskontinuierlichen Aktivitätsmustern im Theta/Beta-Bereich 

begleitet wird. Die neuronale Aktivität im Bulbus olfactorius steuert über axonale Projektionen 

von Mitralzellen neuronale Aktivität und diskontinuierliche Netzwerkaktivität im sich 

entwickelnden lateralen entorhinalen Kortex. Diese frühe Netzwerkaktivität wird durch Narkose 

nur geringfügig beeinträchtigt und nimmt nach olfaktorischer Stimulation zu. Zudem sind 
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Mitralzellen welche Aktionspotentiale in „Bursts“ feuern, im Vergleich zu irregulär feuernden 

Mitralzellen zeitlich enger mit diskontinuierlichen Netzwerkoszillationen sowohl im Bulbus 

olfactorius als auch im lateralen entorhinalen Kortex gekoppelt. Darüber hinaus zeigen wir, 

dass die Aktivität der Mitralzellen zusätzlich auch hippocampale und präfrontale Schaltkreise 

während synchronisierter Beta-Oszillationen beeinflusst. In Anbetracht der Bedeutung der 

kortikalen-hippocampalen Beta-Oszillationen für die Gedächtnisverarbeitung könnte diese 

frühe Synchronisation des Netzwerks über den Bulbus olfactorius als Vorlage für eine 

weitreichende Kommunikation während kognitiver Prozesse dienen. Zusammengefasst 

deuten diese Ergebnisse darauf hin, dass der Geruchssinn eine wichtige Funktion für die 

Entwicklung von Gehirnarealen darstellt, welche an kognitiven Prozessen beteiligt sind. 

 Die sensorische Verarbeitung ist kein reiner Feedforward-Prozess, sondern hängt 

zudem von Feedback aus kortikalen Hirnarealen ab, welche Informationen über Kontext, 

Aufmerksamkeit und Vorwissen liefern. Als Nächstes haben wir daher die Entwicklung der 

Feedback-Projektionen zum Bulbus olfactorius untersucht und zeigen, dass sich die 

zentrifugalen Feedback-Projektionen im Gegensatz zu den Feedforward-Projektionen, welche 

von Geburt an vorhanden sind, postnatal in einer bereichsspezifischen Weise entwickeln. 

Während glutamaterge Feedback-Projektionen aus dem Piriformkortex bereits kurz nach der 

Geburt auftreten, erscheinen Zentrifugale Projektionen aus Hirnarealen wie dem lateralen 

entorhinalen Kortex, dem ventralen Hippocampus und der kortikalen Amygdala erst zu Beginn 

der zweiten postnatalen Woche. Diese Daten deuten darauf hin, dass die Geruchsverarbeitung 

bei der Geburt weitgehend unabhängig von Top-down-Einflüssen erfolgt, aber im Laufe der 

Entwicklung zunehmend durch kortikales Feedback moduliert wird.  

 Zusammengefasst zeigen die hier vorgestellten Daten, dass das Geruchssystem zwar 

bereits von Geburt an funktionsfähig ist, seine Konnektivität und Netzwerkaktivität sich aber 

noch weiterentwickelt. Darüber hinaus hat diese unreife olfaktorische Aktivität einen 

tiefgreifenden Einfluss auf die koordinierten Aktivitätsmuster von Gehirnbereichen, die für 

spätere kognitive Fähigkeiten entscheidend sind. Auch wenn noch viele Zusammenhänge 

ungeklärt sind, ermöglichen diese Daten erste funktionelle Einblicke in die Rolle, des 

Geruchssinns bei der Reifung kortikal-hippocampaler Netzwerke.  

 

 

 

 

 

 

 



9 
 

1. INTRODUCTION 

1.1 The olfactory system 

1.1.1 The architecture of the main olfactory bulb 
 

In vertebrates, the olfactory bulb (OB) is the first processing stage of olfactory sensory 

inputs. It receives direct excitatory input from the axons of olfactory sensory neurons (OSNs), 

situated in the olfactory epithelium (OE), and relays processed odor information via the long-

range axons of mitral (MCs) and tufted (TCs) cells to brain areas of the olfactory cortex. Within 

the OB, olfactory input is dynamically modulated by local circuits and centrifugal inputs.  

Anatomically, the OB is organized as a spherical structure comprising six layers, which 

are mainly defined by the cell types they contain (Figure 1) (Imai, 2014; Nagayama et al., 

2014). Odor molecules bind in the OE to a subset of OSN, each expressing one of around 

1000 olfactory receptors in rodents (Buck and Axel, 1991; Zhang and Firestein, 2002). The 

axons of these OSNs innervate the OB at its outermost layer, termed olfactory nerve layer 

before converging onto specific glomeruli in the glomerular layer (GL).  

Glomeruli are round structures, which are formed by several cellular components: the 

axons of OSNs, apical, tree-like dendrites of glutamatergic MCs and TCs, glia cells, and 

several locally projecting interneurons, such as superficial short-axon cells (sSACs), 

periglomerular cells (PGCs), and glutamatergic external tufted cells (ETCs). Typical 

GABAergic (and in some cases dopaminergic) PGCs restrict their dendrites to one glomerulus 

where they receive excitatory inputs from OSNs and/or ETCs (Shao et al., 2009) and in turn 

mediate feedforward and recurrent inhibition through dendro-dendritic synapses onto MCs and 

TCs axons (Murphy et al., 2005). In contrast, dopaminergic and GABAergic sSACs mediate 

lateral inhibition between glomeruli (Whitesell et al., 2013). ETCs in turn, in most cases, send 

one single apical dendrite to one glomerulus where they mediate feedforward excitation on 

MCs. ETCs are considered to be rhythmic pacemakers that coordinate the activity across the 

glomerular microcircuit (Hayar et al., 2004a, 2004b).  

Axons of OSNs that express a specific receptor terminate in two mirror-symmetrically 

located glomeruli in the OB where they form excitatory synapses to PGCs, ETCs, as well as 

the apical dendrites of MCs and TCs, forming a topographic map (Lodovichi, 2021; Mombaerts 

et al., 1996). The topographic map of the OB is organized in two dorsal and one ventral domain 

which preserves the arrangement of OSNs in zones in the OE (Mori and Sakano, 2011). Each 

MC and TC extends their apical dendrite solely to one glomerulus, therefore receiving input 

from only one type of OSNs and preserving the topographic map in the output neurons of the 

OB. 
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Figure 1: Circuitry of the main olfactory bulb. 

Schematic of a coronal slice of the olfactory bulb (OB) with its layers as well as an exemplary mitral cell 
(MC). (GCL: granule cell layer, MCL: mitral cell layer, EPL: external plexiform layer, GL: glomerular 
layer). B. Schematic of the layers of the OB and its main neuron types. (IPL: internal plexiform layer, 
ONL: olfactory nerve layer, OE: olfactory epithelium, OSN: olfactory sensory neuron, SAC: short axon 

cells (light green), PGC: periglomerular cells (dark green), TC: tufted cells (yellow), GC: granule cells 

(blue), LOT: lateral olfactory tract). According to and inspired by Nagayama et al., 2014 (Nagayama et 
al., 2014). 
 

 

MCs and TCs, the main output neurons of the OB, differ in the location of their cell 

bodies within the OB, the projection pattern of their lateral dendrites, their axonal branching 

within the OB, as well as in their axonal projections to other brain areas (Imai, 2014; Mori et 

al., 1983). The somas of MCs are confined to the mitral cell layer (MCL) and extend lateral 

dendrites into the deep portion of the external plexiform layer (EPL). TCs in turn, are divided 

into three subtypes depending on the location of their soma within the EPL (Pinching and 

Powell, 1971). Apart from the above-mentioned ETCs, which are located at the border between 

GL and EPL, middle tufted cells are located in the upper two-thirds of the EPL, and internal 

tufted cells are located close to the MCL (Shepherd, 2004). In contrast to MCs, TCs have 

extensive axonal collaterals and mirror-symmetric axonal projections within the OB (Igarashi 

et al., 2012). Aside from different projection patterns and cell body location, MCs and TCs also 

differ in their functional properties. TCs for example have higher firing rates, a lower threshold 

for olfactory input induced spiking, and respond to a broader range of odors compared to MCs 

(Igarashi et al., 2012). Moreover, TCs and MCs fire during different phases of the respiration 

cycle indicating that they may play different roles in odor processing (Fukunaga et al., 2012).  

MC and TC (globally defined as M/TC) activity is further modulated at the level of the 

EPL. Several types of mostly PV expressing interneurons, like short-axon cells, van Gehuchten 

cells, and multipolar cells, (among others) are present in the EPL (Kosaka et al., 1994). They 

mediate lateral inhibition through dendro-dendritic synapse with M/TCs and have been 
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implicated in gain control function (Kato et al., 2013; Miyamichi et al., 2013). The internal 

plexiform layer lies below the MCL and is mainly composed of the recurrent axons of M/TCs, 

as well as, a few GABAergic granule cell (GC) bodies.  

The most inner and largest layer of the OB, the granule cell layer (GCL), is mainly 

composed of the cell bodies of GCs but also hosts a variety of different deep short axon cells 

(dSACs) (Eyre et al., 2008). Axon-less GABAergic GCs are the most abundant interneuron 

type in the OB and outnumber M/TCs by at least a factor of 10 (Lepousez et al., 2013). They 

have dendritic spines that form reciprocal synapses with secondary dendrites of M/TCs in the 

EPL and mediate recurrent and lateral inhibition on MCs and TCs (Chen et al., 2000; Egger et 

al., 2003; Isaacson and Strowbridge, 1998). At least three different types of GCs, which differ 

in the position of their cell bodies within the GCL, as well as their dendritic pattern in the EPL 

have been identified (Mori, 1987; Mori et al., 1983).  It has been speculated that different GCs, 

therefore, modulate either MCs or TCs (Nagayama et al., 2014). 

 A particularity of the OB is that thousands of adult-born GCs are integrated into the 

neuronal circuit every day in an experience-dependent manner while other GCs undergo 

apoptotic cell death (Petreanu and Alvarez-Buylla, 2002; Yamaguchi and Mori, 2005). 

Additionally, also PGCs are born and integrated into the OB circuitry postnatally. The function 

of these adult-born neurons to this date remains unresolved, but it is likely that they promote 

plasticity and are involved in the learning of complex olfactory tasks (Takahashi et al., 2018). 

 Of note, the investigation of the OB micro circuitry is an ongoing process and various 

neuron types and subtypes are continuing to be discovered (Merkle et al., 2014). Therefore, 

the here summarized cell types and connectivity patterns offer only an incomplete picture of 

the OB circuitry. In summary, the OB circuit hosts a vast variety of different interneuron types 

that modulate the activity of the output neurons of the OB on several levels, and are key for 

odor processing.  

 

 

1.1.2 Connectivity of the olfactory bulb with cortical and subcortical brain 

areas 
  

The sole output neurons of the OB  (MCs and TCs) differ in their axonal targets (Figure 

2A) (Igarashi et al., 2012). TCs send long-range axonal projections to a number of selected 

regions in the anterior part of the olfactory cortex: the anterior olfactory nucleus (AON), the 

anterior piriform cortex (aPIR), and the cap region of the olfactory tubercle. In contrast, the 

axons of MCs reach all parts of the olfactory cortex, including the AON, aPIR, olfactory 

tubercle, posterior piriform cortex (pPIR), tenia tecta, the nucleus of the lateral olfactory tract 

(nLOT), anterior cortical amygdaloid nucleus (aCOA), posterior cortical amygdaloid nucleus 

(pCOA) and lateral entorhinal cortex (LEC) (Igarashi et al., 2012). Moreover, MCs and TCs 
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project to spatially segregated areas within the anterior portion of the olfactory cortex, implying 

the existence of two parallel systems that possibly subserve different functions. For example, 

TCs project in particular to anterior olfactory nucleus pars externa (AONpE). Axons of AONpE 

in turn project to the contralateral OB, enabling the integration of odor information of the two 

bulbs (Yan et al., 2008). In contrast to the other primary sensory areas, the OB is not directly 

connected to the thalamus and olfactory information thus reaches the olfactory cortex without 

relay and processing in the thalamus. M/TCs axons terminate dispersedly in most areas of the 

olfactory cortex, not preserving the topography of the OB (Stettler and Axel, 2009). While a 

coarse topography is preserved in the AON and cortical Amygdala, inputs to PIR disperse, and 

odor-evoked activity patterns show no chemotopic organization (Friedrich, 2011). 

 

 

 

Figure 2: Connectivity of the OB with cortical and subcortical brain areas. 

A. Schematic of the ventral side of the brain indicating the target areas of MC (red) and TC (orange) 
axons. (AON: anterior olfactory nucleus, TT: tenia tecta, aPIR: anterior piriform cortex, pPIR: posterior 
piriform cortex, OT: olfactory tubercle, nLOT: nucleus of the lateral olfactory tract, COA: cortical 
amygdala, LEC: lateral entorhinal cortex): According to and inspired by (Igarashi et al., 2012) B. 
Schematic of the ventral side of the brain indicating Glutamatergic (black) and neuromodulatory 
feedback to the OB. vCA1: ventral Cornu ammonis 1, HDB: horizontal limb of the diagonal band of 
broca, RN: raphe nuclei (medial and dorsal raphe nuclei), LC: locus coeruleus. (According to: (Brunert 
and Rothermel, 2021; Markopoulos et al., 2012; Padmanabhan et al., 2019)). Brain schematics were 
modified from brainrender (Claudi et al., 2020). 

 

 The OB receives massive centrifugal feedback projections from several brain areas of 

the olfactory cortex (Figure 2B) (Brunert and Rothermel, 2021). Glutamatergic projections from 

the AON to the ipsi- and contralateral OB are the most abundant centrifugal inputs 

(Markopoulos et al., 2012; Zandt et al., 2019). They terminate in all layers of the OB where 

they activate PGCs, sSACs, GCs, and dSACs. Furthermore, sparse direct activation of MCs 

by feedback projections from AON has been reported (Markopoulos et al., 2012). Also, PIR, 



13 
 

LEC, ventral Cornu ammonis 1 (vCA1), several amygdala regions such as the nLOT and the 

COA, and zona inserta send glutamatergic feedback projections to different layers of the OB 

(Padmanabhan et al., 2019). To date, the specific contribution of the glutamatergic inputs from 

these different brain areas for olfactory processing is not fully understood.  However, first 

findings suggest that feedback projections from LEC might aid the adaptation of sensory 

responses, while projections from the PIR have been implicated in MC decorrelation and 

sensory gating. Moreover, feedback projections to OB are important for the formation of odor-

reward associations (Boyd et al., 2012; Gao and Strowbridge, 2009; Kiselycznyk et al., 2006).  

In addition, neuromodulatory inputs provide top-down modulation of sensory inputs 

during olfactory processing (Brunert and Rothermel, 2021). Noradrenergic projections, 

originating in the locus coeruleus reach all OB layers but innervate the internal plexiform layer 

most densely. Two raphe nuclei, the dorsal and median raphe nuclei send serotonergic 

afferents to the MCL and GCL, and GL respectively (Steinfeld et al., 2015). Cholinergic and 

GABAergic projections to the OB originate mainly in the horizontal limb of the diagonal band 

of broca situated in the forebrain. Even though it remains far from understood, 

neuromodulatory input does not provide a unitary effect on target neurons but instead regulates 

the response properties of neurons within the OB, and plasticity of both OB input and output 

(Eckmeier and Shea, 2014; Linster and Devore, 2012; Manella et al., 2017).  As such, 

neuromodulation has been implicated in a wide range of processes within the OB such as 

attentional modulation, gain control, sharpening of receptive fields, and memory stability 

(Brunert and Rothermel, 2021).  

 In sum, the OB shows unique feedforward and feedback connectivity with cortical and 

subcortical brain regions. Two non-overlapping output channels connect the OB directly with 

cortical brain areas without passing through the thalamus. Moreover, dense glutamatergic and 

neuromodulatory projections shape olfactory input already at the first processing stage in the 

central nervous system. 

 

 

1.1.3 Network activity in the olfactory bulb  
 

Local field potential (LFP) oscillations that span several different frequency bands are 

present in the OB during rest, active sniffing, and during odor-guided cognitive tasks such as 

odor perception and memory processing. In the OB, GCs contribute most strongly to the LFP 

due to their parallel arrangement, but M/TCs also show a strong relationship to LFP oscillations 

(Freeman, 1972; Kay, 2014).  

Slow frequency oscillations, which are coherent with nasal breathing and are termed 

respiration rhythm (RR), can occur during rest at frequencies between 2-4 Hz and increase 



14 
 

during active sniffing and locomotion up to 12 Hz (Kay et al., 2009). These oscillations arise 

from the sensory and mechanic activation of OSNs by the airflow in the nasal epithelium during 

breathing and are facilitated by circuits in the GL (Grosmaitre et al., 2007). For example, low-

frequency burst firing of ETCs in GL is tuned to the RR (Hayar et al., 2004b). Moreover, both 

MCs and TCs are strongly locked to the RR but differ in their phase relationship to the breathing 

cycle. TCs fire early in the inspiration period while MCs fire during the late inspiration phase 

and their firing is more strongly modulated by odor concentration (Fukunaga et al., 2012).  

 Due to the variable frequency of RR and the overlap in frequency range with 

hippocampal theta oscillations (4-12 Hz) the RR has often been termed theta oscillations in 

earlier studies. However, recent evidence identifies these oscillations as markedly different 

from theta oscillation in the hippocampus (HP), and in most circumstances, there is no phase 

coherence between the two (Rojas-Líbano et al., 2018; Tort et al., 2018a).  The RR has been 

identified in several cortical brain areas like the PIR (Fontanini et al., 2003), HP (Chi et al., 

2016; Lockmann et al., 2016; Yanovsky et al., 2014), LEC (Tort et al., 2018a), barrel cortex 

(Ito et al., 2014), prefrontal cortex (PFC) (Biskamp et al., 2017; Kocsis et al., 2018; Lockmann 

and Tort, 2018), and several other cortical and subcortical brain regions where it can co-occur 

with theta oscillations depending on the behavioral state of the animal (Tort et al., 2018a). RR 

in OB and other brain areas is dependent on nasal airflow and independent from 

thalamocortical slow oscillations or up and down states (Biskamp et al., 2017; Ito et al., 2014; 

Moberly et al., 2018; Yanovsky et al., 2014). Moreover, RR has recently been identified to 

coordinate faster oscillations like beta and gamma oscillations in the PFC and HP during rest, 

working memory, and decision-making tasks (Karalis and Sirota, 2022; Lockmann et al., 2018; 

Zhong et al., 2017). Despite the confusing nomenclature concerning RR and theta oscillations 

in the OB, some studies report the occurrence of both rhythms in the OB  with theta oscillations 

being driven by the HP in adult mice (Chi et al., 2016; Tort et al., 2018a).  

 Aside from these slow oscillations, faster, sensory-evoked oscillations in the beta and 

gamma frequency range are also present in the OB (Kay, 2014; Neville and Haberly, 2003). 

Beta oscillations (~15-30 Hz) arise during odor sensation and the learning of odor associations. 

Strong coherence with similar oscillations in LEC, PIR, HP, and PFC occur during odor-guided 

learning tasks (Gourévitch et al., 2010; Igarashi et al., 2014; Lockmann and Tort, 2018; 

Vanderwolf and Zibrowski, 2001; Xu and Wilson, 2012). Furthermore, two types of sensory-

evoked gamma oscillations have been described in the rodent OB. Gamma 1 oscillations (~ 

60-100 Hz) occur during odor stimulation and are locked to the RR, arising at the end of the 

inhalation phase, and are associated with odor discrimination (Kay, 2003).  Gamma 2 

oscillations (~ 30-60 Hz) are present during grooming and attentive rest and are absent during 

anesthesia. Both types of gamma oscillations are coupled to similar oscillations in PIR.  
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 Both gamma and beta oscillations arise through the interactions of M/TCs and GCs 

through dendro-dendritic synapses in the EPL (David et al., 2015; Fourcaud-Trocmé et al., 

2014; Neville and Haberly, 2003; Osinski and Kay, 2016; Osinski et al., 2018). However, the 

occurrence of gamma and beta oscillations depends on different excitability states of GCs and 

differs in their dependency on centrifugal input (David et al., 2015; Martin et al., 2006; Osinski 

and Kay, 2016). Blocking centrifugal input to OB increases gamma 1 power, but it abolishes 

beta oscillations in the OB. This indicates that beta arises through interactions of the OB with 

other brain areas (Martin et al., 2006). Furthermore, beta oscillations rely on a higher GC 

excitability compared to gamma oscillations which could be regulated by feedback projections 

from cortical brain areas (David et al., 2015; Osinski and Kay, 2016).   

 

 

1.1.4 Development of the olfactory system 
 

During early embryonic development the OB is formed by an evagination of the rostral 

telencephalon around embryonic day (E) 12.5. However, the differentiation of MCs already 

starts earlier (around E10.5-11) in the ventricular zone (Blanchart et al., 2006). Between E11 

and E13 these newly formed cells migrate radially towards the border of the immature OB and 

orient themselves tangentially. TCs are born a bit later than MCs, between E13 and E16 

(Hinds, 1968; Hirata et al., 2019). Between E14-16 when OSN axons from the olfactory 

epithelium arrive in the OB, M/TC dendrites and OSN axons grow closer to each other and 

M/TC dendrites start to form the EPL. The first protoglomerular structures emerge around E17 

and continue to develop until the end of the first postnatal week. As opposed to the late 

association of M/TCs apical dendrites with a glomerulus, the axon genesis of MCs already 

starts at E11.5 and reaches most of its target structures embryonically between E16 and birth 

at E19 (Walz et al., 2006).  

In contrast to M/TCs, OB interneurons are generated during late embryonic to neonatal 

ages and some interneuron types continue to be born throughout life. Embryonically-born 

interneurons migrate from the lateral ganglionic eminence of the telencephalon while 

postnatally-born GCs and PGCs are derived from the subventricular zones of the lateral 

ventricle and migrate through the rostral migratory stream (Imai, 2014). Different interneuron 

types show different developmental timelines with TH+ and calbindin expressing interneurons 

in the GL being born during embryogenesis while most GCs are born postnatally and do not 

reach adult morphology until the third postnatal week (Batista-Brito et al., 2008; Frazier-

Cierpial and Brunjes, 1989). 

 Also, MCs undergo profound changes during early postnatal development. Extensive 

pruning and dendritic refinement of MCs continue during early postnatal development (Lin et 
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al., 2000; Matsutani and Yamamoto, 2000). Furthermore, the intrinsic biophysical properties 

of MCs change across postnatal development. This leads to an increase in their firing rate as 

well as their ability to encode high-frequency stimuli (Fletcher et al., 2005; Yu et al., 2015). 

Moreover, dendro-dendritic inhibition increases from postnatal day (P) 0 to P15 and thereafter 

is reduced to adult levels at P30 (Dietz et al., 2011). Due to the late integration of GCs into the 

OB network and the immaturity of GCs and MCs, neonatal OB activity is lacking odor-evoked 

fast oscillations (Fletcher et al., 2005). However, neonatal mice are already able to discriminate 

odors. It was suggested though that this is limited to easy odor discrimination problems while 

difficult odor discrimination requires mature gamma oscillations and centrifugal feedback 

(Fletcher et al., 2005). Asides from easy odor discrimination, newborn rodents can already 

form odor associative memories (Armstrong et al., 2006; Logan et al., 2012). 

 Thus, in strong contrast to the visual and auditory system, the olfactory system is 

already functional from birth onward and represents the key sensory system for newborn mice 

(Logan et al., 2012). Despite its early functionality, several maturation processes occur after 

birth, and new neurons are integrated into the OB circuitry throughout life. As discussed above, 

olfactory afferents target the lateral entorhinal cortex at birth (Walz et al., 2006), and rodents 

can learn odor associations from birth onward. This suggests that cortical-hippocampal 

networks, which are involved in memory processing, are involved in the processing of olfactory 

information at neonatal ages. In the following section, I will discuss the function and 

connectivity as well as the development of the entorhinal-hippocampal-prefrontal network. 

 

 

1.2 The entorhinal-hippocampal-prefrontal network 

1.2.1 Function and connectivity of the entorhinal-hippocampal-prefrontal 

network 
 

The hippocampal-prefrontal network is important for several cognitive functions. It is 

involved in working memory, episodic memory, and encoding and retrieval of contextual 

memories (Eichenbaum, 2017; Jin and Maren, 2015; Preston and Eichenbaum, 2013). 

Moreover, interactions between the HP and PFC are often disrupted in psychiatric diseases, 

such as depression and schizophrenia (Sigurdsson and Duvarci, 2016).  

The HP circuitry is involved in declarative memory functions and spatial navigation 

(Eichenbaum and Cohen, 2014; Squire et al., 2004). It consists of the subfields of Cornu 

ammonis, CA1 to CA4, the dentate gyrus (DG), and the subiculum. (Amaral and Witter, 1989).  

The medial prefrontal cortex (mPFC) in turn is important for decision making, goal-directed 

behaviors, attention, and social and emotional behaviors (Fuster, 2001; Miller and Cohen, 

2001). It consists of the cingulate cortex, the prelimbic cortex, and the infralimbic cortex 
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(Heidbreder and Groenewegen, 2003). HP and mPFC are tightly connected through direct and 

indirect pathways. Pyramidal neurons in the subiculum and ventral CA1 send direct axonal 

projections mainly to deep and less densely to superficial layers of the mPFC (Jay and Witter, 

1991). Moreover, both brain regions are bidirectionally connected with thalamic nuclei such as 

the nucleus reuniens and cortical brain areas such perirhinal and entorhinal cortex (EC) 

(Sigurdsson and Duvarci, 2016).  

Even though the EC was long seen as a simple relay station between the (neo)cortex 

and the HP, it has been shown to play an important role in episodic memory, encoding of 

spatial information, perception of time, and decoding of stimulus features (Dickerson and 

Eichenbaum, 2010; Fyhn et al., 2004). The HP receives its main source of input from the two 

sub-regions of the EC, the LEC and the medial entorhinal cortex (MEC) which provide sensory 

and spatial information (van Strien et al., 2009). While MEC which hosts grid cells and head 

direction cells is important for spatial navigation, LEC is thought to be mainly important for the 

decoding of stimulus features as it receives sensory information through the perirhinal cortex 

as well as direct input from the olfactory bulb (Igarashi et al., 2014; Leitner et al., 2016; Xu and 

Wilson, 2012; Young et al., 1997).  

Both subregions of EC show strong projections to the CA1 region of the HP formation. 

Direct projections emerge in EC layer IIb/III by calbindin positive pyramidal neurons which 

synapse onto the apical dendrites of CA1 pyramidal neurons. Moreover, CA1 receives EC 

input via the trisynaptic route. Reelin positive layer IIa stellate (MEC) or fan (LEC) cells send 

projections via the performant path to the DG, which in turn projects via mossy fibers to CA3. 

Schaffer collaterals finally synapse onto the proximal apical dendrites of CA1 pyramidal 

neurons. Apart from the excitatory connections between EC and HP, long-range inhibitory 

connections also exist. By suppressing feedforward inhibition they act as a disinhibitory gate, 

which leads to an excitation of CA1 pyramidal neurons (Basu et al., 2016). Considering the 

different routes by which information from EC can reach CA1, CA1 was suggested to act as a 

novelty detector that compares new sensory information from EC with stored memory 

information in DG and CA3. (Dudman et al., 2007; Duncan et al., 2012). CA1 in turn is the main 

output region of the HP formation, projecting to several brain regions such as PFC, EC, 

perirhinal cortex, amygdala, and OB (van Groen and Wyss, 1990). Feedback projections from 

CA1 to EC terminate in layer V, which in turn send projections back to layer II/III closing the 

entorhinal-hippocampal loop (Naber et al., 2001). Additionally, to its connectivity with the HP, 

a distinct population of reelin positive fan cells in layer II of the LEC projects to layer V/VI of 

PFC.  

 In addition to the tight anatomical connectivity, strong behaviorally relevant functional 

coupling within the EC-HP-PFC network exists. During locomotion or sensory processing, 

theta modulated gamma oscillations are present in LII/III of the EC and entrain CA1 and DG 
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neurons in the same rhythm (Chrobak et al., 2000).  Moreover, synchronized theta oscillations 

between HP and PFC have been implicated in memory processing (Adhikari et al., 2010; 

Benchenane et al., 2010; Jones and Wilson, 2005). This coupling is thought to be driven by 

CA1, which entrains mPFC neurons in the theta frequency range. Furthermore, HP theta 

oscillations modulate gamma oscillations in mPFC, thereby possibly integrating relevant 

gamma-mediated cell assemblies (Siapas et al., 2005; Sirota et al., 2008). In addition, sharp 

waves that originate in the HP entrain mPFC and LEC layer V/VI neurons in ripple discharges 

(140-200 Hz) and are involved in off-line memory consolidation (Chrobak et al., 2000). While 

theta/gamma oscillations have been implicated in transferring information about the outside 

world in a bottom-up manner, sharp-wave ripples (SWR) might represent top-down inputs from 

the HP to cortical brain areas (Chrobak et al., 2000).  

 

 

1.2.2 Functional development of cortical and hippocampal networks 
 

 Adult cognitive processing relies on the functional interplay of highly complex brain 

networks such as the hippocampal-prefrontal network which communicates via coordinated 

activity patterns. During early development, the foundation of these networks is formed by 

several processes which are influenced by genetic and molecular factors and are refined by 

early activity patterns. 

 The activity patterns observed in the immature brain differ strongly from the network 

activity that is observed during adulthood. Prematurely born human babies show discontinuous 

activity patterns, termed delta brushes, rather than adult-like continuous oscillatory activity. 

Similar patterns of activity have been identified in newborn rodents, whose developmental 

stage corresponds to the second gestational trimester in humans (Hanganu-Opatz, 2010; 

Workman et al., 2013). In the neonatal rodent cortex, oscillatory discharges alternate with 

periods of network silence (Hanganu et al., 2006; Khazipov et al., 2004; Minlebaev et al., 2007; 

Yang et al., 2009). These discontinuous activity patterns emerge, depending on the brain area, 

during late embryonic or early postnatal periods and progressively increase in frequency, 

amplitude, and length until brain activity resembles adult-like continuous oscillations 

(Brockmann et al., 2011; Chini et al., 2021; Shen and Colonnese, 2016).  

Spindle bursts, which are the rodent equivalent to human delta brushes, have a 

duration of around 1-2 s. They occur mainly in the theta frequency range and can be 

accompanied by bouts of beta-gamma oscillations (An et al., 2014; Khazipov and Luhmann, 

2006; Yang et al., 2009). Spontaneous discharges in the sensory periphery, such as the retina, 

cochlea, and whisker pad can trigger spindle bursts in the corresponding primary sensory 

areas even before the retina and cochlea are sensitive to sensory inputs  (Ackman et al., 2012; 
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Khazipov et al., 2004; Mizuno et al., 2014; Wang et al., 2015; Yang et al., 2009). Spindle bursts 

in the somatosensory and motor cortex, in turn, can be triggered by spontaneous limb 

movement (An et al., 2014; Gómez et al., 2021; Khazipov et al., 2004). Blocking input from the 

sensory periphery, however, eliminates the occurrence of spindle bursts only partially, 

indicating that they can (to a certain extent) be generated within the cortex (An et al., 2014; 

Hanganu et al., 2006; Khazipov et al., 2004). This early entrainment of cortical brain activity is 

mediated by first-order sensory thalamic nuclei (Martini et al., 2021). Moreover, removal of the 

subplate neurons at birth prevents the emergence of spindle bursts in the somatosensory 

cortex, illustrating an important role of the thalamocortical network for the generation of spindle 

bursts in sensory cortices (Tolner et al., 2012). Of note, the synchronization of cortical-

subcortical networks by coordinated patterns of activity during neonatal development drives 

the maturation of the underlying sensory circuits by regulating cell migration, differentiation, 

and synaptic plasticity (Katz and Shatz, 1996; Khazipov and Luhmann, 2006) and ultimately is 

necessary for the development of sensory discrimination (Che et al., 2018).  

 In contrast to the sensory cortices, less is known about the oscillatory activity in 

developing brain areas that are involved in higher cognitive processing. Nevertheless, recent 

research has uncovered similar discontinuous activity patterns in the HP and PFC of neonatal 

mice. Neonatal PFC activity is characterized by discontinuous discharges in the theta 

frequency range which are superimposed by beta/low gamma oscillations (Brockmann et al., 

2011). They start to occur around P2 and increase in duration, amplitude, and frequency until 

the activity becomes continuous around P11-12 (Chini et al., 2021). The fast component of 

these early activity patterns relies on layer II/III pyramidal neurons in PFC and is driven by 

excitatory inputs from CA1 during discontinuous theta/beta oscillations in the HP (Ahlbeck et 

al., 2018; Bitzenhofer et al., 2017a). Already during neonatal development, the HP receives 

strong axonal projections from the LEC that control neonatal HP-PFC network synchronization 

by modulating HP theta activity (Hartung et al., 2016a). Additionally, HP and PFC are 

reciprocally connected to the ventral midline thalamus, which ensures feedback 

communication from PFC to CA1 during neonatal development (Hartung et al., 2016a).  

 Mouse models of mental disorders show altered network activity in developing cortical-

hippocampal circuits and impaired cognitive abilities during adulthood, indicating an important 

role of early network entrainment for the functional development of the brain areas involved in 

cognitive processing (Chini et al., 2020; Domnick et al., 2015; Hartung et al., 2016b; Richter et 

al., 2019; Xu et al., 2021). In line with this notion, disturbance of neonatal cortico-hippocampal 

network activity by pharmacological or optogenetic manipulation has a strong impact on circuit 

development and behavioral abilities during adulthood (Bitzenhofer et al., 2021; Krüger et al., 

2012).  



20 
 

 Thus, early activity patterns within cortical-hippocampal networks are not merely an 

epiphenomenon but are instrumental for the adequate development of cortical functions. Yet, 

to date, it is unknown whether inputs from sensory brain areas are involved in shaping these 

early activity patterns in higher brain areas. A key candidate in shaping cortical and 

hippocampal network activity during neonatal development is the sense of smell, as OB 

afferents directly target several cortical brain areas and olfactory processing entrains cortical-

hippocampal networks during adulthood. In the following section, I will outline the impact of 

olfaction on cortical and hippocampal networks in adult rodents in more detail.  

 

 

1.3 Olfaction and the cortical-hippocampal network 

1.3.1 Olfactory inputs to the cortical-hippocampal network 
 

Olfactory afferents directly transfer odor information to cortical and subcortical areas 

without a relay through the thalamus (Igarashi et al., 2012; Luskin and Price, 1983). This 

unique direct connectivity of a sensory area to the cortex indicates a strong interaction of 

olfactory areas with limbic and cortical brain areas that are involved in memory and decision 

making.  

The axons of MCs directly target the LEC, which is often seen as the interface between 

the (neo)cortex and the hippocampal formation. Aside from direct axonal projections from OB, 

LEC also receives indirect olfactory input via the PIR (Haberly and Price, 1978; Kerr et al., 

2007). Of note, afferents from olfactory areas are the most prominent input to the LEC (Kerr et 

al., 2007). MC axons terminate in layer I of LEC where they form synapses with the dendrites 

of layer IIa reelin positive fan cells, which in turn project to the DG and CA3 of the HP (Leitner 

et al., 2016; Vandrey et al., 2020).  Moreover, also layer IIb calbindin positive pyramidal 

neurons receive direct olfactory inputs (Bitzenhofer et al., 2022) and in turn project directly to 

CA1, PIR, and back to the OB (Leitner et al., 2016; Witter et al., 2017). These direct projections 

from LEC layer II/III to CA1 were shown to be important for associative odor memories (Li et 

al., 2017). Additionally a distinct subpopulation of LEC layer IIa reelin positive cells projects to 

the PFC (Xu et al., 2021). However, it is not clear whether these neurons receive direct input 

from the OB.  

Furthermore, PIR (that receives strong olfactory inputs) is reciprocally connected to the 

nucleus reunions and mediodorsal nucleus of the thalamus (MD), which in turn project to the 

HP, LEC, and the orbitofrontal cortex. Coherent beta oscillations between PIR and MD are 

present during odor stimulation and MD was implicated in odor learning and memory (Courtiol 

and Wilson, 2014; Eichenbaum et al., 1980; McBride and Slotnick, 1997). Moreover, PIR and 

LEC are reciprocally connected to the septum, which in turn is bidirectionally connected with 
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the HP. Therefore, both the septum and thalamus could play important roles in entraining 

hippocampal-prefrontal networks during olfactory processing.  

Lastly, olfactory information is relayed to different subregions of the amygdala, either 

by direct axonal projections of MCs or through projections from PIR (Gutiérrez-Castellanos et 

al., 2010). The amygdala in turn is reciprocally connected with the HP and orbitofrontal cortex. 

This circuitry is involved in odor-triggered emotions and odor-associated emotional memories 

(Kadohisa, 2013).  

 Thus, the olfactory system is tightly connected with the hippocampal-prefrontal 

network. The interactions between both are critical for a variety of cognitive functions, ranging 

from emotions to memory.  

 

 

1.3.2 Olfaction and cognition 
 

 Macrosmatic rodents rely heavily on their sense of smell for cue-directed behaviors 

such as foraging, navigation, and social behaviors. To succeed in these tasks, olfactory 

information must be used for memory formation and decision making. Accordingly, strong 

functional coupling between OB and brain areas involved in higher cognitive functions are 

present during olfactory processing. Beta oscillations emerge in brain areas such as PIR and 

HP during olfactory sensation (Vanderwolf and Zibrowski, 2001; Xu and Wilson, 2012) and 

synchronize across the OB-LEC-HP network during olfactory learning tasks (Igarashi et al., 

2014; Martin et al., 2006, 2007). Furthermore, synchronized beta oscillations within HP-PFC 

networks are critically involved in memory-guided decision-making (Symanski et al., 2021). 

The firing of beta entrained interneurons in hippocampal CA1 is linked to accurate performance 

during associative odor memory and decision-making tasks, suggesting that beta oscillations 

enable the recruitment and coordination of neurons that are involved in the processing of task-

relevant information (Rangel et al., 2016; Symanski et al., 2021).  

 Aside from olfactory-driven beta oscillations, also the RR has been suggested to be 

involved in several cognitive functions (Heck et al., 2019). Recent research has identified 

respiration modulated LFP and membrane oscillations in several cortical and subcortical brain 

areas including the PFC and HP (Fontanini and Bower, 2005; Jung et al., 2019; Tort et al., 

2018b). These slow oscillations depend on nasal airflow and an intact OB (Biskamp et al., 

2017; Ito et al., 2014; Moberly et al., 2018; Yanovsky et al., 2014). Moreover, current source 

density analysis revealed current sinks for RR in input layers of cortical and subcortical 

structures, such as in deep PFC layers or the DG, suggesting a synaptic origin of the rhythm 

and excluding the possibility that it is caused by volume conduction or breathing-related brain 

movement (Karalis and Sirota, 2022; Lockmann et al., 2018). Additionally, the phase of RR 
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modulates local neuronal firing as well as the amplitude of local gamma and beta oscillations 

in several cortical brain regions including the HP and PFC  (Biskamp et al., 2017; Chi et al., 

2016; Ito et al., 2014; Karalis and Sirota, 2022; Lockmann et al., 2018; Rojas-Líbano et al., 

2018; Zhong et al., 2017). Together, these findings suggest that the olfactory-driven RR can 

synchronize local circuits across remote brain areas.  

Considering the importance of theta-gamma phase-amplitude coupling for several 

cognitive processes such as working memory (Colgin, 2015; Sirota et al., 2008; Tort et al., 

2009; Yamamoto et al., 2014) it has been speculated that the RR might play a role in promoting 

coordinated interactions between distant networks during cognitive processing, similar to 

hippocampal theta oscillations (Heck et al., 2019). Moreover, as the RR and theta oscillations 

in rodents often occur in an overlapping frequency range it was suggested that RR-gamma 

coupling was often mischaracterized as theta-gamma coupling in older studies that failed to 

record the breathing rate (Tort et al., 2018b). This is intriguing, as Biskamp and colleagues 

found that local gamma oscillations in the PFC are more efficiently entrained by the phase of 

RR compared to the theta phase (Biskamp et al., 2017).  

In humans, the RR is found in brain areas such as PIR, HP, and amygdala, and memory 

recall is modulated by the respiration phase. Furthermore, task performance and RR drop 

when participants switch to oral breathing, indicating that nasal breathing directly influences 

cognitive performance (Nakamura et al., 2018; Zelano et al., 2016). In line with this finding, 

memory consolidation has also been shown to be improved during nasal breathing compared 

to oral breathing (Arshamian et al., 2018). In rodents, SWRs in HP are phase modulated by 

RR, identifying a possible mechanism by which respiration could influence memory 

consolidation and recall (Liu et al., 2017). However conflicting results called into question 

whether this entrainment is mediated by the OB or through respiratory corollary discharges 

possibly originating in the Pre-Bötzinger complex (Karalis and Sirota, 2022). Moreover, RR 

has been implicated in emotional cognition such as fear conditioning (Folschweiller and Sauer, 

2021). However, due to strongly conflicting results, the role of RR during fear conditioning 

remains unclear to this date (Bagur et al., 2021; Moberly et al., 2018). 

 In sum, the OB is tightly coupled to cortical and subcortical brain areas through 

oscillations in various frequency bands: most notably RR, and beta. A large body of literature 

suggests an involvement of these rhythms in cognitive processing. Nevertheless, to date, it 

remains to be determined whether these network interactions are already established at 

neonatal ages and whether olfactory deprivation during a critical period would affect later 

cognitive abilities. 
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2. AIM AND STRUCTURE OF THE THESIS 
 

 This thesis aims to uncover the role neonatal olfactory processing plays in the 

entrainment of cortical-hippocampal networks, and thus, the potential ability of olfactory input 

to sculpt the development of cortical circuits that are critical for cognitive abilities during 

adulthood. This overarching aim encompasses the characterization of neuronal and network 

activity in the neonatal OB, its functional and anatomical connectivity with the neonatal LEC, 

the development of its feedback projections from cortical and subcortical brain areas, as well 

as its functional interplay with downstream cortical-hippocampal circuits. A special focus 

hereby lies in elucidating the contribution of OB activity to the entrainment of LEC-HP-PFC 

networks during neonatal development.   

 Several aspects of the interaction between OB and cortical and hippocampal brain 

areas are investigated using a combination of experimental techniques, including in vivo and 

in vitro electrophysiology, optogenetics, chemogenetics, and retrograde tracing in neonatal 

mice. In a first step, neonatal OB activity and the functional connectivity between OB and LEC 

during neonatal development is characterized in anesthetized mice (Chapter 3.1). Sensory 

stimulation and deprivation as well as optogenetic and pharmacological manipulations are 

used to reveal the contribution of OB activity to the entrainment of neonatal LEC activity.  

Secondly, the firing characteristics of neonatal MCs and the specific contribution of bursting 

and non-bursting MCs to the network activity in OB and LEC are investigated (Chapter 3.2). 

Given the shortage of knowledge concerning the action of general anesthesia during 

development, the role of anesthesia on neuronal activity in, among other brain areas, the OB 

and LEC, is investigated in chapter 3.3. In chapter 3.4 we utilize four side recordings in 

neonatal mice, combined with opto- and chemogenetic manipulations to reveal the contribution 

of M/TC activity to the entrainment of LEC-HP-PFC networks during wakefulness. We uncover 

synchronous OB-driven beta oscillations between OB, LEC, HP, and PFC as a means of long-

range communication in the olfactory-cortical network. Lastly, because olfactory information is 

strongly modulated by centrifugal input in adults and memory-related beta oscillations are 

dependent on centrifugal inputs, the development of centrifugal inputs to the OB is investigated 

(Chapter 3.5). 
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3. RESULTS 

3.1 Article 1: Coordinated electrical activity in the olfactory bulb gates the 
oscillatory entrainment of entorhinal networks in neonatal mice 

 

Sabine Gretenkord, Johanna K. Kostka, Henrike Hartung, Katja Watznauer, David 

Fleck, Angélica Minier-Toribio, Marc Spehr, Ileana L. Hanganu-Opatz  

 

PLOS Biology, January 2019; DOI: https://doi.org/10.1371/journal.pbio.2006994 
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Abstract

Although the developmental principles of sensory and cognitive processing have been

extensively investigated, their synergy has been largely neglected. During early life,

most sensory systems are still largely immature. As a notable exception, the olfactory sys-

tem is functional at birth, controlling mother–offspring interactions and neonatal survival.

Here, we elucidate the structural and functional principles underlying the communication

between olfactory bulb (OB) and lateral entorhinal cortex (LEC)—the gatekeeper of limbic

circuitry—during neonatal development. Combining optogenetics, pharmacology, and

electrophysiology in vivo with axonal tracing, we show that mitral cell–dependent discon-

tinuous theta bursts in OB drive network oscillations and time the firing in LEC of anesthe-

tized mice via axonal projections confined to upper cortical layers. Acute pharmacological

silencing of OB activity diminishes entorhinal oscillations, whereas odor exposure boosts

OB–entorhinal coupling at fast frequencies. Chronic impairment of olfactory sensory neu-

rons disrupts OB–entorhinal activity. Thus, OB activity shapes the maturation of entorhinal

circuits.

Author summary

Cognitive performance is maximized only through permanent interactions with the envi-

ronment, yet the contribution of sensory stimuli to cognitive processing has been largely

neglected. This is especially true when considering the maturation of limbic circuits

accounting for memory and executive abilities. Rodents are blind and deaf, do not whis-

ker, and have limited motor abilities during the first days of life, and therefore, the contri-

bution of sensory inputs to limbic ontogeny has been deemed negligible. As a notable

exception, olfactory inputs are processed already early in life and might shape the limbic

development. To test this hypothesis, we investigate the principles of communication

between the olfactory bulb (OB), the first processing station of olfactory inputs, and lateral

entorhinal cortex (LEC)—the gatekeeper of limbic circuits centered on hippocampus and
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prefrontal cortex—of mice during the first and second postnatal weeks. We show that

spontaneously generated patterns of electrical activity in the OB activate the entorhinal

circuits via mono- and polysynaptic axonal projections. The activity within the circuitry

connecting the OB to the LEC is boosted by odors and disrupted by chronic lesion of the

olfactory periphery. Thus, spontaneous and stimulus-induced activity in the OB controls

the maturation of neuronal networks in the LEC.

Introduction
Coordinated patterns of electrical activity entrain developing neuronal networks in rhythms

with a broad frequency spectrum. These patterns have been proposed to critically shape brain

maturation [1–3]. Experimental evidence supporting this hypothesis has been mainly provided

for sensory systems. For example, in the visual and auditory systems, spontaneous activity

from sensory periphery (i.e., retina or cochlea) controls the formation of cortical representa-

tions underlying stimulus perception [4,5]. Theta band (4–12 Hz) spindle bursts and gamma

(30–80 Hz) oscillations in the developing somatosensory system promote thalamocortical con-

nectivity and maturation of coupling with the motor system [6,7]. Overall, the discontinuous

oscillatory activity in sensory cortices during development has multifold origin, including

stimulus-independent activation in the periphery and entrainment of local cortical circuits via

chemical and electrical synapses [1,8].

Although less investigated, limbic circuits show similar patterns of coordinated activity dur-

ing early development, with discontinuous theta bursts (4–12 Hz) and superimposed fast fre-

quency episodes (20–40 Hz) [9–13]. Theta bursts facilitate unidirectional communication

from the CA1 area of intermediate/ventral hippocampus (HP) to the prelimbic subdivision of

the prefrontal cortex (PFC) via glutamatergic projections [14]. As a consequence of hippocam-

pal theta drive, pyramidal neurons in local prelimbic circuits generate beta–low gamma (20–

40 Hz) oscillations [15]. Theta coupling between neonatal PFC and HP is controlled by the lat-

eral entorhinal cortex (LEC), which densely projects to both areas [11]. The complex organiza-

tion of limbic circuits at an early age raises the question of which mechanisms control the

gatekeeper function of LEC during early development. Similar to sensory systems, the neonatal

LEC might be driven by spontaneous activity from the sensory periphery. Indeed, the adult

LEC receives direct input from the olfactory bulb (OB), which, in contrast to other sensory sys-

tems, bypasses the thalamus [16,17]. Mitral and tufted cells (MTCs) represent the sole OB out-

put neurons. Rather than simply relaying information, these neurons are embedded in a

complex network that controls odor information coding [18,19]. The axons of mitral cells

(MCs) terminate in entorhinal layer I on apical dendrites of layer II/III pyramidal and stellate

cells [20], which in turn form the perforant path projection to the hippocampal formation

[21,22]. Layer II/III neurons in LEC project back to OB [23], yet distinct entorhinal popula-

tions are differently engaged in feedforward and feedback signaling during odor processing

[24]. Thereby, odor-evoked activity in the adult controls the gateway function of LEC, which

interfaces HP and neocortical regions [25,26].

Whereas the sense of smell serves fundamental functions in newborn animals [27], the

role of olfactory inputs and OB activity for limbic circuit maturation remains unknown.

Since other sensory systems are still immature during early life—and thus their impact on

limbic circuits is negligible—this knowledge gap appears even more striking. Rodent pups

are blind and deaf and have limited sensorimotor abilities until the end of the second post-

natal week [28,29]. In contrast, the olfactory system that provides the major sensory input in
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neonatal rodents maturates earlier, yet it permanently evolves during the first 2 postnatal

weeks [30]. We hypothesize that both odor-dependent and odor-independent coordinated

activity in OB control the entrainment of entorhinal networks during neonatal development.

Combining anatomical tracing with optogenetics, electrophysiology, pharmacology, and

sensory manipulation in urethane-anesthetized and awake neonatal mice (postnatal day

[P]8–10) in vivo, we elucidate the olfactory control of functional maturation of entorhinal

circuits.

Results
OB and LEC are reciprocally connected in neonatal mice

In mice, MTCs mature during intrauterine life, and their axons reach cortical targets during

the first postnatal week [30]. This time window coincides with the period of strong gating of

prefrontal-hippocampal networks by entorhinal theta activity. To detail the spatial patterns of

connectivity between OB and LEC in P8–10 mice, we performed an in-depth investigation of

axonal projections from MTCs to LEC and, vice versa, of entorhinal projections to OB. First,

we used Tbet-cre;R26-tdTomato mice (n = 4) for intact-brain imaging of long-range projec-

tions by electrophoretic tissue clearing and confocal fluorescence microscopy (Fig 1A and 1B).

In these mice, MTCs are genetically tagged (Fig 1C) [31]. Already at P8, the lateral olfactory

tract (LOT) comprising MTC axons reached the posterior part of the cerebrum, including piri-

form cortex (PIR) and LEC (Fig 1A and 1D). As previously shown in adult rats [20], MTC

axons were mainly confined to layer I of neonatal LEC (Fig 1D). Retrograde tracing with

Fluorogold (FG) injected into LEC of P3–4 mice confirmed the direct connectivity (Fig 1E).

No differences between dorsal and ventral OB were detected with respect to the density of

MTC projections to LEC.

Second, we assessed the spatial organization of feedback projections from LEC to OB.

Unilateral injection of FG confined to OB of P3–4 mice (n = 12) led to bright fluorescent

back-labeling of parental cell bodies in ipsilateral LEC that project to OB of P8–10 mice (S1A

Fig). Their density was lower when compared to the cells detected in ipsilateral PIR (S1A

Fig). Most labeled neurons were located in layer II and III (88.40%, 259/293, 3 pups, 11 sec-

tions). To examine the neurochemical identity of entorhinal neurons projecting to OB, we

counterstained the LEC sections containing FG-labeled neurons for CamKII and GABA.

CamKII staining revealed that the large majority but not all FG-labeled cells were glutama-

tergic (S1B Fig). GABA staining confirmed these results. Whereas most OB-projecting neu-

rons (99.66%, 292/293) were negative for GABA, hence glutamatergic, a very small fraction

(0.34%, 1/293) was GABA-positive. These data indicate that top-down projections from LEC

to OB are mainly excitatory. The GABAergic projections seem to augment their density with

age [32].

Taken together, the results of morphological investigation show that, similar to connectivity

in adult mice [33,34], afferent and efferent projections couple neonatal LEC and OB. Whereas

glutamatergic MTC axons target entorhinal layer I, glutamatergic and very few GABAergic

neurons in superficial layers of LEC innervate the developing OB.

Continuous respiration-related activity and discontinuous theta bursts

entrain the neonatal OB

Despite abundant data on morphological development, the functional maturation of OB is still

largely unknown. In contrast to the retina and cochlea, which lack stimulus sensitivity at early

Olfactory control of entorhinal development
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Fig 1. Bottom-up connectivity between OB and LEC in neonatal mice. (A) Long-range projections of tdTomato

fluorescently labeled OB MTCs (left) when superimposed on a bright-field image showing the ventral (middle) and

lateral (right) view of the whole brain of a P10 Tbet-cre;tdTomato mouse. (B) Unprocessed (left) and cleared (right)

brain of a P10 mouse. (C) Cleared 500 μm–thick coronal section containing the OB of a Tbet-cre;tdTomato mouse

showing MTCs (red) when counterstained with the nuclear marker DRAQ5 (blue). Inset, tdTomato-stained MTCs

displayed at larger magnification. (D) MTC axons targeting LEC in a cleared 1 mm–thick coronal brain slice. Inset,

axons of tdTomato-expressing MTCs when counterstained with DRAQ5 (blue) and displayed at larger magnification.

(E) Photographs of a 100 μm–thick coronal section from a P8 mouse depicting retrogradely labeled neurons in the OB

(right) after injection of FG into the LEC (left) at P3. Inset, FG-labeled MTCs displayed at larger magnification. FG,

Fluorogold; LEC, lateral entorhinal cortex; MTC, mitral and tufted cell; OB, olfactory bulb; P, postnatal day; PIR,

piriform cortex.

https://doi.org/10.1371/journal.pbio.2006994.g001
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stages of postnatal development and only generate spontaneous activity, the OB processes

olfactory input already at birth [27]. To elucidate the patterns of activity in the neonatal OB,

we performed multisite extracellular recordings of local field potential (LFP) and multiunit

activity (MUA) from the MC layer (MCL) in the dorsal and ventral OB of P8–10 mice in vivo

(n = 148). Unless stated otherwise, data were obtained under light urethane anesthesia. The

signal reversal between the internal plexiform layer (IPL) and external plexiform layer (EPL)

(S2B and S2C Fig) as well as the large MC spikes served as physiological markers for confirm-

ing the position of the recording electrode set according to stereotaxic coordinates. In addi-

tion, the location of DiI-labeled electrodes was confirmed after histological investigation post

mortem (Fig 2A, S2A, S3A and S3B Figs).

Two patterns of coordinated activity were detected in OB (Fig 2B and 2C). First, we

recorded continuous low-amplitude oscillations with slow-frequency peaking at 2–4 Hz.

Given their temporal correlation and frequency overlap with respiration (median frequency:

2.37 Hz, interquartile range [iqr]: 2.12–2.70 of chest movements) (Fig 2C and 2D), we

defined this activity as respiration-related rhythm (RR). The RR reversed over the

MTC layer and had larger amplitudes in EPL and glomerular layer when compared to the

activity in MTC layer (S2B Fig). Its temporal relationship to the phase of the respiratory

cycle differed between layers: the rising phase of the RR cycle in the granule cell layer

(GCL) and the falling phase in EPL and glomerular layer correlated with exhalation (S2B

Fig). Second, we recorded discontinuous high-amplitude oscillatory events with spindle

shape in the neonatal OB (Fig 2B and 2C). These events had frequencies peaking within

theta frequency band (4–12 Hz) (Fig 2D) and showed a signal reversal between GCL and

EPL (S2C Fig). Given their resemblance in shape and frequency dynamics to previously

characterized oscillatory events in neonatal cortical areas [9–11,35], these events were classi-

fied as theta bursts.

As reported for adult OB, prominent spiking characterized neonatal MTCs. Analysis of sin-

gle-unit activity (SUA) after principal component analysis (PCA)-based sorting of units

revealed that the majority (80%) of spikes occurred during theta bursts. The firing rate during

bursts (median: 1.36 Hz, iqr 0.25–3.23 Hz) was significantly (p = 3.65 × 10−7, Wilcoxon

signed-rank test, n = 34 cells from 14 animals) augmented when compared to nonbursting

periods (median: 0.44 Hz, iqr 0.09–1.48 Hz) (Fig 2E). To assess the temporal relationship

between oscillatory OB rhythms and MTC firing, we estimated the coupling strength between

SUA and RR as well as between SUA and theta bursts by calculating the pairwise phase consis-

tency (PPC), a bias-free measure of rhythmic neuronal synchronization [36]. Both rhythms

similarly timed MTC firing (RR: median PPC: 0.21, iqr 0.20–0.22 versus theta burst: median

PPC: 0.21, iqr 0.20–0.21, p = 0.1664, Wilcoxon signed-rank test, 2 outliers removed, n = 32

cells) to the oscillatory trough (Fig 2F).

In adults, dorsal and ventral OB subdivisions have distinct physiology and function. MTC

axons that originate in the dorsal OB strongly project to amygdala and mediate innate odor

responses, whereas ventral OB accounts for processing of learned odorants [37]. To assess

whether distinct activity patterns entrain the dorsal versus ventral OB at neonatal age, we com-

pared RR and theta bursts from both subdivisions (S3 Fig). The power of RR was similar in

both subdivisions (dorsal: median 233.12 μV2, iqr 153.42–418.09, n = 7; ventral: median

335.75 μV2, iqr 195.91–452.52, n = 10; p = 0.54, Wilcoxon rank-sum test, S3C Fig). Similarly,

theta burst occurrence (dorsal: median 4.65 bursts/min, iqr 3.87–5.55; ventral: median 5.09

bursts/min, iqr 4.27–5.30, p = 0.74, Wilcoxon rank-sum test), duration (dorsal: median 6.76 s,

iqr 4.44–8.86 s; ventral: median 3.54 s, iqr 1.65–5.01 s; p = 0.09, Wilcoxon rank-sum test),

amplitude (dorsal: median 73.80 μV, iqr 59.56–75.37; ventral: median 66.59 μV, iqr

Olfactory control of entorhinal development
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Fig 2. Continuous and discontinuous patterns of oscillatory activity in the neonatal OB. (A) Digital photomontage

reconstructing the track of the DiI-labeled multisite recording electrode (red) in a Nissl-stained (green) 100 μm–thick

coronal section including the OB from a P9 mouse. The dots (gray) show the position of the 16 recording sites of the

silicon probe and the recording channels (white) in the MCL and EPL that were used for spike and LFP analysis,

respectively. (B) LFP recording of the oscillatory activity in the OB of a P10 mouse displayed band-pass filtered in

different frequency bands and accompanied by the wavelet spectrogram (white line represents time-averaged power of

the trace; white arrows point toward peak frequency values) as well as simultaneously recorded MUA (high-pass filter

>400 Hz) and respiration. (C) Characteristic slow continuous oscillatory activity and theta bursts from the trace

shown in B when displayed at higher magnification. Insets, continuous oscillatory activity in relationship with

respiration (left, blue) and a discontinuous theta burst (right, red). (D) Power spectra (mean ± SEM) of LFP in OB

during nonburst activity (blue) and discontinuous bursts (red) as well as of theta bursts normalized to nonbursting

activity (purple). The respiration frequency was depicted as a horizontal bar and expanded at larger scale (top). (E)

Temporal relationship between neuronal firing and network oscillations in OB. Left, histogram showing the

percentage of spikes occurring during theta burst for all clustered units. Right, box plot depicting the firing rates of OB

units during nonburst periods and theta burst periods. Gray dots and lines correspond to individual cells (Wilcoxon

signed-rank test, ���p< 0.001). (F) Histograms depicting the phase locking of OB cells to RR (left) and theta activity

(right). Only significantly locked cells were used for analysis. Data are available in S1 Data. EPL, external plexiform

layer; LFP, local field potential; MCL, mitral cell layer; MTC, mitral and tufted cell; MUA, multiunit activity; OB,

olfactory bulb; P, postnatal day; RR, respiration-related rhythm.

https://doi.org/10.1371/journal.pbio.2006994.g002
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59.10–72.37; p = 0.67, Wilcoxon rank-sum test, S3D Fig), and relative power (dorsal: median

493.98, iqr 430.71–763.00; ventral: median 452.63, iqr 395.3–1,071.6, p = 0.96, Wilcoxon rank-

sum test, S3C Fig) were comparable between OB subdivisions. These data indicate that the

dorsal and ventral OB show similar activity at early postnatal age. Except when otherwise indi-

cated, further investigation focused on the ventral OB subdivision, taking into account its role

for learning processes in relation with the limbic system [37].

Coordinated patterns in the sensory periphery have been reported to critically depend on

the brain state, diminishing or even disappearing in the presence of anesthetics [38,39]. In con-

trast, early oscillations in the developing brain have often been investigated in the presence of

urethane anesthesia [9,35,40,41]. Rodent pups spend most of the time sleeping. The sleep-

mimicking action of urethane might explain the similar patterns of neuronal activity previ-

ously observed in anesthetized and sleeping rodent pups [14,42]. To assess the influence of

urethane on RR and theta bursts, we recorded from both ventral (n = 12) and dorsal OB

(n = 6) of neonatal mice before and after urethane injection. Anesthesia did not change the

overall structure of OB activity, with continuous RR and discontinuous theta bursts persisting

(S4A Fig and S1 Table). Both the power of RR and the occurrence of theta bursts remained

unchanged (S4B Fig). However, urethane anesthesia profoundly reduced theta burst duration

(S4B Fig), augmenting those time windows lacking theta band activity and therefore the frag-

mented appearance of neonatal activity in OB (S4B Fig).

These data indicate that, independent of OB subdivision and brain state, the neonatal OB

shows two main patterns of early oscillatory activity: continuous RR activity and discontinuous

theta bursts.

Mechanisms underlying the generation of continuous and discontinuous

oscillatory activity in the neonatal OB

To elucidate the mechanisms contributing to the generation of continuous RR and discontin-

uous theta bursts in the OB of neonatal mice, we used two experimental approaches. First,

the temporal coupling between respiration and continuous 2–4 Hz oscillations in OB sug-

gests that nasal air flow contributes to RR generation. To test this hypothesis, we reduced the

nasal air flow by unilateral naris occlusion with silicon adhesive in P8–10 pups (n = 12).

MUA and oscillatory activity of OB were recorded before and after naris occlusion. While

unilateral deprivation did not change the overall structure of OB activity patterns, it reduced

the RR power from 396.05 μV2 to 293.30 μV2 (baseline: iqr 232.58–570.88 μV2; occlusion: iqr

136.10–410.14 μV2, p = 0.0009, Wilcoxon signed-rank test). By contrast, the theta bursts in

OB were not affected by naris occlusion (baseline: median: 643.45 μV2, iqr 342.6–1,009.7;

occlusion: median 700.35 μV2, iqr 284.5–1,240.8; p = 0.91, Wilcoxon signed-rank test). Cor-

respondingly, the firing rate during RR (baseline: median 1.18 Hz, iqr 0.26–2.45) as well as

coupling strength (i.e., PPC) between units and RR (baseline: median 8.50 × 10−4, iqr

0–0.0084, 1 outlier removed) decreased after naris occlusion (firing rate: occlusion: median

0.75 Hz, iqr 0.25–1.91, p = 0.021, Wilcoxon signed-rank test; spike-LFP coupling strength:

occlusion: median −3.09 × 10−5, iqr −2.76 × 10−4 to 1.56 × 10−4; p = 0.049, Wilcoxon signed-

rank test, 1 outlier removed). The temporal structure of OB firing in relationship to theta

bursts remained unchanged after naris occlusion (spike-LFP coupling strength for baseline:

median 2.09 × 10−4, iqr −0.0001 to 0.0015; occlusion: median −1.19 × 10−4, iqr −3.54 × 10−4

to 1.59 × 10−4; p = 0.19, Wilcoxon signed-rank test, 1 outlier removed). Thus, RR activity, but

not theta bursts, critically depends on nasal air flow.
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The second experimental approach aimed at assessing the role of MTCs, the OB projection

neurons, to the generation of coordinated patterns of oscillatory activity. For this, we selec-

tively manipulated MTC firing by light in P8–10 pups bred from crossing hemizygous Tbet-

cre mice with R26-homozygous R26-ArchT-EGFP mice. By these means, MTCs of Cre+ mice

selectively expressed the proton pump ArchT fused with enhanced green fluorescent protein

(EGFP). Already at P8, the fusion protein expression was robust both in MTC somata (S5A

Fig) and axonal projections targeting the posterior part of the cerebrum (Fig 3A). Cre− mice

were used as controls.

In a first experiment, we tested the efficiency of light-dependent MTC silencing in neonatal

OB by performing whole-cell patch-clamp recordings from biocytin-filled EGFP-positive neu-

rons (n = 7 cells) in coronal slices containing the OB of P8–10 R26-heterozygous Tbet-cre;

R26-ArchT-EGFP mice (n = 5) (S5A Fig). Yellow light pulses (595 nm, 5 s, 0.2–0.6 mW) trig-

gered MC hyperpolarization from −49.96 mV to −58.39 mV (baseline: iqr −57.28 to 45.61 mV;

light administration: iqr −63.10 to 48.89 mV, Wilcoxon signed-rank test, p = 0.0078) and, con-

sequently, inhibition of firing (S5B Fig). Since MTCs are strongly interconnected within local

circuits, we tested whether light pulses caused MTC silencing also in the presence of synaptic

inputs. To mimic such inputs, we paired the light stimulation with depolarizing current pulses

of different intensities. Upon injections�60 pA, light stimulation still efficiently blocked

action potential discharge in ArchT-EGFP-expressing MCs (S5C Fig).

Next, we assessed the contribution of MTC firing to the patterns of oscillatory activity in

OB by performing extracellular recordings of LFP and MUA in OB of P8–10 R26-heterozy-

gous Cre+ (n = 12) and Cre− (n = 11) Tbet-cre;ArchT-EGFP mice in vivo. Upon light stimula-

tion, the majority (64.58%, 31/48) of MTCs responded with a pronounced firing rate decrease

from a median of 1.2 Hz (iqr 0.66–2.26) before to 0.45 Hz (iqr 0.13–0.99) during light expo-

sure. None of the units augmented the firing during illumination, and only a few units (4.14%,

2/48) showed a post-stimulus firing increase (Fig 3D). Some units (31.25%, 15/48), most likely

non-MTCs located close to the MCL, did not respond to light stimulation. Local silencing of

MTCs modified the coordinated activity of OB. The properties of RR and theta bursts (theta

burst power: p = 0.23, Wilcoxon rank-sum test) were largely similar in Cre+ and Cre− mice

under baseline conditions (i.e., before light stimulation). Only the power of RR activity was

slightly different (RR power: p = 0.03, Wilcoxon rank-sum test). Upon light stimulation, the

RR power in Cre+ pups did not change (prestimulus: median 92.27 μV2, iqr 80.12–122.36; dur-

ing stimulus: median 86.99 μV2, iqr 71.96–100.06, p = 0.2324, Wilcoxon signed-rank test, 2

outliers removed, Fig 3E). In contrast, theta power in Cre+ pups significantly decreased during

light stimulation (prestimulus: median 89.73 μV2, iqr 57.28–100.73; during stimulus: median

70.58 μV2, iqr 45.70–87.91, p = 0.0049, Wilcoxon signed-rank test, 1 outlier removed, Fig 3F).

The theta responses to light differed between Cre+ (median 0.84 μV2, iqr 0.81–0.89) and Cre−

pups (median 0.99 μV2, iqr 0.93–1.20, p = 0.0024, Wilcoxon rank-sum test, 3 outliers from

expression group removed), whereas RR during light stimulus was similar in the two groups

(cre+, median 0.91, iqr 0.82–1.0; cre− pups median 0.96, iqr 0.93–1.05, p = 0.3447, Wilcoxon

rank-sum test, 1 outlier from control group, 2 outliers from expression group removed) (Fig

3E and 3F).

To assess whether MTCs contribute to theta burst generation through intrinsic membrane

properties or as result of interactions within local circuits, we performed whole-cell patch-

clamp recordings from visually identified MCs in vitro. Analysis of power distribution of sub-

threshold membrane oscillations revealed no peak within theta frequency band. In line with

previous findings from adult cortical structures (e.g., LEC [43]), MCs showed membrane oscil-

lations between 2 and 4 Hz (S6 Fig). These data indicate that MTCs contribute to neonatal

theta oscillations through interactions within local circuits.
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Fig 3. Effects of optogenetic silencing of MTCs on the patterns of oscillatory activity in the neonatal OB. (A)

Photograph of the brain of a P8 cre+ Tbet-cre;ArchT-EGFP mouse (left) showing EGFP-fluorescent MTCs cell bodies

and their projections. (B) Left, photograph of a 100 μm–thick coronal section including the OB from a P8 cre+ Tbet-

cre;ArchT-EGFP mouse. The position of recording sites in MCL and EPL layers is marked by white squares. The light

guide ending just above the recording sites is shown in gray. The iso-contour lines of light spreading calculated using

Monte Carlo simulation are shown in yellow. Right, propagation of light intensity in the brain as predicted by Monte
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Taken together, these data show that RR and theta bursts in the neonatal OB have different

origin. Whereas RR critically depends on nasal air flow, MTC activity within local circuits is

necessary for the entrainment of OB in theta bursts.

Theta bursts in OB drive discontinuous oscillations and time the firing in

the neonatal LEC

The presence of both direct axonal MC-to-LEC projections and early patterns of oscillatory

activity in OB led to the question of their relevance for the emergence of functional assemblies

in the neonatal LEC. In contrast to the documented relevance of entorhinal output for devel-

oping limbic circuits [11], the role of sensory inputs for the functional maturation of LEC is

still unknown.

Multisite extracellular recordings of LFP and MUA from the layer II/III of LEC from P8–10

mice in vivo (n = 11) (Fig 4A) confirmed the previously reported presence of discontinuous

theta bursts with large amplitude (median 154.14 μV, iqr 101.10–191.65) and a duration of

5.15 s (iqr 4.13–8.48) (Fig 4B–4D). They appear superimposed on a slow rhythm (2–4 Hz) that

continuously entrains the neonatal LEC and has been overlooked in previous investigations.

This slow pattern of activity that was present both during theta bursts (median area power

526.25 μV2, iqr 307.68–1,171.85) and “silent” periods (median area power 86.57 μV2, iqr

52.55–344.43) temporally correlated with the simultaneously recorded respiration and was

therefore classified as entorhinal RR. These results demonstrate that the respiration-entrained

brain rhythms [44], a powerful mechanism of long-range coupling [45], emerge early during

development. Beside oscillatory patterns, neonatal LEC generates prominent firing concen-

trated during theta bursts (median 0.42 Hz, iqr 0.22–0.86 versus nonbursting periods median

0.07 Hz, iqr 0.04–0.19, p = 1.72 × 10−10, Wilcoxon signed-rank test, n = 54 cells from 11 mice)

(Fig 4E). We next assessed the coupling strength between firing and oscillatory activity. Similar

fractions of entorhinal neurons were phase-locked to RR (75.93%, 41/54 units) and theta

bursts (61.11%, 33/54 units, p = 0.1, χ2(1) = 2.7472). The strength of coupling assessed by PPC

was also stronger for RR (median: 0.208, iqr 0.202–0.217) than for theta (median: 0.205, iqr

0.196–0.211, p = 2.98 × 10−4, Wilcoxon rank-sum test, 4 outliers removed, n = 50 units), with

most cells being locked to the trough of RR and theta oscillation (Fig 4F).

Simultaneous recordings from OB and LEC (n = 9) of neonatal mice gave first insights into

their dynamic coupling (Fig 5A). Although both areas showed similar oscillatory activity, their

power significantly differed. Both RR power (OB: median 143.62 μV2, iqr 78.03–247.78; LEC:

median 109.91, iqr 26.72–110.51, p = 0.0499, Wilcoxon signed-rank test, 1 outlier removed)

and theta power (OB: median 193.39 μV2, iqr 97.47–262.01, LEC: median 112.37 μV2, iqr

43.38–127.36, p = 0.0273, Wilcoxon signed-rank test) were higher in OB as compared to LEC

Carlo simulation. Yellow lines correspond to the iso-contour lines for light power of 1 and 10 mW/mm2, respectively.

(C) Neuronal firing (SUA) and LFP band-pass filtered for different frequency bands (broad 1–100 Hz, RR 2–4 Hz,

theta 4–12 Hz) in response to light (yellow, 594 nm) stimulation of MTCs in a P8 cre+ Tbet-cre;ArchT-EGFP mouse.

Traces are accompanied by the color-coded wavelet spectrogram of LFP shown at an identical timescale. (D) Raster

plots and peristimulus time histograms displaying the firing of MTCs in response to light stimulation. The color-coded

bar (bottom) displays the fraction of cells that responded with a firing decrease during stimulus (red), constant firing

during stimulus but a firing increase post stimulus (blue), and unchanged firing rate (white). (E) Box plots displaying

the absolute power before and during light stimulation in cre+ pups (left) and the relative change of RR activity in

neonatal OB of cre+ and cre− mice (right). Gray dots and lines correspond to individual animals. (F) Same as E for

discontinuous theta bursts (��p< 0.01, left: signed-rank test, right: rank-sum test). Data are available in S1 Data.

EGFP, enhanced green fluorescent protein; EPL, external plexiform layer; LFP, local field potential; MCL, mitral cell

layer; MTC, mitral and tufted cell; OB, olfactory bulb; P, postnatal day; RR, respiration-related rhythm; SUA, single-

unit activity.

https://doi.org/10.1371/journal.pbio.2006994.g003
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(Fig 5B). Analysis of the temporal correspondence of theta bursts in OB and LEC revealed that

48.70% of them co-occurred with more than 60% temporal overlap. The coupling strength

assessed by imaginary spectral coherence, which excludes synchrony effects due to volume

conductance [46], revealed that the OB–LEC coupling is evident in both slow frequencies (i.e.,

Fig 4. Continuous and discontinuous patterns of oscillatory activity in the neonatal LEC. (A) Digital

photomontage reconstructing the track of the DiI-labeled multisite recording electrode (red) in a Nissl-stained (green)

100 μm–thick coronal section including LEC from a P9 mouse. The gray dots show the position of the 16 recording

sites. (B) LFP recording of the oscillatory activity in LEC of a P10 mouse displayed band-pass filtered in different

frequency bands and accompanied by the wavelet spectrogram (white line represents time-averaged power of the

trace) as well as simultaneously recorded MUA (high-pass filter> 400 Hz) and respiration. (C) Characteristic slow

continuous oscillatory activity and theta bursts from the trace shown in B when displayed at higher magnification. (D)

Power spectra (mean ± SEM) of LFP in LEC during nonburst activity (blue) and discontinuous bursts (red) as well as

of theta bursts normalized to nonbursting activity (purple). The respiration frequency was depicted as a horizontal bar

and expanded at a larger scale (top). (E) Temporal relationship between neuronal firing and network oscillations in

LEC. Left, histogram showing the percentage of spikes occurring during theta burst for all clustered units. Right,

box plot depicting the firing rates of LEC units during nonburst periods and theta burst periods. Gray dots and lines

correspond to individual cells (Wilcoxon signed-rank test, ���p< 0.001). (F) Histograms depicting the phase locking

of LEC neurons to RR (left) and theta activity (right). Only significantly locked cells were used for analysis. Data are

available in S1 Data. af, amygdaloid fissure; LEC, lateral entorhinal cortex; LFP, local field potential; MUA, multiunit

activity; P, postnatal day; PIR, piriform cortex; PRh, perirhinal cortex; rf, rhinal fissure; RR, respiration-related rhythm.

https://doi.org/10.1371/journal.pbio.2006994.g004
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Fig 5. Frequency-dependent functional coupling between neonatal OB and LEC. (A) Characteristic traces of band-

pass-filtered LFP recorded simultaneously in OB (top) and LEC (bottom) of a P9 mouse, displayed together with

wavelet spectrograms showing the frequency (“Freq.”) content. Note the temporal correlation between discontinuous

theta bursts in both areas. (B) Box plots displaying RR power (top, green) and theta burst power (bottom, purple) in

OB and LEC. Gray lines and dots correspond to individual pups. (�p< 0.05, Wilcoxon signed-rank test). (C) Plot of
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RR) and theta band (i.e., theta bursts) (Fig 5C). In line with anatomical data, we detected no

differences in the coupling of dorsal and ventral OB with LEC. Both relative occurrence of co-

occurring events (dorsal: median 27.04%, iqr 20.08–33.98%; ventral: median 21.83%, iqr

15.66–35.14%; p = 0.67, Wilcoxon rank-sum test) and mean imaginary coherence in both RR

(dorsal: median 0.11 Hz, iqr 0.09–0.14 Hz; ventral: median 0.08 Hz, iqr 0.05–0.10 Hz; p = 0.13,

Wilcoxon rank-sum test) and theta frequency range (dorsal: median 0.07 Hz, iqr 0.06–0.11 Hz;

ventral: median 0.06 Hz, iqr 0.06–0.09 Hz; p = 0.54, Wilcoxon rank-sum test) were similar for

dorsal and ventral OB in relationship to LEC (S3 Fig). These data are in line with anatomical

investigations in adult mice [47] as well as with our tracing data (Fig 1), showing that FG injec-

tion into neonatal LEC leads to homogenous MTC labeling throughout the OB.

To assess the influence of anesthesia on entorhinal activity patterns and coupling between

LEC and OB, we recorded both areas in mouse pups before and after urethane intraperitoneal

(i.p.) injection (n = 18). Urethane did not change the overall spectral distribution of activity

patterns in LEC. As in the nonanesthetized state, RR and theta bursts were the main patterns

of entorhinal activity, yet the RR power decreased and theta power augmented under urethane

action (S7A Fig and S1 Table). Urethane affected the duration of theta bursts and slightly

increased their occurrence (S7B Fig). The synchrony between OB and LEC varied in magni-

tude but not frequency distribution. The imaginary coherence peaked at 2–4 Hz and at 5–20

Hz, corresponding to RR and theta–beta frequencies, respectively. Whereas mean RR coher-

ence did not differ between states (p = 0.17, Wilcoxon rank-sum test, 2 outliers removed),

theta coherence was higher in the presence of urethane (p = 0.0034).

These data indicate that, independent of brain state and anatomical subdivision, OB and

LEC are tightly coupled at neonatal age both being synchronized in continuous RR and dis-

continuous theta oscillations.

Since feedforward projections from MCs to LEC are dense, whereas feedback projections

from LEC to OB are rather sparse, we asked whether the functional coupling between the two

areas is directed and, if so, whether directionality is frequency specific. To estimate the direc-

tionality of OB–LEC coupling, we used two approaches. First, we assessed the phase lag

between LFP in OB and LEC. Although the phase lag for continuous RR was centered to 0, it

peaked in negative range for theta bursts, indicating that OB theta bursts most likely drive LEC

theta oscillations (Fig 5D). Second, we analyzed the temporal relationship between spiking

activity in one area and either LFP or spiking in the other area. For RR, a similar number of

clustered units in OB and LEC were phase-locked to RR in LEC (31.48%, 17/54) and OB

(25.27%, 23/91, p = 0.54, χ2(1) = 0.38, χ2 test of proportions), respectively, and their coupling

strengths were comparable (OB cells to LEC RR: median 0.21, iqr 0.19–0.23; LEC cells to OB

imaginary part of coherence between OB and LEC showing prominent peaks in RR and theta band. The gray line

corresponds to the significance threshold as assessed by Monte Carlo simulation. (D) Histograms of phase differences

between RR (left, green) and theta (right, purple) activity recorded simultaneously in OB and LEC. (E) Left, bar

diagram displaying the percentage of OB units coupled to the RR (green) and theta bursts (purple) in LEC and the

percentage of LEC units coupled to the RR (green) and theta bursts (purple) in OB. Right, box plot showing the

coupling strength of OB cells significantly locked to LEC oscillations (green: RR, purple: theta bursts) and of LEC cells

significantly locked to OB oscillations (green: RR, purple: theta bursts). Gray dots correspond to individual cells (χ2

test of proportions, ���p< 0.001). (F) Histograms showing the distribution of preferred phases of LEC cells

significantly locked to RR (left) and OB theta bursts (right) in neonatal OB. For comparison, histograms of OB cells

locked to the respective OB rhythm are plotted as white bars. (G) Histograms showing the distribution of preferred

phases of OB cells significantly locked to RR (left) and theta bursts (right) in neonatal LEC. For comparison,

histograms of LEC cells locked to the respective LEC rhythm are plotted as white bars. Data are available in S1 Data.

LEC, lateral entorhinal cortex; LFP, local field potential; MC, mitral cell; OB, olfactory bulb; P, postnatal day; RR,

respiration-related rhythm.

https://doi.org/10.1371/journal.pbio.2006994.g005
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RR: median 0.22, iqr 0.19–0.28, p = 0.35, Wilcoxon rank-sum test, Fig 5E). In contrast, a signif-

icantly higher fraction of LEC neurons were phase-locked to theta bursts in OB (42.47%, 31/

73) when compared to OB neurons timed by entorhinal theta phase (10.20%, 5/49, p =

1.28 × 10−4, χ2(1) = 14.67, χ2 test of proportions, Fig 5E). The coupling strengths of these neu-

ronal populations, however, were comparable (OB cells to LEC theta: median: 0.22, iqr 0.19–

0.24; LEC cells to OB theta: median: 0.23, iqr 0.20–0.26, p = 0.44, Wilcoxon rank-sum test, 1

outlier removed from OB theta–LEC units group). MTCs preferentially fire during the trough

of RR activity and theta bursts in OB, whereas LEC cells preferentially fire on the rising phase

after the trough of OB rhythms, indicating that MTC firing precedes LEC cell firing by about a

third of a cycle (Fig 5F and 5G).

Together, these data suggest that the continuous RR rhythm is not involved in directed

information flow within OB–LEC circuits, whereas theta bursts in OB drive the oscillatory

entrainment of LEC.

Pharmacological blockade of OB firing diminishes the slow and fast

oscillatory activity in OB–LEC circuits

To confirm that OB theta bursts are necessary for the generation of LEC theta bursts, we

pharmacologically abolished the neuronal activity by unilateral pressure injection of the volt-

age-dependent sodium channel (hence action potential) blocker lidocaine (4% in sterile saline)

into OB. Extracellular recordings of LFP and MUA were performed simultaneously from OB

and LEC of mice (n = 8) before and after lidocaine injection in vivo (Fig 6A). The injected lido-

caine volume of 4 μl was proven to not spread across the borders of OB (Fig 6B). Lidocaine

abolished OB firing within 10 min of injection from a median baseline firing rate of 1.97 Hz

(iqr 0.77–2.80) to 0.00 Hz (iqr 0.00–0.02). A partial recovery was observed after 30–40 min

(χ2(7) = 45.04, p = 1.34 × 10−7, Friedman test, with Wilcoxon signed-rank post hoc test with

Bonferroni correction) (Fig 6D). The firing of entorhinal neurons was also significantly

reduced after lidocaine treatment in OB from a median baseline firing rate of 2.4 Hz (iqr 1.46–

3.60) to 0.52 Hz (iqr 0.32–1.09) within the first 10 min after injection (χ2(7) = 135.50,

p = 4.45 × 10−26, Friedman test, with Wilcoxon signed-rank post hoc test with Bonferroni cor-

rection). The decrease of firing rates in both areas was accompanied by changes of oscillatory

network activity. In OB, the power of RR (baseline: median 91.05 μV2; iqr 70.66–224.40; lido-

caine: median 8.88, iqr 3.90–20.16; p = 0.0078, Wilcoxon signed-rank test) as well as the occur-

rence (baseline: median 4.76 bursts/min, iqr 3.58–5.93; lidocaine: 1.03 bursts/min, iqr 0.76–

1.56, p = 0.0234, Wilcoxon signed-rank test), duration (baseline: median 4.41 s, iqr 3.78–4.77;

lidocaine: median 2.35, iqr 1.89–2.88, p = 0.0078, Wilcoxon signed-rank test), and power

(baseline: median 202.07 μV2, iqr 163.62–261.95; lidocaine: median 33.19, iqr 24.14–109.00,

p = 0.0156, Wilcoxon signed-rank test) of theta bursts were reduced. In LEC, the power of RR

(baseline: median 55.88 μV2, iqr 42.48–134.05; lidocaine: median 17.71, iqr 9.07–53.80,

p = 0.0391, Wilcoxon signed-rank test) as well as the duration (baseline: median 4.41 s, iqr

3.74–4.58; lidocaine: median 3.24, iqr 3.14–3.56, p = 0.0156, Wilcoxon signed-rank test, 1 out-

lier removed) and power (baseline: median 148.11 μV2, iqr 115.76–191.62; lidocaine: median

75.50, iqr 65.99–116.63, p = 0.0313, Wilcoxon signed-rank test, 2 outliers removed) of theta

bursts were decreased after blockade of OB firing. Moreover, the lidocaine-induced changes in

theta burst occurrence were highly correlated between OB and LEC (r = 0.88, p = 0.0039, Pear-

son correlation, Fig 6G).

These data indicate that blocking of neuronal firing in OB causes massive diminishment of

coordinated activity in both OB and LEC.
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Fig 6. Effects of pharmacological blockade of neuronal firing in OB on patterns of oscillatory activity in OB–LEC

circuits. (A) Schematic drawing of experimental protocol. (B) Photograph of the brain of a P10 mouse showing the

confinement of injections to one hemisphere of the OB. For visualization, the same volume of methylene blue was

used. (C) Characteristic LFP traces (black, filtered 1–100 Hz) recorded in OB (top) and LEC (bottom) of a P9 mouse

before (left) and after (right) lidocaine infusion, displayed together with the wavelet spectrograms of the LFP and
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Optogenetically evoked OB theta bursts lead to neuronal firing and

network oscillations in neonatal LEC

To prove the role of OB oscillatory activity for the entrainment of LEC, we transfected MTCs

with a channelrhodopsin 2 (ChR2) mutant using a viral strategy. For this, we injected the con-

struct pAAV-Ef1a-DIO hChR2(E123T/T159C)-EYFP (AAV9) unilaterally into the OB of

Tbet-cre mice at P0–1 (n = 10 Cre+, n = 10 Cre−). At P8, hChR2-EYFP was expressed in OB

MTCs (S8A Fig) and in the entire LOT, reaching LEC superficial layers (Fig 7A). In vitro

whole-cell patch-clamp recordings from biocytin-filled enhanced yellow fluorescent protein

(EYFP)-positive neurons (n = 4) confirmed that MCs were able to follow blue light pulses (470

nm, 3 ms duration, 0.77 mW) applied at frequencies between 2 and 32 Hz (S8B and S8C Fig).

Stimulation of MTCs with 3 ms–long light pulses at 8 Hz was performed simultaneously

with LFP and MUA recordings from LEC in vivo. During baseline recordings (prior to light

stimulation), RR power was comparable between Cre− (controls) and Cre+ pups in OB (Cre−

pups: median: 485.50 μV2, iqr 339.81–778.70; Cre+ pups: median: 349.67 μV2, iqr 325.62–

416.51, p = 0.32, Wilcoxon rank-sum test, 2 outliers removed) and LEC (Cre− pups: median:

369.72 μV2, iqr 165.76–776.32; Cre+ pups: median: 214.78 μV2, iqr 156.66–248.04, p = 0.08,

Wilcoxon rank-sum test, 1 outlier removed). Similarly, the power of theta bursts was compara-

ble between Cre− and Cre+ pups in OB (Cre− pups: median: 333.25 μV2, iqr 168.13–537.81;

Cre+ pups: median: 198.13 μV2, iqr 149.60–574.66, p = 0.68, Wilcoxon rank-sum test) and

LEC (Cre− pups: median: 327.24 μV2, iqr 143.33–503.64; Cre+ pups: median: 206.17 μV2, iqr

116.36–235.02, p = 0.21, Wilcoxon rank-sum test, 1 outlier removed). Light stimulation trig-

gered MTC spiking shortly (3–5 ms) after stimulus onset as well as at longer delays (S9 Fig).

Light stimulation evoked oscillatory activity peaking in the theta frequency band in both the

OB and LEC of Cre+ pups (Fig 7B and 7C), whereas in Cre−, a weak light artifact was present

in OB but not LEC (Fig 7C). The magnitude of light-evoked entorhinal activity was lower than

that of OB oscillations. Correspondingly, the optogenetic modulation index (OMI) of theta

band power in OB was significantly higher in Cre+ pups (median: 0.9964, iqr 0.9861–0.9979,

p = 0.0002, Wilcoxon rank-sum test) when compared to Cre− mice (median: 0.09, iqr −0.02 to

0.41). A similar augmentation of OMI was detected for LEC (Cre+: median: 0.87 iqr 0.67–0.92;

Cre−: median: −0.05, iqr −0.12 to 0.24, p = 0.0004, Wilcoxon rank-sum test). Moreover, light

stimulation increased the OB–LEC coupling by synchrony, measured by imaginary coherence

in the theta band (Cre+ pups median: 0.22, iqr 0.19–0.30; Cre− pups median: 0.17, iqr 0.15–

0.18, p = 0.021, Wilcoxon rank-sum test) (Fig 7D) and maximal cross-correlation at the same

frequencies (Cre+ pups: median: 0.83, iqr 0.79–0.92, Cre− pups: median: 0.11, iqr 0.09–0.14,

p = 0.0002, Wilcoxon rank-sum test) (Fig 7E). These results show that theta bursts generated

through MTC activation in OB cause theta band entrainment in LEC of neonatal mice.

To investigate in more detail the coupling interactions between the two areas, we focused

on the spiking activity of OB and LEC in relationship to the oscillatory phase and quantified

both the number of phase-locked cells and the locking strength assessed by the mean resultant

simultaneously recorded MUA. (D) Top, mean MUA firing rate in OB (left) and LEC (right) before and after lidocaine

infusion. The time of infusion is considered 0. Bottom, box plots displaying the mean MUA in OB (left) and LEC

(right) before and after lidocaine infusion (Friedmann test, Wilxocon signed-rank test with Bonferroni correction for

post hoc comparison, �p< 0.0071). (E) Box plots displaying the power of RR activity in OB and LEC in the RR band

before and after lidocaine infusion. Gray dots and lines correspond to individual animals (Wilcoxon signed-rank test,
�p< 0.05; ��p< 0.01). (F) Same as E for the theta burst activity in neonatal OB and LEC. (G) Scatterplot displaying the

relationship between the occurrence changes (percent of baseline) of OB and LEC theta bursts (r = 0.008, p = 0.0039,

Pearson correlation). Data are available in S1 Data. LEC, lateral entorhinal cortex; LFP, local field potential; MUA,

multiunit activity; OB, olfactory bulb; P, postnatal day; RR, respiration-related rhythm.

https://doi.org/10.1371/journal.pbio.2006994.g006
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Fig 7. Effects of rhythmic optogenetic MTC activation on LEC oscillatory activity and single-unit entrainment. (A) Left, photograph

of the ventral side of a brain from a P8 Cre+ Tbet-cre mouse showing EYFP-fluorescent MTC bodies in OB and their projections

reaching PIR and LEC. Middle, photograph of the DiI-labeled optrode track into a 100 μm–thick coronal section of the OB from a P8

Cre+ Tbet-cre mouse. Right, photograph of the DiI-labeled electrode track into a 100 μm–thick coronal section of the LEC from a P8

Cre+ Tbet-cre mouse. (B) Spike trains from clustered units recorded simultaneously with the band-pass filtered (1–100 Hz, RR 2–4 Hz,

theta 4–12 Hz) LFP in response to pulsed light (blue, 473 nm) stimulation of MTCs in OB (top) and LEC (bottom) of a P8 Cre+ Tbet-cre

mouse. Traces are accompanied by the color-coded wavelet spectrograms of LFP shown at identical timescale. (C) Left, power spectra

showing the relative LFP power change in OB (top) and LEC (bottom) after pulsed (8 Hz) light stimulation of MTCs in Cre− and Cre+

mice. Inset, power spectra shown at higher magnification. Right, box plot showing OMI of theta power in OB (top) and LEC (bottom) of

Cre− and Cre+ mice (OB: p = 0.0002, LEC: p = 0.0004, Wilcoxon rank-sum test). For all plots, the red dotted line corresponds to

unchanged power. (D) Left, plots of imaginary coherence between OB and LEC during pulsed (8 Hz) light stimulation of MTCs in Cre−

and Cre+ mice. Right, box plot displaying mean theta coherence during light stimulation of MTCs (p = 0.021, Wilcoxon rank-sum test).

(E) Left, plots of cross-correlation between OB and LEC during light stimulation of MTCs in Cre− and Cre+ mice. Right, box plot

showing maximal cross-correlation during light stimulation of MTCs (p = 0.0002, Wilcoxon rank-sum test). (F) Left, coupling strength

calculated as mean resultant vector length for LEC units to the OB theta rhythm during light stimulation of MTCs in Cre− and Cre+ mice

(p = 0.0055, Wilcoxon rank-sum test). Right, histograms showing the phase preference of LEC units (p = 0.01, Kuiper two-sample test).

(G) Same as (F) for LEC units to LEC theta phase. (H) Spike trains in relationship to LFP in OB and LEC. Note the presence of both short

and long delays between spikes from the two areas. (I) Mean standardized spike–spike cross-covariance of significant OB–LEC unit pairs

from Cre+ mice (n = 27 pairs) and Cre− mice (n = 61 pairs). Black dashed lines indicate the significance threshold. A negative time lag

corresponds to OB! LEC. Data are available in S1 Data. EPL, external plexiform layer; EYFP, enhanced yellow fluorescent protein; LEC,
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vector length. In Cre− pups, 0% (0/28) of units from LEC were locked to the OB theta rhythm

during light stimulation. In contrast, 31.25% (10/32) of units from the LEC of Cre+ mice were

locked to the OB theta rhythm (p = 0.0012, χ2(1) = 10.5, χ2 test of proportions). The locking

strength was significantly higher in Cre+ (median: 0.27, iqr 0.19–0.75) when compared to Cre−

mice (median: 0.19, iqr 0.17–0.21, p = 0.0055, Wilcoxon rank-sum test). Moreover, the distri-

bution of preferred phases differed between Cre− and Cre+ mice (p = 0.01, Kuiper two-sample

test), with stronger locking of LEC units to the OB theta trough in Cre+ mice (Fig 7F). Next,

the entrainment of LEC SUA by the evoked LEC theta rhythm was investigated. During the

light stimulation period, 0% (0/28) of units from Cre− mice were locked to theta, whereas

18.75% (6/32) units from LEC of Cre+ mice were significantly locked to LEC theta (p = 0.0157,

χ2(1) = 5.8333, χ2 test of proportions). The locking strength of LEC units to LEC phase was sig-

nificantly higher in Cre+ mice (median: 0.26, iqr 0.19–0.55) when compared to Cre− mice

(median: 0.19, iqr 0.17–0.23, p = 0.0013, Wilcoxon rank-sum test) (Fig 7G). However, the dis-

tribution of preferred LEC theta phases of LEC units during the light stimulation did not differ

between the two groups of mice (p> 0.05, Kuiper two-sample test, Fig 7G).

To determine whether OB entrains LEC via mono- or polysynaptic connections, we isolated

51 single units recorded in the MCL of OB and calculated the standardized spike–spike cross-

covariance between OB and LEC using previously developed algorithms [48]. Of a total of

202 unit pairs from Cre+ mice and 274 unit pairs from Cre− mice (188 and 236 pairs, respec-

tively) had sufficiently high firing rates (>0.05 Hz) and were used for further analysis. The

mean standardized cross-covariance (Fig 7I) of all significant unit pairs (27 pairs from Cre+

mice, 61 pairs from Cre− mice) peaked at −5 ms and −36 ms in Cre+ mice. A negative time lag

corresponds to shifting LEC backwards in time; i.e., OB drives LEC. The first peak indicates

monosynaptic connectivity, whereas the longer time lag of cross-covariance peak corresponds

to polysynaptic connections, possibly involving the PIR, which has been reported to be tightly

connected to both OB and LEC in adults [49]. These data indicate that MTC firing drives ento-

rhinal activity via both mono- and polysynaptic projections. To investigate the role of neonatal

PIR for OB–LEC coupling, we recorded simultaneously OB–LEC (n = 18 pups), OB–PIR

(n = 7 pups), and LEC–PIR (n = 5 pups) and performed cross-covariance analysis of the corre-

sponding spike train pairs. Previous studies showed that adult PIR receives strong innervation

mostly from MCs, with tufted cells only targeting the ventrorostral part of the anterior PIR

[16]. Our tracing experiments revealed that these projections are present already in neonatal

mice (Fig 7A). Clustering of MUA led to identification of 61, 106, and 32 single units from OB,

LEC, and PIR, respectively. Spike train pairs with firing rates >0.05 Hz (OB–LEC 251, OB–

PIR 62, and LEC–PIR 142) were considered for analysis. Although spike trains from PIR and

LEC were highly correlated, they lacked a preferred directionality as shown by the 0 ms lag of

cross-covariance peak (S10A Fig, left plot). In contrast, OB–LEC and OB–PIR spike cross-

covariance showed multiple peaks, yet they were of lower magnitude (S10A Fig, right plot). In

line with the results of light stimulation of MTCs (Fig 7I), the first peak of OB–LEC cross-

covariance had a negative 7 ms lag, indicating that monosynaptic projections from OB drive

LEC firing. Additional peaks at longer delay reflect polysynaptic interactions corresponding to

both OB! LEC and LEC!OB. OB–PIR spike cross-covariance peaked both at a shorter

negative (i.e., most likely monosynaptic connection OB! PIR) and a longer positive (i.e.,

most likely polysynaptic connection PIR!OB) lag (S10A Fig). Quantification of mono- ver-

sus polysynaptic coupling among spike train pairs revealed that monosynaptic coupling

lateral entorhinal cortex; LFP, local field potential; MC, mitral cell; MTC, mitral and tufted cell; OB, olfactory bulb; OMI, optogenetic

modulation index; P, postnatal day; PIR, piriform cortex; RR, respiration-related rhythm; SUA, single-unit activity.

https://doi.org/10.1371/journal.pbio.2006994.g007
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occurred for 11% (28/251) of OB–LEC pairs and for 11% (7/62) of OB–PIR pairs, whereas

polysynaptic coupling occurred for 8% (19/251) of OB–LEC and for 2% (1/62) of OB–PIR

pairs. The highest extent of monosynaptic coupling has been observed for LEC–PIR pairs

(68%, 97/142). These data indicate that in neonatal mice, OB drives LEC as well as PIR via

monosynaptic projections with no direct functional feedback, despite the presence of sparse

projections. Since more OB–LEC cell pairs were monosynaptically than polysynaptically cou-

pled, and the spike-timing delay between PIR and LEC was 0 ms, we suggest that the indirect

pathway from OB to LEC via PIR does not play a major role in the entrainment of neonatal

activity.

Odors boost the oscillatory activity in neonatal OB and LEC and augment

their fast frequency coupling

In contrast to other sensory systems that lack peripheral sensitivity for environmental stimuli

during early postnatal development, the olfactory system processes inputs already at birth.

Therefore, the characterized coordinated patterns of oscillatory activity, RR, and theta bursts

might have a dual origin, i.e., resulting from both spontaneous and/or stimulus-evoked activa-

tion of OB neurons. To gain first insights into the relevance of environmental stimuli on oscil-

latory activity and long-range entrainment of OB and LEC, we recorded brain activity evoked

by odors inhaled via respiration of the anesthetized P8–10 mouse. Prominent oscillatory dis-

charge with slow and fast frequencies and MUA were induced in OB by olfactometer-con-

trolled exposure to odors, such as octanal (10%) (Fig 8A). We observed odor-evoked responses

also in LEC, albeit at lower magnitude. Compared to theta bursts recorded in absence of sti-

muli (i.e., baseline) and to responses to saline, these octanal-evoked responses had a higher

amplitude in RR frequency range both in OB (χ2 (2) = 36.05, p = 1.49 × 10−8, Kruskal-Wallis

test, Wilcoxon rank-sum test with Bonferroni correction as post hoc test, removed outliers:

baseline 2, saline 1) and LEC (χ2 (2) = 13.80, p = 0.001, Kruskal-Wallis test, Wilcoxon rank-

sum test with Bonferroni correction as post hoc test, removed outliers: baseline 2, saline 1).

Similarly, octanal augmented the amplitude of theta bursts in both regions (OB: χ2(2) = 36.30,

p = 1.31 × 10−8, Kruskal-Wallis test, Wilcoxon rank-sum test with Bonferroni correction as

post hoc test, LEC: χ2(2) = 20.52, p = 0.000035, Kruskal-Wallis test, Wilcoxon rank-sum test

with Bonferroni correction as post hoc test, removed outliers: baseline 2, saline 1) (Fig 8B and

8C and Table 1). In contrast to coordinated theta burst activity recorded in the absence of

olfactory stimulation, evoked responses included beta band (15–30 Hz) activity. Similar activ-

ity has been reported in the adult rodent olfactory system in Go/No-Go tasks [50,51], in

response to predator odors [52,53], and in response to highly volatile odorants [54]. The

amplitude of beta activity was significantly higher in the presence of octanal than during base-

line or saline exposure both in OB (χ2(2) = 56.52, p = 5.33 × 10−13, Kruskal-Wallis test, Wil-

coxon rank-sum test with Bonferroni correction as post hoc test, 1 outlier removed) and LEC

(χ2(2) = 31.94, p = 1.16 × 10−7, Kruskal-Wallis test, Wilcoxon rank-sum test with Bonferroni

correction as post hoc test) (Fig 8B and 8C and Table 1). The presence of odor-driven OB

activity confirms the maturity of receptor cells and odor-processing mechanisms in the olfac-

tory system at early postnatal age. Moreover, the presence of odor-driven LEC activity indi-

cates that coordinated activity from OB drives the oscillatory entrainment of LEC. To

determine which oscillatory patterns are mainly involved in these directed OB–LEC interac-

tions, we calculated the imaginary coherence between the two areas upon exposure to either

saline or octanal. While the coherence increase in RR frequency band was higher for odor-trig-

gered events as compared to baseline events, it was similar for saline and octanal (χ2(2) =

23.22, p = 9.06 × 10−6, Kruskal-Wallis test, Wilcoxon rank-sum test with Bonferroni correction
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as post hoc test, removed outliers: baseline 1, saline 1, octanal 2) (Fig 8D and Table 1). In con-

trast, the coherence in fast frequencies significantly augmented in the presence of octanal

when compared to saline-evoked or baseline events (theta: χ2(2) = 43.99, p = 2.81 × 10−10,

Kruskal-Wallis test, Wilcoxon rank-sum test with Bonferroni correction as post hoc test, beta:

Fig 8. Odor-triggered activity patterns in OB and LEC of neonatal mouse. (A) Characteristic LFP traces (band-pass

filtered 1–100 Hz) recorded in OB (top) and LEC (bottom) of a P9 mouse before (baseline, left) and after application of

odors (saline, middle; octanal, right) displayed together with simultaneously recorded MUA. (B) Box plots showing

odor-evoked changes in the amplitude of RR (left), theta (middle), and beta (right) activity in OB when normalized to

baseline. (C) Same as B for LEC. (D) Box plots showing odor-evoked relative changes in OB–LEC coherence in RR

(left), theta (middle), and beta (right) band when normalized to baseline. Gray dots correspond to individual trials

(Kruskal-Wallis test, Wilcoxon rank-sum test with Bonferroni correction as post hoc test, �p< 0.0167). Data are

available in S1 Data. LEC, lateral entorhinal cortex; MUA, multiunit activity; OB, olfactory bulb; P, postnatal day; RR,

respiration-related rhythm.

https://doi.org/10.1371/journal.pbio.2006994.g008
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χ2(2) = 48.48, p = 2.98 × 10−11, Kruskal-Wallis test, Wilcoxon rank-sum test with Bonferroni

correction as post hoc test) (Fig 8D and Table 1). These data suggest that discontinuous bursts,

either spontaneous or odor-induced, facilitate the long-range OB–LEC coupling and boost

local entrainment in beta band of entorhinal circuits.

Chronic manipulation of olfactory periphery disrupts the development of

functional coupling between OB and LEC

The tight functional coupling between OB and LEC, as well as the impact of olfactory stimuli

on the entorhinal activity, suggests that early activation of the olfactory periphery might be

critical for the maturation of LEC as the gatekeeper of limbic circuits. To test this hypothesis,

we chronically lesioned the nasal epithelium at P3 using methimazole (n = 11 pups) [55].

When compared to controls (i.e., saline-treated age-matched pups, n = 13), the power of oscil-

latory activity in the OB of methimazole-treated P8–10 animals was reduced for both RR

(saline: median: 756.86 μV2, iqr 322.8–1,814.3; methimazole: median: 349.92 μV2, iqr 230.49–

513.90, p = 0.0489, Wilcoxon rank-sum test) and theta bursts (saline: median: 708.38 μV2, iqr

569.1–1,731.9; methimazole: median: 497.9195 μV2, iqr 329.81–715.83, p = 0.0277, Wilcoxon

rank-sum test) (Fig 9B and 9C). Even if methimazole decreased the oscillatory power in LEC

of some pups, this effect did not reach significance level (Fig 9D). However, the neuronal firing

was affected in both areas after degeneration of olfactory epithelium. The spiking frequency in

MCL was lower in methimazole-treated pups when compared with saline-treated pups (saline:

median: 0.52 Hz, iqr 1.79–2.58; methimazole: median: 1.52 Hz, iqr 0.53–1.72, p = 0.0038,

Wilcoxon rank-sum test). Correspondingly, entorhinal neurons fired less after methimazole

treatment (saline: median: 0.36, iqr 0.25–1.06; methimazole: median: 0.14, iqr 0.11–0.31,

p = 0.0326, Wilcoxon rank-sum test, 2 outliers removed) (Fig 9E). These findings suggest that

an intact olfactory periphery and the corresponding stimuli during the first postnatal week are

necessary for the development of neuronal patterns in LEC.

Discussion
The assembly of neurons into functional networks during development is the prerequisite for

behavioral performance in adults. Entrainment of neurons into coordinated oscillatory

rhythms represents a powerful assembling principle that has been initially identified to control

the topographic organization of sensory systems [6,8,56,57]. More recently, patterns of coordi-

nated activity have been characterized in the developing limbic system [9,14,15,58,59]. How-

ever, it is still unclear whether sensory and limbic circuits adhere to similar assembling

principles and how they interact during early development. In the present study, we tested the

Table 1. Quantification of odor responses in neonatal OB–LEC networks (related to Fig 8).

OB amplitude (relative change) LEC amplitude (relative change) OB–LEC coherence (relative change)

No odor Saline Octanal p No odor Saline Octanal p No odor Saline Octanal p
RR 1.34

1.00–1.61

2.78

1.17–3.20

3.41

2.41–4.50

<0.001 1.59

1.17–3.31

2.27

1.29–4.45

5.38

2.21–8.94

0.001 0.69

0.50–1.0

1.18

0.76–1.49

1.38

0.90–1.73

<0.001

Theta 1.90

1.05–2.93

4.22

2.72–6.80

5.79

3.82–14.57

<0.001 2.01

1.48–4.43

1.19

1.48–2.71

4.87

2.64–7.18

<0.001 0.71

0.55–0.79

0.93

0.78–1.05

1.33

1.03–1.51

<0.001

Beta 1.37

1.14–1.68

2.10

1.62–3.31

5.61

4.50–9.79

<0.001 1.52

1.15–2.66

1.76

1.18–2.34

3.74

2.60–6.03

<0.001 0.61

0.42–0.76

1.03

0.91–1.19

1.32

1.19–1.44

<0.001

The values are given as median and interquartile ranges and p-values correspond to the difference between the three conditions (Kruskal-Wallis test).

Abbreviations: LEC, lateral entorhinal cortex; OB, olfactory bulb; RR, respiration-related rhythm.

https://doi.org/10.1371/journal.pbio.2006994.t001
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Fig 9. Effects of pharmacological lesioning of the nasal epithelium on the development of OB–LEC activity. (A)

Schematic drawing of experimental protocol. (B) Power spectra (mean ± SEM) of LFP recorded in OB (left) and LEC

(right) of methimazole- (gray) and saline-treated (black) mice. (C) Box plots displaying power of RR (green) and theta

bursts (purple) recorded in OB of methimazole- (gray) and saline-treated (black) mice. (D) Same for RR and theta

bursts recorded in LEC. (E) Box plots displaying MUA frequency in OB and LEC of methimazole- (gray) and saline-
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hypothesis that coordinated activity patterns in the neonatal OB contribute to the oscillatory

entrainment of LEC, the gatekeeper of limbic circuits during development. Combining ana-

tomical tracing with in vivo electrophysiology, optogenetics, pharmacology, and sensory

manipulations, we demonstrate that (1) two major patterns of coordinated activity entrain the

neonatal OB: continuous slow frequency oscillations temporally related to respiration and dis-

continuous theta band oscillations critically depending on MTC activity; (2) both rhythms

temporally couple the neonatal OB and LEC, with OB theta bursts boosting the oscillatory

entrainment and firing within entorhinal circuits via mono- and polysynaptic projections;

(3) olfactory stimuli augment oscillatory power, induce activity in fast frequency bands, and

strengthen the coupling within OB–LEC circuits; and (4) olfactory activation during the first

postnatal week is critical for the functional development of entorhinal circuits. These data

reveal that endogenously generated and stimulus-driven activities in OB control the oscillatory

entrainment of LEC (Fig 10).

Brain development has been extensively investigated in rodents because they enable insights

into a time window that remains inaccessible in humans. As altricial species, rodents are born

at an immature stage of brain development. They are blind and deaf, do not whisker, and have

limited motor abilities during the first postnatal days. Before the onset of the ability to actively

respond to sensory stimuli, coordinated activity patterns, typically characterized by rhythmic

burst discharge separated by periods of quiescence, emerge endogenously. Such patterns have

been described in developing somatosensory, visual, and auditory systems. Their onset,

treated (black) animals. (Wilcoxon rank-sum test, �p< 0.05; ��p< 0.01). Data are available in S1 Data. I.P.,

intraperitoneal; LEC, lateral entorhinal cortex; LFP, local field potential; MUA, multiunit activity; OB, olfactory bulb;

RR, respiration-related rhythm.

https://doi.org/10.1371/journal.pbio.2006994.g009

Fig 10. Schematic diagram of structural and functional coupling within OB–LEC networks of neonatal mice.

Mutual axonal projections (red) connect neonatal OB and LEC. Dotted line corresponds to weak anatomical

connectivity. In OB of neonatal mice, continuous air flow–dependent RR and discontinuous MTC-driven theta

bursts represent the two major patterns of oscillatory activity. They are augmented by olfactory stimuli (blue) that

additionally evoke beta oscillations. OB activity boosts the oscillatory entrainment of neonatal LEC that, in turn, might

drive the limbic circuits during development. HP, hippocampus; LEC, lateral entorhinal cortex; MTC, mitral and

tufted cell; OB, olfactory bulb; PFC, prefrontal cortex; RR, respiration-related rhythm.

https://doi.org/10.1371/journal.pbio.2006994.g010
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properties, and underlying mechanisms are relatively well understood. For example, retinal

waves emerge before the onset of light sensitivity and vision as local patterns of coordinated

activity mediated by gap junctions and cholinergic and glutamatergic circuits [60,61]. Retinal

waves synaptically propagate along the visual tract to primary visual cortex [35,62,63] and are

mandatory for the refinement of visual maps [64]. Similarly, cochlear burst activity emerges

before the onset of hearing as a result of coordinated firing and propagates along auditory

pathways [65,66]. These cochlear bursts are crucial for the establishment of precise tonotopic

maps [5,56]. The precision of whisker maps in the primary somatosensory cortex seems to be

equally controlled by coordinated activity evolving during postnatal development [8,67]. In

the absence of a sensory periphery with bursting activity before the onset of active whisking,

passive activation of whiskers is replayed within thalamocortical circuits and contributes to

refinement of topographic maps [6].

At the same postnatal age, the sense of smell is of particular relevance for pup survival. At

birth, the olfactory system is considered to be more mature than the other sensory systems, yet

its functional development still continues postnatally. This early maturity poses the question of

whether the mechanisms of organization differ between developing olfactory pathways and

other sensory systems. Whereas patterns of oscillatory activity are ubiquitous in the immature

brain, their features and underlying mechanisms in the olfactory system seem to be unique.

On the one hand, the continuous RR is timed by respiration/air flow and largely independent

of neuronal firing in OB. In contrast to other patterns of slow oscillations described in the

adult brain, the RR is independent of brain state and does not change in the presence of anes-

thesia. On the other hand, discontinuous theta bursts result from the activation of MTCs

within OB local circuits. These findings support previous observations in vitro [68]. In adult

mice, network activity in theta band emerges from respiration-coupled sensory input in the

glomerular layer [69], and MTCs are mainly involved in the generation of fast oscillatory activ-

ity in gamma band [70–73]. Similarly, fast rhythms are absent in the developing OB [74], and

beta band activity was induced only in the presence of odors. The protracted emergence of fast

oscillations might result from late integration of OB interneurons into local circuits and from

age-dependent intrinsic biophysical properties of MTCs. As a consequence, it has been postu-

lated that the developing OB encodes only first-order (e.g., odor identity) but not second-

order sensory information (e.g., odor context) [75,76].

The presence of both stimulus-related and endogenous network activity raises the question

of whether and, if so, how both activity types either concurrently or independently shape the

maturation of the olfactory system. Already the role of spontaneous activity endogenously gen-

erated in the sensory periphery has been the subject of debate. Discontinuous OB bursts in

neonatal mice might have a permissive role in the establishment of precise connectivity that

is inherent in an olfactory map [77]. However, it remains unclear how the spontaneous and

stimulus-evoked activities in OB create a coherent sensory representation lacking mutual per-

turbations. In other sensory systems, the two types of activity are temporally separated. For

example, spontaneous retinal waves and cochlear bursts diminish and disappear with the onset

of light sensitivity and hearing. Therefore, they do not interfere with stimulus-evoked activity.

In OB, the two spontaneous and stimulus-evoked activities coexist. Elucidation of their mecha-

nisms, as initiated in the present study, will enable us to disentangle their function(s) along the

developing olfactory pathway.

In sharp contrast to most sensory pathways, the olfactory system bypasses a thalamic relay

and directly conveys information from OB to cortical areas. Much research has focused on the

PIR, where the bulbar topography is largely discarded and dense inputs from OB are inte-

grated to form odor percepts [78–81]. However, also LEC neurons respond to odors [82,83]

and have been proposed to act as a modulator of olfactory coding through interactions with
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the PIR [24,84,85]. The present results show that already at neonatal age, a tight coupling links

the OB with LEC. MC axons target layer I of neonatal LEC as previously shown for adults

[86,87]. These projections mediate the coupling by synchrony between the two areas as well as

the early drive from OB to LEC. The neonatal LEC and OB show similar patterns of oscillatory

activity, RR, and theta bursts, albeit with lower power in LEC. The coupling by synchrony

between the two areas peaked within the same frequency bands, 2–4 Hz and 4–12 Hz. Given

the measures used for the assessment of synchrony, it is unlikely that similarities result from

volume conduction. Reflecting the more pronounced OB-to-LEC innervation as compared

with feedback projections, the entorhinal firing was more strongly timed by the phase of RR

and theta bursts in the OB than the OB firing was driven by the entorhinal activity. The cross-

covariance analysis of spike trains demonstrated that the OB drives LEC via monosynaptic

and polysynaptic projections. Therefore, OB controls LEC not only directly but also via addi-

tional brain areas such as PIR, which is driven by OB and strongly coupled with LEC. Medial

septum might be another brain area involved in the indirect OB–LEC coupling, since it has

been shown to control the synchronization of sniffing frequency and limbic theta oscillations

[88]. This multifold gating may augment the efficiency of olfactory control on limbic circuits.

In the long term, the olfactory control seems to shape these circuits during development.

Chronic lesioning of olfactory receptors during the first postnatal week that decreases the abil-

ity of neonatal pups to process olfactory information diminished the entorhinal firing. There-

fore, even though MC axonal projections reach the entorhinal cortex prenatally, the functional

coupling within OB–LEC networks is still refined during the first postnatal week.

Although feedback projections from LEC (and PIR) to OB emerge early in life, they do not

play a role in the entrainment of neonatal activity, as monosynaptic top-down coupling was

absent. Possibly, this is due to the delayed development of the OB interneuronal circuitry,

which receives most of the top-down projections. Hence, their function seems to mature post-

natally to reach the anticipatory top-down modulation and optimal input discrimination that

have been identified at adult stage [33]. Recent findings revealed that the cellular substrate of

feedforward and feedback interactions between OB, LEC, and PIR of adult mice are highly

complex [24]. We hypothesize that, under the influence of excitatory inputs from OB, the local

entorhinal circuitry is activated. MC axons target layer I, where they terminate on dendrites of

multipolar and pyramidal cells based in layers II and III [20], suggesting that coordinated OB

activity may cause an overall excitation in LEC that might facilitate the formation and refine-

ment of local circuits.

Olfactory information reaches the adult HP (CA1 and dentate gyrus) via reelin-positive

neurons in LEC [24,89]. Along these axonal projections, the oscillatory activity is synchronized

and enables directed functional interactions between OB, LEC, and HP. In turn, HP unidirec-

tionally projects to PFC. At a functional level, the communication across areas involves

oscillatory activity that temporally coordinates the neuronal assemblies. For example, respira-

tion-related slow activity has recently been found to occur simultaneously with theta oscilla-

tions [90] and moreover entrain faster beta and gamma oscillations in LEC, HP, and PFC

[45,91,92]. Taking into account the role of HP and PFC for cognitive processing [93], the OB

activity that directly entrains the limbic circuit via LEC activation might represent a powerful

control mechanism of memory and executive performance of adult [94,95].

It is tempting to speculate about the potential functions of OB-driven entrainment of LEC

during neonatal development, before the emergence of cognitive abilities. Our previous results

demonstrated that LEC acts as gatekeeper of prefrontal–hippocampal interactions shortly after

birth [11]. Discontinuous theta bursts in LEC drive the oscillatory entrainment and time the

firing of both prelimbic subdivision of PFC and CA1 area of the intermediate/ventral HP

(Fig 10). Here, we show that MTC-dependent theta activity of neonatal OB boosts RR and
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theta bursts in LEC. On the other hand, olfactory stimuli elicit even faster entrainment of OB–

LEC circuitry, with beta band oscillations being only detectable in the presence of odors, such

as octanal. This is in line with LEC–hippocampal coupling at beta frequency in adult rats dur-

ing odor learning [96]. An important issue that remains to be elucidated is whether specific

scents that the pups naturally encounter during development, such as maternal odors, shape

the network function even stronger than “artificial” odors. The effects of maternal odor on

physical, neuroendocrine, and behavioral development of pups have been extensively investi-

gated [27,97,98], yet very little is known about the underlying cellular and circuit mechanisms.

We propose that endogenously generated and odor-evoked OB activity, especially as a result of

maternal odor, might increase the level of excitability within entorhinal–prelimbic–hippocam-

pal networks and strengthen their wiring. By these means, the olfactory system could facilitate

the postnatal maturation of limbic circuitry and, ultimately, the emergence of cognitive

abilities.

Materials and methods
Ethics statement

All experiments were performed in compliance with the German laws (Tierschutzgesetz) and

the guidelines of the European Union for the use of animals in research (European Union

Directive 2010/63/EU) and were approved by the local ethical committee (Behörde für

Gesundheit und Verbraucherschutz, ID 15/17).

Experimental model and subject details

Mice. Timed-pregnant C57Bl/6J and Tbet-cre mice from the animal facility of the University

Medical Center Hamburg-Eppendorf as well as B6.Cg-Gt(ROSA)26Sortm40.1(CAG-aop3/EGFP)Hze/J

mice (Ai40[RCL-ArchT-EGFP]-D, Jackson Laboratory, stock no.: 02118) and Tbet-cre;Arch-

T-EGFP mice (bred by the animal facility of the University Medical Center Hamburg-

Eppendorf) were housed individually in breeding cages at a 12 h light / 12 h dark cycle and fed

ad libitum. Mouse lines used for CLARITY experiments (Tbet-cre mice, B6.Cg-Gt(ROSA)
26Sortm9(CAG-tdTomato)Hze/J (Ai9(RCL-tdT), Jackson Laboratory, stock no: 007909 and Tbet-cre;

tdT mice) were bred in the animal facility at RWTH Aachen University under similar conditions.

The day of vaginal plug detection was defined as E0.5, and the day of birth was assigned as P0.

Male mice underwent sensory manipulation, light stimulation, pharmacological treatment, and

multisite electrophysiological recordings at P8–10. For CLARITY experiments, male and female

mice were used. Genotypes were determined using genomic DNA and following primer sequence

(Metabion, Planegg/Steinkirchen, Germany): for Cre in Ai40(RCL-ArchT-EGFP)-D mice: PCR

forward primer 50-ATCCGAAAAGAAAACGTTGA-30 and reverse primer 50-ATCCAGGTTAC

GGATATAGT-30; for ROSA26-wt PCR forward primer 50-AAAGTCGCTCTGAGTTGTTAT-30

and reverse primer 50-GGAGCGGGAGAAATGGATATG-30; for GFP-tg PCR forward primer

50-CTGGTCGAGCTGGACGGCGACG-30 and reverse primer 50-GTAGGTCAGGGTGGTCAC

GAG-30; for Cre in Ai9(RCL-tdT) mice: forward primer 50-CATGTCCATCAGGTTCTTGC-30

and reverse primer 50-AGAGAAAGCCCAGGAGCAG-30; for tdTomato forward primer 50-

GGCATTAAAGCAGCGTATCC-30 and reverse primer 50 CTGTTCCTGTACGGCATGG-30.

The PCR reactions were as follows: 10 min at 95 ˚C, 30 cycles of 45 s at 95 ˚C, 90 s at 54 ˚C, and

90 s at 72 ˚C, followed by a final extension step of 10 min at 72 ˚C (Cre-tg and ROSA26-wt), 10

min at 95 ˚C, 30 cycles of 45 s at 95 ˚C, 90 s at 68 ˚C, and 90 s at 72 ˚C, followed by a final exten-

sion step of 10 min at 72 ˚C (GFP-tg). In addition to genotyping, EGFP expression in OB prior to

surgery was detected using a dual fluorescent protein flashlight (Electron microscopy sciences,

Hatfield, PA, USA).
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Surgical procedures

Surgical preparation for electrophysiology and light delivery in vitro. For patch-clamp

recordings, pups were decapitated, and brains were sliced in 300 μm–thick coronal sections.

Slices were incubated in oxygenated ACSF containing (in mM) 119 NaCl, 2.5 KCl, 1

NaH2PO4, 26.2 NaHCO3, 11 glucose, 1.3 MgSO4 (320 mOsm) at 37 ˚C. Prior to recordings,

slices were maintained at room temperature and superfused with oxygenated ACSF.

Surgical preparation for electrophysiology and light delivery in vivo. For recordings in

nonanesthetized state, 0.5% bupivacain / 1% lidocaine was locally applied on the neck muscles.

For recordings under anesthesia, mice were injected i.p. with urethane (1 mg/g body weight;

Sigma-Aldrich, St. Louis, MO, USA) prior to surgery. For both groups, under isoflurane anes-

thesia (induction: 5%, maintenance: 2.5%) the head of the pup was fixed into a stereotaxic

apparatus as previously reported [9].

Viral transfection of MTCs. Transfection of MTCs with a ChR2 derivate was achieved by

injecting 200–400 μl of the construct (pAAV-Ef1a-DIO hChR2(E123T/T159C)-EYFP, 100 μl

at a titer� 1 × 1013 vg/mL, Addgene, Watertown, MA, USA) unilaterally in the OB of P0–1

pups.

The surgery protocols are described in detail in the Supporting Information.

Electrophysiology

Electrophysiological recordings in vivo. One-shank electrodes (NeuroNexus, MI, USA)

with 16 recording sites were inserted into dorsal (depth 0.5–1.2 mm, angle 0˚) or ventral OB

(1.4–1.8 mm, angle 0˚) as well as in LEC (depth: 2 mm, angle: 10˚ from the vertical plane).

Two-shank optoelectrodes (Buzsaki16-OA16LP, NeuroNexus, Ann Arbor, MI, USA) with 8

recordings sites on each shank aligned with an optical fiber ending 40 μm above the top

recording site were inserted into ventral OB. Extracellular signals were band-pass filtered (0.1

Hz–9 kHz) and digitized (32 kHz) by a multichannel amplifier (Digital Lynx SX; Neuralynx,

Bozeman, MT, USA) and Cheetah acquisition software (Neuralynx).

Electrophysiological recordings in vitro. Whole-cell patch-clamp recordings were per-

formed from MCs identified by their location in the MCL and visualized by membrane-bound

EGFP. All recordings were performed at room temperature. Recording electrodes (4–9 MO)

were filled with K-gluconate based solution containing (in mM): 130 K-gluconate, 10 HEPES,

0.5 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 8 NaCl (285 mOsm [pH 7.4]), and 0.5% biocytin for post

hoc morphological identification of recorded cells. Recordings were controlled with the Ephus

software [99] in the MATLAB environment (The MathWorks, Natick, MA, USA).

Morphological investigation

CLARITY. Brains from neonatal mice of both sexes were sliced in 1 mm–(for LEC) and

500 μm–thick (for OB) coronal sections. To maintain the structural integrity, the tissue was

fixed overnight at 4 ˚C in hydrogel fixation solution containing 4% acrylamide, 0.05% bis-

acrylamide, 0.25% VA-044 Initiator, 4% PFA in PBS−/−. After polymerization and embedding,

the nuclear marker DRAQ5 (1:1,000) was added to the samples. After washing steps, the sam-

ples were incubated for 24 h in RIMS80 containing 80 g Nycodenz, 20 mM PS, 0.1% Tween

20, and 0.01% sodium acid.

Retrograde tracing. For retrograde tracing, anesthetized P3–4 mice received unilateral

FG (Fluorochrome, Denver, CO, USA) injections into OB (0.8 mm anterior from the fronto-

nasal suture, 0.8 mm from midline) or LEC (0 mm posterior to bregma, 5 mm from midline).

After 4–5 d, pups were deeply anesthetized and perfused at P8.

All staining protocols are described in detail in the Supporting Information.
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Manipulations

Light stimulation in vitro. Whole-cell current-clamp recordings were performed from

ArchT-EGFP- or Chr2-EYFP-expressing MTCs in coronal slices from neonatal Tbet-cre;

ArchT mice or Tbet-cre mice transfected with a cre-dependent virus carrying ChR2. Yellow

light pulses (595 nm) of different light intensities (1.5–19.3 mW mm−2) were applied to test

the effect of ArchT stimulation on the membrane potential. Trains of blue light pulses (470

nm, 3 ms) of different frequencies where applied to induce action potential firing in

ChR2-transfected MTCs.

Light stimulation in vivo. For light-induced inhibition of MTC activity, trapezoid light

stimulation was applied using a diode-pumped solid-state (DPSS) laser (Cobolt Mambo, 594

nm, Omicron Laserage, Rodgau-Dudenhofen, Germany). For activation of MTCs, pulsed

(laser on-off) light stimulations generated with a diode laser (473 nm; Omicron Laserage, Rod-

gau-Dudenhofen, Germany) were used. Resulting light power was in the range of 38.2–103.8

mW mm−2 at the tip of optical fiber. Both lasers were controlled with an arduino uno (Ardu-

ino, Ivrea, Italy).

Naris occlusion. One naris was closed using silicon adhesive (Kwik-Sil, World Precision

Instruments, Sarasota, FL, USA). After a recovery period of 5 min, the recording was pursued

while one naris was sealed.

Pharmacological inactivation. To block the firing of OB neurons, lidocaine hydrochlo-

ride 4% in 0.9% NaCl, ([pH 7.0] with NaOH) was slowly infused into the OB.

Odor stimulation. An eight-channel dilution olfactometer (Aurora Scientific, Aurora,

ON, Canada) was used for stimulus delivery.

Lesion of nasal epithelium. Methimazole (Sigma-Aldrich, 100 mg/kg in sterile saline) or

saline was injected i.p. at P3.

All manipulation protocols are described in detail in the Supporting Information.

Quantification and statistical analysis

Immunohistochemistry quantification. Images were analyzed using ImageJ.

Detection of respiration frequency. Respiration was monitored using a piezo-electric

sensor placed under the pup’s chest.

LFP analysis. Data were analyzed offline using custom-written scripts in the MATLAB

environment (Version 9, MathWorks, Natick, MA, USA).

For details, see the Supporting Information.

Statistics. Statistical analysis was performed using SPSS Statistics 22 (IBM, Armonk, NY,

USA) or MATLAB. Gaussian distribution of the data was assessed using the Kolmogorov-

Smirnov test. None of the data sets were normally distributed. Therefore, data were tested for

significance using Wilcoxon signed-rank test (2 related samples), Wilcoxon rank-sum test (2

unrelated samples), Friedman test (>2 related samples; Wilcoxon signed-rank post hoc test

with Bonferroni correction), and Kruskal-Wallis test (>2 unrelated samples; Wilcoxon rank-

sum test post hoc test with Bonferroni correction). Differences in proportions were tested

using χ2 test. For classification of single-unit responses to light stimulation, significant firing

rate changes were assessed statistically using Wilcoxon signed-rank test. Data are represented

as median and iqr. Values were considered as outliers and removed when their distance from

the 25th or 75th percentile exceeded 1.5 times the interquartile interval.

Supporting information
S1 Fig. (Related to Fig 1). Top-down connectivity between OB and LEC in neonatal mice.

(A) Photographs of a 50 μm–thick coronal section from a P8 mouse depicting retrogradely
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labeled neurons in LEC (middle) after injection of FG into OB (100 μm–thick coronal section,

left) at P4. Right, counterstaining for CamKII of the same section. (B) Coronal section shown

in (A) when displayed at higher magnification. CamKII staining (left) enables identification of

LEC sublayers IIa and IIb as well as laminar dissecans (“l.d.”). FG-labeled cell bodies (middle)

have been found in layers IIa and IIb as well as layer III. Most but not all FG-labeled cells over-

lapped with CamKIII staining (right). FG, Fluorogold; LEC, lateral entorhinal cortex; OB,

olfactory bulb; P, postnatal day; PIR, piriform cortex; rf, rhinal fissure.

(TIF)

S2 Fig. (Related to Fig 2). Reversal of RR and theta burst activity in OB of neonatal mice.

(A) Digital photomontage reconstructing the track of the DiI-labeled recording electrode in

the ventral OB of a P10 mouse in a 100 μm–thick coronal section stained with green fluores-

cent Nissl. (B) Laminar recording of band-pass (2–4 Hz) LFP activity in OB accompanied by

respiration as detected by a piezo-electric sensor. Gray boxes indicate the exhalation period.

(C) Left, laminar recording of band-pass (4–12 Hz) LFP activity in OB. Right, LFP activity

(gray dotted box) shown at larger magnification. Red line marks signal reversal. EPL, external

plexiform layer; GCL, granule cell layer; GL, glomerular layer; IPL, internal plexiform layer;

LFP, local field potential; MCL, mitral cell layer; OB, olfactory bulb; P, postnatal day.

(TIF)

S3 Fig. (Related to Fig 2). Characterization of activity patterns in the dorsal and ventral

OB of neonatal mice. (A) Left, digital photomontage reconstructing the track of the DiI-

labeled recording electrode (red) in the dorsal OB of a green fluorescent Nissl-stained

100 μm–thick coronal section. The gray dots correspond to multiple recording sites spanning

all OB layers. Right, the corresponding LFP recording of the oscillatory activity in EPL of a P10

mouse displayed band-pass filtered and accompanied by the wavelet spectrogram. (B) Same as

A for ventral OB. (C) Box plots displaying the power of RR (green) and theta bursts (purple) in

the dorsal and ventral OB. (D) Box plots displaying the occurrence, duration, and amplitude of

theta bursts in dorsal and ventral OB. (E) Box plots displaying the mean imaginary coherence

of RR (green) and theta bursts (purple) between dorsal OB and LEC as well as between ventral

OB and LEC. In (C)–(E), gray dots correspond to individual animals. (Wilcoxon rank-sum

test). Data are available in S1 Data. EPL, external plexiform layer; GCL, granule cell layer; GL,

glomerular layer; IPL, internal plexiform layer; LFP, local field potential; MCL, mitral cell

layer; OB, olfactory bulb; P, postnatal day.

(TIF)

S4 Fig. (Related to Fig 2). Effects of urethane anesthesia on the network activity in neonatal

OB. (A) Power spectra (mean ± SEM) of LFP recorded in the neonatal OB before (blue)

and during (red) urethane anesthesia when calculated for the entire trace (left) and for

concatenated time windows of theta bursts (right). Insets, box plots displaying RR and theta

area power before and during urethane anesthesia (n = 12, 1 outlier removed). (B) Box plots

displaying the occurrence and duration of theta bursts as well as the level of discontinuity of

theta bursts measured as fraction of recording time with activity in theta band in neonatal OB

(n = 18). Gray dots and lines correspond to individual animals. (�p< 0.05; ���p< 0.001, Wil-

coxon signed-rank test). Data are available in S1 Data. LFP, local field potential; OB, olfactory

bulb; P, postnatal day; RR, respiration-related rhythm.

(TIF)

S5 Fig. (Related to Fig 3). Optogenetic silencing of MCs in vitro. (A) Top, digital photomon-

tage reconstructing by high-resolution confocal imaging the morphology of a biocytin-filled

(red), EGFP-stained (green) ArchT-positive MC in the OB of a P9 mouse. Bottom, same MC
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displayed at higher magnification. (B) Whole-cell current-clamp recording of an MC in the

OB of a P10 mouse before (top) and during repeated stimulation with 3 s–long yellow light

pulses (bottom). Note that the light caused hyperpolarization of RMP and abolished firing. (C)

Whole-cell current-clamp recordings of an MC in the OB of a P10 mouse during simultaneous

light stimulation (595 nm, 3 s yellow) and current injection (60 pA, 3 s) meant to mimic synap-

tic inputs. Note the efficient silencing of firing even in the presence of a depolarizing current

pulse. EGFP, enhanced green fluorescent protein; MC, mitral cell; OB, olfactory bulb; P, post-

natal day; RMP, resting membrane potential.

(TIF)

S6 Fig. (Related to Fig 3). Membrane potential oscillations of MCs in vitro. Top, representa-

tive current-clamp recording from a P9 MC (−48 mV) showing membrane potential oscilla-

tions. Bottom, power spectrum (blue, mean ± SEM) of membrane voltage oscillations of MCs

with firing rates < 0.1 Hz (blue). Power spectra of individual MCs are shown in gray. MC,

mitral cell.

(TIF)

S7 Fig. (Related to Fig 4). Effects of urethane anesthesia on the network activity in neonatal

LEC. (A) Power spectra (mean ± SEM) of LFP recorded in the neonatal LEC before (blue)

and during (red) urethane anesthesia when calculated for the entire trace (left) and for

concatenated time windows of theta bursts (right). Insets, box plots displaying RR and theta

power before and during urethane anesthesia (n = 12, 1 outlier removed, n = 13). (B) Box plots

displaying the occurrence and duration of theta bursts as well as the level of discontinuity of

theta bursts measured as a fraction of recording time with activity in theta band in neonatal

LEC (n = 18). Gray dots and lines correspond to individual animals. (�p< 0.05; ���p< 0.001;

Wilcoxon signed-rank test). Data are available in S1 Data. LEC, lateral entorhinal cortex; LFP,

local field potential; RR, respiration-related rhythm.

(TIF)

S8 Fig. (Related to Fig 7). Optogenetic activation of MCs in vitro. (A) Top, digital photomon-

tage reconstructing by high-resolution confocal imaging the morphology of a biocytin-filled

(red), EYFP-stained (green) ChR2-positive MC in the OB of a P6 mouse. Bottom, same MC dis-

played at higher magnification. (B) Representative voltage responses of a transfected MC to

trains of 3 ms–long light stimuli at different frequencies. (C) Bar diagram displaying the mean

firing probability of transfected neurons in response to repetitive light stimulation at different

frequencies (n = 4 neurons). Data are available in S1 Data. ChR2, channelrhodopsin 2; EYFP,

enhanced yellow fluorescent protein; MC, mitral cell; OB, olfactory bulb; P, postnatal day.

(TIF)

S9 Fig. (Related to Fig 7). Light-evoked spike responses of MTC in relationship to network

oscillations. (A) Raw signal, band-pass-filtered LFP (1–100 Hz, theta 4–12 Hz), MUA (<400

Hz), and SUA spike trains before, during, and after pulsed (8 Hz) light stimulation (473 nm)

of MTCs in OB of a P8 Cre+ Tbet-cre mouse. (B) Same as (A, dotted box) displayed at larger

timescale. LFP, local field potential; MTC, mitral and tufted cell; MUA, multiunit activity; OB,

olfactory bulb; P, postnatal day; SUA, single-unit activity.

(TIF)

S10 Fig. Cross-covariance analysis as a measure of directionality of interactions within

OB–LEC–PIR circuits. (A) Left, line plots showing smoothed mean standardized cross-

covariance of spike pairs recorded from OB and LEC (n = 251), OB and PIR (n = 62), and LEC

and PIR (n = 142) that have significant coupling at lags between −50 and 50 ms (black dotted
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lines correspond to significance threshold). Right, same plot displayed at higher magnification

to highlight the cross-covariance peaks for OB–LEC and OB–PIR spike trains. (B) Schematic

overview of mono- and polysynaptic connectivity between OB, LEC, and PIR as revealed by

cross-covariance analysis of spike trains. (C) Pie charts showing the percentage of monosynap-

tically coupled, polysynaptically coupled, and uncoupled unit pairs. LEC, lateral entorhinal

cortex; OB, olfactory bulb; PIR, piriform cortex.

(TIF)

S1 Table. (Related to S4 and S7 Figs). Effect of urethane anesthesia on activity patterns in

neonatal OB and LEC. The values are given as medians and interquartile ranges, and signifi-

cant differences are shown as �p< 0.05, ���p< 0.001 (Wilcoxon signed-rank test). LEC, lateral

entorhinal cortex; OB, olfactory bulb.

(DOCX)

S1 Data. Excel spreadsheet containing, in separate sheets, the underlying data for Figs 2D,

2E, 3E, 3F, 4D, 4E, 5B, 5E, 6D, 6E, 6F, 6G, 7C, 7D, 7E, 7F, 7G, 8B, 8C, 8D, 9C, 9D and 9E,

S3C, S3D, S3E, S4A, S4B, S7A, S7B and S8C Figs. Removed outliers are marked in red.

(XLSX)

S1 Text. Full description of all methods, including references.

(DOCX)
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Bursting mitral cells time the oscillatory coupling between
olfactory bulb and entorhinal networks in neonatal mice
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Key points

� During early postnatal development, mitral cells show either irregular bursting or non-bursting
firing patterns

� Bursting mitral cells preferentially fire during theta bursts in the neonatal olfactory bulb, being
locked to the theta phase

� Bursting mitral cells preferentially fire during theta bursts in the neonatal lateral entorhinal
cortex and are temporally related to both respiration rhythm- and theta phase

� Bursting mitral cells act as a cellular substrate of the olfactory drive that promotes the oscillatory
entrainment of entorhinal networks

Abstract Shortly after birth, the olfactory system provides not only the main source of
environmental inputs to blind, deaf, non-whisking and motorically-limited rodents, but also
the drive boosting the functional entrainment of limbic circuits. However, the cellular substrate
of this early communication remains largely unknown. Here, we combine in vivo and in vitro
patch-clamp and extracellular recordings to reveal the contribution of mitral cell (MC) firing
to early patterns of network activity in both the neonatal olfactory bulb (OB) and the lateral
entorhinal cortex (LEC), the gatekeeper of limbic circuits. We show that MCs predominantly fire
either in an irregular bursting or non-bursting pattern during discontinuous theta events in the
OB. However, the temporal spike-theta phase coupling is stronger for bursting than non-bursting
MCs. In line with the direct OB-to-LEC projections, both bursting and non-bursting discharge
augments during co-ordinated patterns of entorhinal activity, albeit with higher magnitude for
bursting MCs. For these neurons, temporal coupling to the discontinuous theta events in the LEC
is stronger. Thus, bursting MCs might drive the entrainment of the OB–LEC network during
neonatal development.
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for the development of the limbic circuitry. She is using in vitro and in vivo intra- and extracellular electrophysiology, as well
as optogenetics, to investigate network interactions between the olfactory bulb and limbic brain areas, such as the entorhinal
cortex and the hippocampus.
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Introduction

Cognitive performance mirrors the complex inter-
actions between limbic areas and is maximized through
permanent exchange with the environment. In rodents,
these interactions emerge during early postnatal
development with the hippocampus (HP) driving the
functional assembling of circuits in the prefrontal cortex,
and the lateral entorhinal cortex (LEC) acting as a
gatekeeper of both (Brockmann et al. 2011; Hartung et al.
2016; Ahlbeck et al. 2018). However, functional coupling
of prefrontal–hippocampal–entorhinal circuits occurs
during a developmental time window, in which rodents
lack most environmental sensory inputs. Mice are blind,
deaf and do not whisker until the end of the second
postnatal week. As a major exception, they are born with
olfactory abilities (Welker, 1964). The functional olfactory
system is not only critical for nursing and survival of pups
(Teicher & Blass, 1977; Logan et al. 2012), but also appears
to actively shape the functional coupling of limbic circuits
(Gretenkord et al. 2019). The LEC receives direct input
from the OB, which, in contrast to other sensory systems,
bypasses the thalamus (Luskin & Price, 1983; Igarashi
et al. 2012). As recently shown, co-ordinated patterns
of electrical activity in the olfactory bulb that emerge
either endogenously or odour-driven, gate the oscillatory
entrainment of entorhinal networks at neonatal age
(Gretenkord et al. 2019). However, the cellular sub-
strate of these early OB–LEC interactions is poorly
understood.

Mitral cell (MCs) are the sole population of OB
neurons projecting to the LEC. MCs of the adult OB
have been extensively characterized in their passive and
active properties (Balu et al. 2004; Padmanabhan &
Urban, 2010; Angelo & Margrie, 2011; Kollo et al. 2014).
According to their firing patterns, these neurons have
been classified as regular firing and irregular bursting
(or ‘stuttering’) (Yu et al. 1993; Balu et al. 2004; Nica
et al. 2010; Angelo & Margrie, 2011; Burton & Urban,
2014; Leng et al. 2014). MC firing patterns relate to the
hyperpolarization-evoked sag potentials, with irregular
bursting MCs exhibiting less pronounced sag currents
than regular firing MCs (Angelo & Margrie, 2011; Burton
& Urban, 2014). Moreover, these sag currents have been
identified as a biophysical fingerprint of the glomerular
network affiliation and sensory processing (Angelo et al.
2012). MCs are part of a complex neuronal circuitry
that enables odour information coding (Wouterlood et al.
1985; Adam & Mizrahi, 2011). Their axons project onto
apical dendrites of pyramidal and stellate cells in layer II/III

of the LEC, which in turn give rise to the perforant path
projections to the hippocampal formation (Witter, 2007).

The MC projections to the LEC emerge already
at embryonic stage (Walz et al. 2006; Hirata et al.
2019) and are fully developed at the postnatal
age when prefrontal–hippocampal–entorhinal circuits
generate co-ordinated patterns of oscillatory activity.
Although the morphology and connectivity of MCs across
development have been analysed in detail (Hinds &
Hinds, 1976; Lin et al. 2000; Blanchart et al. 2006), few
in vitro data have documented their biophysical properties
at early ages (Yu et al. 2015). Although a slice pre-
paration is instrumental for linking MC properties to
local circuits within the OB (Angelo et al. 2012), it does
not allow identification of the contribution(s) of MCs
to long-range communication within OB–LEC circuits.
To address this aim, we combined in vivo patch-clamp
recordings with extracellular recordings of local field
potential (LFP) and spiking activity in both the OB
and LEC of urethane-anaesthetized neonatal [postnatal
day (P)8–10] mice. We reveal that, similar to in vitro
conditions, MCs show two different firing patterns in vivo,
non-bursting and irregular bursting. The latter is stronger
temporally correlated with discontinuous theta bursts in
the OB. Moreover, it is the irregular bursting MCs that
time the oscillatory rhythms in the LEC. Thus, our data
identify the subpopulation of irregular bursting MCs as
the main drivers of long-range coupling between OB and
limbic circuitry.

Methods

Ethical approval

All of the experiments were performed in compliance
with the German laws and the guidelines of the European
Union for the use of animals in research (European
Union Directive 2010/63/EU) and were approved by the
local ethical committee (Behörde für Gesundheit und
Verbraucherschutz Hamburg, ID 15/17). All experiments
conform to the principles and regulations as described in
Grundy (2015).

Animals

Time-pregnant C57Bl/6/J mice from the animal facility
of the University Medical Center Hamburg-Eppendorf
(Hanburg, Germany) were housed individually in
breeding cages under a 12:12 h light/dark cycle
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and fed ad libitum. Male mice underwent either
in vitro or in vivo whole-cell patch-clamp or in vivo
multisite electrophysiological recordings at P8–10 using
experimental protocols similar to those described pre-
viously (Bitzenhofer et al. 2015; Bitzenhofer et al. 2017;
Gretenkord et al. 2019). In line with the 3R (reduce, refine,
replace) principles of animal protection, part of the data
resulted from mice that were investigated with respect to
a different data set in a previous study (Gretenkord et al.
2019).

Surgical procedures and recordings

Surgical procedure for electrophysiology in vitro. For
patch-clamp recordings, pups were anaesthetized with
5% isoflurane and decapitated. Brains were sliced
with a vibratome (VT1000S; Leica Microsystems,
Wetzlar, Germany) into 300µm-thick coronal sections
in ice-cooled oxygenated high-sucrose-based artificial
cerebral spinal fluid (ACSF) containing (in mM): 228
sucrose, 2.5 KCl, 1 NaH2PO4,1 26.2 NaHCO3, 11 glucose
and 7 MgSO4 (310 mosmol kg-1 H2O). Prior to recordings,
slices were maintained at room temperature and super-
fused with oxygenated ACSF containing (in mM): 119
NaCl, 2.5 KCl, 1 NaH2PO4, 26.2 NaHCO3, 11 glucose,
1.3 MgSO4 (310 mosmol kg-1 H2O) at 37 °C.

In vitro whole-cell patch-clamp recordings. Whole-cell
patch-clamp recordings were performed from neurons
identified by their location in the MC layer and their
cell body size. All recordings were performed at room
temperature. Recording electrodes (4–9 M�) were filled
with K-gluconate based solution containing (in mM):
130 K-gluconate, 10 Hepes, 0.5 EGTA, 4 Mg-ATP, 0.3
Na-GTP, 8 NaCl (285 mosmol kg-1 H2O, pH 7.4) and
0.5% biocytin for post hoc morphological identification
of recorded cells. Recordings were controlled with the
Ephus software (Suter et al. 2010) in the MATLAB
environment (MathWorks Inc., Natick, MA, USA).
Capacitance artefacts were minimized using the built-in
circuitry of the patch-clamp amplifier (Axopatch 200B;
Molecular Devices, Sunnyvale, CA, USA). The signals
were low-pass filtered at 10 kHz and recorded online.
All potentials were corrected for the liquid junction
potential of the gluconate-based electrode solution, which,
according to our measurement, was −8.65 mV. The resting
membrane potential (RMP) was measured immediately
after obtaining the whole-cell configuration. For the
determination of input resistance (Rin), membrane time
constant (τm) and membrane capacitance (Cm), hyper-
polarizing current pulses (−60 pA) of 600 ms in duration
were applied from the resting membrane potential.
Analysis was performed offline using custom-written
scripts in the MATLAB environment (MathWorks Inc.).

Surgical procedure for electrophysiology in vivo. Mice
were injected I.P. with urethane (1 mg g−1 body
weight; Sigma-Aldrich, St Louis, MO, USA) prior to
surgery. Under isoflurane anaesthesia (induction: 5%,
maintenance: 2.5%) the head of the pup was fixed into
a stereotaxic apparatus using two plastic bars mounted on
the nasal and occipital bones with dental cement. The bone
above the right OB (0.5–0.8 mm anterior to fronto-nasal
suture, 0.5 mm lateral to inter-nasal suture), as well as the
LEC (0 mm posterior to lambda, 6.0–6.5 mm lateral from
the midline), was carefully removed by drilling a hole of
<0.5 mm in diameter. Throughout surgery and recording
sessions, mice were maintained on a heating blanket at
37°C. Respiration was monitored using a piezo-electric
sensor placed under the pup’s chest.

Multisite electrophysiological recordings in vivo.
One-shank electrodes (NeuroNexus, Ann Arbor, MI,
USA) with 16 recording sites (0.4–0.8 M� impedance,
50 µm inter-site spacing for the OB, 100 µm inter-site
spacing for the LEC) were inserted into the OB
(0.5–1.8 mm, angle 0°), as well as in the LEC
(depth: 2 mm, angle: 10° from the vertical plan).
Before insertion, the electrodes were covered with
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine
perchlorate (DiI; ThermoFisher, MA, USA). A silver
wire was inserted into the cerebellum and served as
ground and reference electrode. Before data acquisition,
a recovery period of 20 min following the insertion
of electrodes was provided. Extracellular signals were
band-pass filtered (0.1–9.0 kHz) and digitized (32 kHz
or 32,556 kHz) using a multichannel amplifier (Digital
Lynx SX; Neuralynx, Bozeman, MO, USA) and Cheetah
acquisition software (Neuralynx). Spontaneous activity
was recorded for 30 min before insertion of a glass
electrode for patch-clamp recordings in the OB. The
positions of the recording electrodes in the OB and
LEC were confirmed after histological assessment post
mortem. For LFP analysis in the OB, the recording
site centered in the external plexiform layer was used,
whereas, for the analysis of spiking activity, all recording
sites located in the MC layer were considered. Signal
reversal between the internal plexiform layer and external
plexiform layer, as well as the presence of large spikes,
enabled identification of the mitral cell layer (MCL)
(Gretenkord et al. 2019). For LFP analysis in the LEC,
only recording sites that were histologically confirmed
to be located in superficial entorhinal layers were used.
After the recording mice were deeply anaesthetized with
ketamine/xylazine [10% ketamine (aniMedica, Senden,
Germany)/2% xylazine (WDT, Wertingen, Germany)
in 0.9% NaCl solution (10 µg g−1 body weight I.P.)].
Subsequently, they were transcardially perfused with
Histofix (Carl Roth, Karlsruhe, Germany) containing 4%
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paraformaldehyde (PFA) for subsequent morphological
identification of the electrode position.

In vivo whole-cell patch-clamp recordings. Whole-cell
patch-clamp recordings were performed using glass
pipettes (4–9 M�) that were filled with (in mM) 135
K-gluconate, 4 KCl, 10 Na2-phosphocreatine, 10 Hepes,
4 MgATP and 0.3 NaGTP for current clamp recordings.
In all experiments, 0.5% biocytin (Sigma-Aldrich) was
included in the pipette solution for later morphological
identification of the recorded cells. Patch pipettes were
inserted over the OB and advanced at 35° from the
vertical plane into the brain until a depth of �150 µm.
To avoid pipette clotting, positive pressure (250 mbar)
was applied to the pipette when advancing it through
the dorsal OB. In proximity to the LFP electrode,
pressure was reduced and the pipette slower advanced
(1 µm s−1). When the pipette blindly contacted a cell,
the current amplitude in response to a 10 mV test
pulse decreased. Action potentials were recorded using
a discontinuous voltage clamp/current clamp amplifier
(ELC-03XS; npi elektronik, Tamm, Germany). The signals
were amplified and low-pass filtered at 3 kHz, visualized
on an oscilloscope (Tektronix, Beaverton, OR, USA),
digitized online with an AD/DA board, and recorded
and processed with Cheetah software. All potentials
were corrected for the liquid junction potential, which,
according to our measurement, was −10.37 mV. Similar to
in vitro recordings, RMP was measured immediately after
obtaining whole-cell configuration. For determination
of input resistance (Rin), membrane time constant
(τm) and membrane capacitance (Cm) hyperpolarizing
current pulses (−60 pA) of 500 ms in duration were
applied from resting membrane potential. Recording
traces were analysed offline using custom-written scripts
in the MATLAB environment (MathWorks Inc.). After
the recording, mice were deeply anaesthetized with
ketamine/xylazine [10% ketamine/2% xylazine in 0.9%
NaCl solution (10 µg g−1 body weight I.P.)]. Subsequently,
they were transcardially perfused with Histofix containing
4% PFA for subsequent morphological reconstruction of
the recorded neuron.

Morphology. Mice were anaesthetized with 10%
ketamine (aniMedica)/2% xylazine (WDT) in 0.9% NaCl
solution (10 µg g−1 body weight I.P.) and transcardially
perfused with Histofix containing 4% PFA. Brains were
postfixed in 4% PFA for 24 h. Tissue blocks containing the
OB were sectioned in the coronal plane at 400 µm using a
vibratome. Thick slices (300 µm) from in vitro recordings
were postfixed in 4% PFA for 24 h. After fixation, brain
slices were washed in PBS, blocked and permeabilized
(0.8% Triton, Sigma-Aldrich, 5.0% normal bovine serum
albumin, Jackson ImmunoResearch, West Grove, PA,

USA; 0.05% sodium azide, Sigma-Aldrich). Staining with
Cyanine dye 2 (Cy2)-conjugated streptavividin (Jackson
Immuno Research, diluted 1:400 in PBS, with 3%
bovine serum albumin, Jackson ImmunoResearch; 0.05%
sodium azide, Sigma-Aldrich) for 60 min was used to
identify biocytin-filled cells. After washing in PBS, slices
were mounted with Fluoromount (Sigma-Aldrich). The
positions of the DiI-labelled extracellular electrodes in
the OB and LEC were reconstructed using fluorescence
microscopy. The morphology of recorded neurons was
examined in more detail using confocal microcopy (DM
IRBE; Leica Microsystems). Image stacks along the z-axis
were made from brain slices using an argon laser to excite
the fluorophore Cy2 at 488 nm, whereas emitted light was
detected at �510 nm. Neurons with large somata located
in the MCL that have an apical dendrite projecting toward
glomerular layer were classified as MCs.

Data analysis

LFP analysis. Data were analysed offline using
custom-written scripts in the MATLAB environment
(MathWorks Inc.). Data were first low-passed filtered
(<100 Hz) using a third-order Butterworth filter before
down-sampling by factor 20 to 1.6 kHz or 1.65 kHz to
analyse LFP. All filtering procedures were performed in a
manner preserving phase information.

Detection of oscillatory activity. Discontinuous network
oscillations in the LFP recorded from OB and LEC
were detected using a previously developed unsupervised
algorithm (Cichon et al. 2014). Briefly, deflections of the
root mean square of band-pass filtered (1–100 Hz) signals
exceeding a variance-depending threshold (2.5 times the
SD from the mean) were assigned as oscillatory periods.
Only oscillatory periods lasting at least 1 s were considered
for analysis.

Power spectral density. Power spectral density was
analysed for either the entire signal or 3 s long peri-
ods with theta oscillations, which were concatenated
and the power was calculated using Welch’s method
with non-overlapping windows. Relative LFP power
was calculated by dividing the power of periods with
theta oscillations by the power of periods without
theta oscillations. Time-frequency plots of power were
calculated with a continuous wavelet transform (Morlet
wavelet).

Single unit clustering. Single units recorded in the
MCL were automatically detected and clustered using
the Python-based software klusta (Rossant et al. 2016)
and manually curated using phy (https://github.com/
cortex-lab/phy).
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Analysis of passive membrane properties. For all intra-
cellular recorded neurons, RMP, Rin, τm, Cm, action
potential (AP) amplitude, half-width and firing threshold
were calculated. Rin was calculated according to Ohm’s
law by dividing the resulting potential changes by the
amplitude of the injected current (−60 pA) (Barbour,
2011). τm was calculated by fitting a monoexponential
function to the induced potential deflection. Cm was
calculated by dividing the membrane time constant by the
membrane resistance. Firing threshold was calculated by
estimating the voltage with the steepest increase in slope
of the phase plot (dV/dt against V). Sag amplitude was
calculated for each cell as the difference between the initial
voltage response and the steady state response to a hyper-
polarizing current pulse of −100 pA. Accordingly, the
initial voltage response was measured from the minimal
voltage reached in the first 200 ms of the current pulse.
The steady-state voltage response was estimated by taking
the mean value of the last 100 ms of the voltage response.

Analysis of AP firing properties. AP frequency,
inter-spike intervals (ISI) and coefficient of variation
(CV) were calculated for all recorded units with firing
rates over 0.1 Hz. The firing rate was calculated by
dividing the number of spikes during the whole signal
or during theta events by the duration of the analysed
periods. AP firing during theta burst and non-burst
periods was normalized by the total number of spikes
of the corresponding unit. Mean AP firing during theta
oscillations was estimated by aligning the spikes of one
unit to the start of each theta burst and using a Gaussian
kernel function (delta = 0.1) (Shinomoto, 2010). CV was
calculated by dividing the SD of the ISI of each neuron by
its mean ISI.

Burst detection. Burst detection of spontaneous AP firing
was achieved as described previously (Gorin et al. 2016).
APs were considered in a burst if at least four consecutive
APs had smaller ISI values than the median ISI calculated
from the corresponding Poisson distribution. Neurons
were considered as bursting if at least 50% of APs occurred
in bursts. Autocorrelation histograms were calculated for
time windows of 120 s in length.

Respiration locking. Exhalation-triggered membrane
potential (Vm) fluctuations and LFP (1–12 Hz) were
averaged for a time window starting 0.2 s before the
respiration trough and lasting 0.4 s after the trough.

Spike–LFP coupling. Phase locking of spiking units
to network oscillations was assessed using a pre-
viously described algorithm (Siapas et al. 2005).
Accordingly, the LFP signal was bandpass filtered [2–4 Hz
(respiration-related; RR), 4–12 Hz (theta)] using a

third-order Butterworth filter. The instantaneous phase
was extracted using the Hilbert transform on the
filtered signal. The coupling between spikes and network
oscillations was tested for significance using the Rayleigh
test for non-uniformity. Only neurons that showed
significant phase locking were considered for the analysis
of locking strength, which was calculated as the mean
resulting vector length.

Pairwise phase consistency. Pairwise phase consistency
(PPC) was computed as previously described (Vinck et al.
2010). Accordingly, the phase in the band of interest was
extracted using the Hilbert transform of the band-pass
filtered LFP trace. The mean of the cosine of the absolute
angular distance (dot product) among all pairs of phases
was calculated.

Spike-triggered average. Spike-triggered average (STA)
was calculated by taking the mean of the band-pass
filtered LFP (2–4 Hz [RR], 4–12 Hz [theta]) for 1 s long
time-windows centred on each spike. For bursting MCs,
only the first spike of each burst was considered. To control
for differences in the number of spikes per recording,
we bootstrapped (n = 1000 repetitions) recordings with
>3000 spikes to 3000 spikes. The lag of the minimum
was taken between –0.1 s and 0.1 s. STA are shown as the
median ± SEM in Figs 5F and 6G.

Statistical analysis

Statistical analysis was performed in the MATLAB
environment. Gaussian distribution of the data was
assessed using the Kolmogorov–Smirnov test for a
sample size >10. None of the data sets were normally
distributed. Therefore, data were tested for significance
using a Wilcoxon rank sum test (two unrelated samples)
or a Wilcoxon sign-rank test (two related samples).
False discovery rate was used to correct for multiple
comparisons. Values were considered as outliers and
removed when their distance from the 25th or 75th
percentile exceeded 1.5 times the interquartile interval.
Phase locking was tested for significance using the Rayleigh
test for non-uniformity. Phase data were compared using
a circular, non-parametric circular test similar to the
Kruskal–Wallis test (circ_cmtest function). Differences in
proportions were tested using Fisher’s exact test.

Results

Passive and active membrane properties of neonatal
mitral cells

We first characterized MC membrane properties
at neonatal age. For this, we performed whole-cell
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patch-clamp recordings from MCs in P8–10 mice both
in vivo (n = 12) and in vitro (n = 11 cells) (Fig. 1A).
MCs showed similar passive membrane properties under
in vivo and in vitro conditions (Table 1). Only Rin and
τm were slightly higher in vitro than in vivo (Table 1).
Similar differences between recording conditions have
been described for pyramidal neurons in the adult
rat visual cortex (Monier et al. 2008). Independent of
recording conditions, all MCs showed almost linear
I–V relationships and increased firing in response to
depolarizing current injection (Fig. 1C and D). MCs
recorded under in vitro and in vivo conditions did not
differ in active membrane properties (i.e. AP threshold,
spontaneous firing rate) (Table 1). Together, these
data indicate that, in neonatal mice, MC membrane
properties detected in vivo are maintained in OB slice
preparations.

Neonatal MCs display either busting or non-bursting
discharge

Next, we investigated the spontaneous MC firing patterns
at neonatal age in vivo and in vitro. Using multisite silicon
probes (Fig. 1Aa), extracellular recording of multi-unit
activity (MUA) in the OB of anaesthetized P8–10 mice
was performed in addition to whole-cell patch-clamp
recordings. MUA was clustered for identification of single
units using offline analysis tools (Rossant et al. 2016)
(n = 77 cells) (Fig. 1B). To characterize spontaneous firing
patterns of MCs, we analysed the timing of firing using a
previously described method (Gorin et al. 2016). APs were
considered to be part of a burst if at least four consecutive
APs occurred at smaller ISI values than the median ISI
calculated from the corresponding Poisson distribution.
MCs were classified as bursting if �50% of APs occurred
in bursts and ISI distribution was significantly different
from a Poisson distribution (Fig. 2Ac and Bc). Moreover,
bursting MCs were identified by presence of several peaks
in the autocorrelation histograms (Fig. 2Ab and Bb).
We analysed MC firing patterns when: (i) extracellularly
recorded as units in vivo; (ii) intracellularly patch-clamp
recorded in vivo; and (iii) intracellularly patch-clamp
recorded in vitro. Under all three conditions, bursting
and non-bursting MCs were detected (Fig. 2A and B).
Moreover, the proportion of MCs classified as bursting
was comparable under both recording conditions in vivo
[extracellular: 66.2% (51/77), intracellular: 60% (6/10),
P = 0.732, Fisher’s exact test] (Fig. 2C), whereas slightly
but not significantly fewer bursting neurons were detected
among MCs in vitro [44.4% (4/9), in vivo extracellular:
P = 0.273, Fisher’s exact test; in vivo intracellular:
P = 0.656, Fisher’s exact test]. This difference might result
from the reduced connectivity and inputs to MCs in slice
preparations.
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Figure 1. Passive and active membrane properties of neonatal
mitral cells in vivo and in vitro
Aa, digital photomontage reconstructing the track of the multisite
DiI-labelled recording electrode (red) in a Nissl-stained coronal section
of the OB from a P9 mouse. Ab, schematic showing the recording
configuration for simultaneous LFP and whole-cell patch-clamp
recordings in the dorsal OB. GCL, granule cell layer; MCL, mitral cell
layer; EPL, external plexiform layer; GL, glomerular layer. Ac,
confocal image displaying a biocytin-filled mitral cell (green) in the
OB of a P8 mouse. Ba, example of single units with distinct
waveforms recorded in the MC layer of the OB from a P8 mouse. Bb,
extracellular recording of the MUA from the OB displayed together
with the raster plots of the four units shown in (Ba). Ca, I–V response
of a MC recorded in the OB of a P9 mouse in vivo. Cb, I–V
relationship and firing rate in relation to current averaged for all MCs
recorded in vivo. Da, I-V response of a MC recorded in the OB of a
P8 mouse in vitro. Db, I-V relationship and firing rate in relationship
to current averaged for all MCs recorded in vitro.
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Table 1. Passive and active membrane properties of neonatal MCs recorded intracellular in vivo and in vitro

in vivo intracellular
(median, interquartile range)

In vitro intracellular
(median, interquartile range)

P (Wilcoxon rank
sum test)

RMP (mV) −59 [−63 to –56.5]
(n = 12)

−58.31 [−62.19 to –55.70]
(n = 11)

0.601

Cm (pF) 54.22 [33.74 to 71.40]
(n = 12)

70.41 [46.51 to 95.65]
(n = 11)

0.340

Rin (M�) 330.46 [247.25 to 406.95]
(n = 11)

550.32 [399.32 to 689.92]
(n = 11)

0.018

τm (ms) 18.57 [11.94 to 22.84]
(n = 11)

33.34 [19.20 to 36.16]
(n = 10)

0.010

Log firing rate (Hz) −1.78 [−2.43 to –0.34]
(n = 10)

0.44 [−0.07 to 0.70]
(n = 8)

0.055

AP threshold (mV) −52.46 [−55.77 to –45.91]
(n = 10)

−50.10 [−52.58 to –48.61]
(n = 7)

0.813

Firing rates of bursting and non-bursting MCs were
similar and, therefore, not suitable for cell classification
(Fig. 2D and Table 2). Moreover, the passive membrane
properties of intracellularly recorded MCs did not differ
between the two groups (Table 2). By contrast, the CV of
ISI values, a measure of spike irregularity, was higher for
bursting MCs (Fig. 2E and Table 2). Visual examination
and CV >1 revealed that all MCs fire irregularly, although
the degree of irregularity was higher in bursting MCs.

Similar to previous data from adults (Margrie &
Schaefer, 2003), the membrane potential of both
bursting and non-bursting MCs fluctuates in the
frequency range of respiration and RR LFP in the
OB [bursting (B): median = 2 Hz, interquartile range
(IQR) = 2–2.33 Hz, n = 6; non-bursting (nB):
median = 2 Hz, IQR = 2-2.167 Hz, n = 4; P = 1, Wilcoxon
sign-rank test] (Fig. 3B). Moreover, both bursting and
non-bursting MCs showed a similar phase relationship to
the start of the exhalation period (B: median = 0.162 s,
IQR = 0.105–0.196 s, n = 6; nB: median = 0.129 s,
IQR = 0.082–0.1614 s, n = 4; P = 0.4762, Wilcoxon
sign-rank test) (Fig. 3A and C).

Previous studies proposed a causal link between the
presence of a hyperpolarization-evoked sag potential,
which is mediated by hyperpolarization-activated cyclic
nucleotide gated (HCN) channels, and MC firing
patterns (Angelo & Margrie, 2011; Burton & Urban,
2014; Yu et al. 2015). To uncover whether this link
already exists during development, we analysed MC
sag potentials in vivo and in vitro (Fig. 4A). Although
both bursting and non-bursting MCs showed such
hyperpolarization-evoked potentials, their amplitude is
larger in non-bursting MCs (nB: median = 12.805 mV,
IQR = 4.124–26.766 mV, n = 8; B: median = 3.302,
IQR = 0.062–9.165 mV, n = 10; P = 0.043, Wilcoxon
rank sum test) (Fig. 4B and C). These data are in line
with the previously reported properties of adult MCs,

among which bursting (stuttering) MCs have smaller sag
potentials (Angelo & Margrie, 2011; Burton & Urban,
2014; Yu et al. 2015).

Taken together, these findings indicate that bursting and
non-bursting MCs represent two distinct subpopulations,
which probably differ in HCN channel expression.

Mitral cells preferentially fire during theta events in
the OB

The presence of two MC populations with different firing
patterns raises the question of whether each group relates
differently to OB network activity. In a previous study,
we showed that MCs critically contribute to oscillatory
OB entrainment in neonatal mice (Gretenkord et al.
2019). Shortly after birth, the OB shows two patterns of
co-ordinated activity, a continuous RR rhythm with peak
frequencies of 2–4 Hz and discontinuous theta events
with frequencies within the range 4–12 Hz (Fig. 5A
and B). To assess the relationship between individual
MCs and network oscillations, we used two distinct
approaches. First, we monitored the temporal relationship
between MC activity and the simultaneously recorded LFP
in the OB of P8–10 mice. Bursting and non-bursting
neonatal MCs showed significant higher normalized
firing rates during theta events (nB: median = 1.331,
IQR = 1.164–1.476, n = 30; B: 1.623, IQR = 1.461–1.766,
n = 52) compared to periods without theta events
(nB: median = 0.756, IQR = 0.630–0.882, n = 30;
B: median = 0.551, IQR = 0.453–0.667, n = 52,
P(nB) = 6.34 × 10−6, P(B) = 3.5 × 10−10, Wilcoxon
sign-rank test, P(nB, FDR corrected) = 6.34 × 10−6,
P(B, FDR corrected) = 1.00 × 10−9) (Fig. 5A, C and
D). However, both MC populations are not identically
entrained by theta events because bursting MCs display
stronger firing during these events than non-bursting
MCs (P = 2.34 × 10−6, Wilcoxon rank sum test,
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Figure 2. Irregular bursting and non-bursting mitral cells are present in the neonatal OB
Aa, example of bursting MCs extracellularly recorded in vivo (top), patch-clamp recorded in vivo (middle) and
patch-clamp recorded in vitro(bottom). Autocorrelation (Ab) and ISI histograms (Ac) displayed for each neuron
shown in (Aa). The blue line corresponds to median ISI. The probability curves of a Poisson process with the
same firing rate are displayed in red. ISI histograms are displayed in smaller time range as insert. Ba, example of
non-bursting MCs extracellularly recorded in vivo (top), patch-clamp recorded in vivo (middle) and patch-clamp
recorded in vitro (bottom). Autocorrelation (Bb) and ISI histograms (Bc) displayed for each neuron shown in (Ba).
The blue line corresponds to median ISI. The probability curves of a Poisson process with the same firing rate
are displayed in red. ISI histograms are displayed in smaller time range as insert. C, percentage of bursting vs.
non-bursting MCs for each recording condition [in vivo intracellular (6/10); in vivo extracellular (51/77); in vitro
(4/9)]. D, violin plots showing the log transformed firing frequency for bursting (n = 59) vs. non-bursting MCs
(n = 34). E, violin plots showing the coefficient of variation of ISI values for bursting (n = 51) vs. non-bursting MCs
(n = 31; ∗∗∗P < 0.001, Wilcoxon rank sum test). For violin plots, the red lines correspond to the median (thick
line), as well as first and third quantiles of the distribution (thin lines).
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Table 2. Passive and active membrane properties of neonatal non-bursting and bursting MCs

Non-bursting MCs
(median, interquartile range)

Bursting MCs
(median, interquartile range)

P (Wilcoxon rank
sum test)

RMP (mV) −58.03 [−66.46 to –50.45]
(n = 9)

−58.31 [−59.25 to –56.52]
(n = 9)

0.951

Cm (pF) 72.97 [42.84 to 84.58]
(n = 9)

53.71 [41.31 to 62.79]
(n = 8)

0.167

Rin (M�) 569.12 [257.73 to 723.46]
(n = 9)

362.48 [279.19 to 427.68]
(n = 10)

0.156

τm (ms) 16.20 [9.67 to 19.41]
(n = 8)

22.82 [14.56 to 29.80]
(n = 10)

0.083

Log firing rate (Hz) −0.35 [−1.59 to 0.96]
(n = 34)

−0.37 [−1.04 to 0.32]
(n = 59)

0.885

CV 1.33 [1.19 to 1.41]
(n = 31)

1.72 [1.57 to 1.96]
(n = 51)

1.09 × 10−10

Within burst firing rate (Hz) – 7.41 [6.64 to 7.95]
(n = 47)

IBI (s) – 4.10 [2.45 to 7.79]
(n = 49)

Burst duration (s) – 2.19 [1.04 to 3.60]
(n = 50)

P(FDR corrected) = 3.11 × 10−6) (Fig. 5D). By contrast,
in the absence of theta events, non-bursting MCs
have higher normalized firing rates than bursting MCs
(P = 6.95 × 10−7, Wilcoxon rank sum test, P(FDR
corrected) = 1.39 × 10−6). These data provide the first
evidence that bursting MCs preferentially fire during theta
events.

Second, we investigated whether OB network
oscillations time the firing of single units extracellularly
recorded in the MC layer of P8–10 mice. For this, we
calculated the phase locking of spikes from putative
MCs to RR and theta events, respectively (Fig 5E). A
high proportion of non-bursting and bursting MCs were
locked to RR (non-bursting: 96%, bursting 88%), as well
as to the theta rhythm (non-bursting: 96%, bursting
94%). However, the locking strength of significantly
locked bursting MCs, which was estimated by the
mean resulting vector length, to the theta rhythm was
higher than of non-bursting MCs (nB: median = 0.086.
IQR = 0.075–0.116, n = 24; B: median = 0.122,
IQR = 0.091–0.182, n = 48; P = 0.005; Wilcoxon
rank sum test) (Fig. 5Ed). By contrast, the locking
strength of both MC populations to RR was similar
(nB: median = 0.140, IQR = 0.097–0.342, n = 25; B:
median = 0.126, IQR = 0.084–0.181, n = 43; P = 0.166,
Wilcoxon rank sum test) (Fig. 5Eb). Taking into account
that phase locking strongly depends on the firing rate,
we confirmed the above results by calculating the PPC
(Vinck et al. 2010). Both MC populations had similar
PPC for RR (nB: median = 0.015, IQR = 0.008–0.080,
n = 24; B: median = 0.012, IQR = 0.004–0.025, n = 46;

P = 0.160; Wilcoxon rank sum test). However, for the
coupling with theta events, PPC values were larger for
bursting than non-bursting MCs (nB: median = 0.007,
IQR = 0.004–0.012, n = 24; B: median = 0.012,
IQR = 0.006–0.023, n = 48; P = 0.016, Wilcoxon rank
sum test).

Both bursting and non-bursting MCs preferentially
fired during the trough of RR and theta oscillation
(Fig. 5Ea, Ec, Fa and Fc) and the mean phase
angle of locking did not differ for both patterns
of oscillatory activity (RR: nB: median = 0.917∗π,
IQR = 0.831∗π–0.968∗π, n = 25; B: median = 0.916∗π,
IQR = 0.761∗π–1.049∗π, n = 45; P = 0.803, circ cmtest;
theta: nB: median = 0.971∗π, IQR = 0.925∗π–1.031∗π,
n = 25; B: median = 0.948∗π, IQR = 0.911∗π–1.006∗π,
n = 48; P = 0.871, circ cmtest). Reflecting the tighter
coupling of bursting units to the theta band oscillations,
the STA for the band-pass filtered LFP in the theta
range (4–12 Hz) showed higher absolute values for
bursting units compared to the non-bursting ones
(nB: median = 1.383, IQR = 0.802–2.026, n = 26;
B: median = 2.614, IQR = 1.594–3.703, n = 49;
P = 2.44 × 10−4; Wilcoxon rank sum test) (Fig. 5Fd).
By contrast, STA for RR was similar for the two types
of units (nB: median = 2.806, IQR = 1.150–5.858,
n = 26; B: median = 1.649, IQR = 0.685–3.309, n = 48,
P = 0.143; Wilcoxon rank sum test) (Fig. 5Fb). Moreover,
bursting and non-bursting units did not differ in their
lag of the minimal STA deflection for both rhythms (RR:
nB: median = 0.016, IQR = 0.008–0.026, n = 23; B:
median = 0.020, IQR = 0.002–0.047, n = 46; P = 0.571;
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Figure 3. Respiration-entrained extracellular LFP and
membrane oscillations of current clamped bursting and
non-bursting mitral cells
Respiration cycle (median ± SEM) (Aa) together with the
extracellular LFP (Ab) and the membrane potential oscillations
(median ± SEM) averaged for bursting (blue, n = 6) and
non-bursting MCs (grey, n = 4) (Ac). Histogram of normalized AP
discharge for bursting (blue) and non-bursting MCs (black) (Ad). B,
power spectra of membrane oscillations for individual bursting (blue,
n = 6) and non-bursting MCs (black, n = 4). C, violin plot displaying
the lag of the first peak of membrane oscillations in relation to the
start of exhalation for bursting (blue) and non-bursting MCs (black).
For violin plots, the red lines correspond to the median (thick line), as
well as first and third quantiles of the distribution (thin lines).

theta: nB: median = 0.005, IQR = 0–0.008, n = 23; B:
median = 0.001, IQR = –0.006–0.010, n = 43; P = 0.275;
Wilcoxon rank sum test). Thus, bursting MCs tightly
couple to theta oscillations in the neonatal OB.

Mitral cells preferentially fire during theta events in
the LEC

MCs directly project to limbic areas, such as the LEC
(Igarashi et al. 2012). These projections emerge early
in life, towards the end of the first postnatal week,
and they actively contribute to theta band oscillatory
events in neonatal LEC (Gretenkord et al. 2019)
(Fig. 6A). In line with other cortical areas, LEC shows
discontinuous large amplitude events with frequencies
within the range 4–12 Hz (theta events) that are super-
imposed on a continuous low-amplitude rhythm at
2–4 Hz (RR) (Fig. 6B and C) (Hartung et al. 2016;
Gretenkord et al. 2019). To distinguish how bursting
and non-bursting MCs influence the entorhinal network
activity, we examined the temporal relationship between
the firing rate of bursting and non-bursting units in
the neonatal OB and oscillatory activity in the LEC.
Both bursting and non-bursting MCs showed significantly

A
a b

–60 mV–60 mV

B C

Figure 4. Sag current in neonatal bursting and non-bursting
mitral cells
Voltage responses of MCs without (Aa) and with sag current (Ab) to
the injection of hyper- and depolarizing current pulses at resting
membrane potential. A suprathreshold current pulse elicits repetitive
action potentials. B, violin plot displaying the magnitude of sag
potentials for bursting (n = 10) vs. non-bursting MCs (n = 8;
∗P < 0.05, Wilcoxon rank sum test). Red lines correspond to the
median (thick line), as well as first and third quantiles of the
distribution (thin lines). C, dot plot displaying the coefficient of
variation in relationship to the magnitude of sag potential for all
investigated non-bursting (grey, n = 8) and bursting (blue, n = 10)
MCs.
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Figure 5. Bursting mitral cells fire preferentially during OB theta events
A, top: extracellular LFP recording of the oscillatory activity in the OB of a P9 mouse displayed after band-pass
filtering (1–100 Hz, 4–12 Hz) and accompanied by the wavelet spectrogram at an identical timescale. Bottom:
action potentials recorded simultaneously with the LFP from a MC at resting membrane potential in whole-cell
current clamp configuration. Note the temporal correlation between the discontinuous theta event (marked by
red box) and action potentials. B, power spectra (mean ± SEM) of LFP in the OB for whole recording (blue), during
discontinuous bursts (green), as well as of theta bursts normalized to non-bursting activity (black). C, representative
raster plot (top) and averaged number of spikes (bottom) from an extracellularly recorded bursting unit aligned to
the start time of each theta event (red line). D, violin plot displaying the normalized firing rates of in vivo recorded
non-bursting (grey, n = 30) and bursting (blue, n = 52) MCs during theta events (dark colours) and time windows
lacking these (light colours). P values were FDR corrected. E, phase locking of MC units to RR and theta events in
OB. Polar plots displaying the phase locking of significantly locked bursting (blue) and non-bursting (grey) units
to RR (Ea) and theta (Ec). Violin plots showing the mean resulting vector length for bursting (blue, n = 43) and
non-bursting (grey, n = 25) units phase locked to RR (Eb) and theta (non-bursting n = 24, bursting n = 48) (Ed).
Only significantly locked units were used for the analysis. F, spike triggered average (median ± SEM) for RR (Fa)
and theta (Fc) around the time of action potential occurrence for bursting (blue) and non-bursting (grey) MCs.
Corresponding violin plots showing the absolute STA amplitude around the time of action potential occurrence for
RR (non-bursting n = 26, bursting n = 48) (Fb) and theta (non-bursting n = 26, bursting n = 49) (Fd) [∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001; Wilcoxon rank sum test (black) or Wilcoxon sign-rank test (grey)]. For violin plots, the
red lines correspond to the median (thick line), as well as the first and third quantiles of the distribution (thin lines).
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Figure 6. Bursting and non-bursting mitral cells have different phase locking dynamics compared to RR
and theta events in the neonatal LEC
A, top: schematic showing the recording configuration for simultaneous LFP and whole-cell patch-clamp recordings
in the dorsal OB, as well as for LFP recordings in the LEC. LOT, lateral olfactory tract. Bottom: confocal image
displaying a biocytin-filled mitral cell (green) in the OB of a P8 mouse (left). Digital photomontage reconstructing
the track of the multisite DiI-labelled recording electrode (red) in a Nissl-stained coronal section of the LEC from
a P9 mouse (right). PIR, piriform cortex. B, top: action potentials recorded simultaneously with the LFP from a
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MC at resting membrane potential in whole-cell current clamp configuration. Bottom, extracellular LFP recording
of the oscillatory activity in the LEC of a P9 mouse displayed after band-pass filtering (1–100 Hz, 4–12 Hz) and
accompanied by the wavelet spectrogram at an identical timescale. Note the temporal correlation between the
discontinuous theta event (marked by red box) and action potentials. C, power spectra (mean ± SEM) of LFP in
the LEC for whole recording (blue), during discontinuous bursts (green), as well as of theta bursts normalized to
non-bursting activity (black). D, representative raster plot (top) and averaged number of spikes (bottom) from an
extracellularly recorded bursting unit aligned to the start time of each theta event in the LEC (red line). E, violin plot
displaying the normalized firing rates of in vivo recorded non-bursting (grey, n = 28) and bursting (blue, n = 53)
MCs during theta events in the LEC (dark colours) and time windows lacking these (light colours). P values were
FDR corrected. F, phase locking of MC units to RR and theta events in the LEC. Polar plots displaying the phase
locking of significantly locked bursting (green) and non-bursting (grey) units to RR (Fa) and theta (Fc). Violin plots
showing the phase for bursting (green, n = 35) and non-bursting (grey, n = 19) units phase locked to RR (Fb) and
the mean resulting vector length for bursting (green, n = 14) and non-bursting (grey, n = 6) units phase locked to
theta (Fd). Only significantly locked units were used for the analysis. G, spike triggered average (median ± SEM)
for RR (Ga) and theta (Gc) in the LEC around the time of action potential occurrence for bursting (green) and
non-bursting (grey) MCs. Corresponding violin plots showing the lag of the minimal deflection of the STA for RR
(non-bursting n = 26, bursting n = 51) (Gb) and the absolute STA amplitude around the time of action potential
occurrence for theta (non-bursting n = 24, bursting n = 49) (Gd) [∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001; Wilcoxon
rank sum test (black), Wilcoxon sign-rank test (grey) or circ_cmtest (MATLAB) for phase values]. For violin plots,
the red lines correspond to the median (thick line), as well as first and third quantiles of the distribution (thin lines).

higher normalized firing rates during entorhinal theta
events compared to time windows lacking those (theta
events: nB: median = 1.183, IQR = 1.094–1.253, n = 28;
B: median = 1.315, IQR = 1.234–1.493, n = 53; no
events: nB: median = 0.820, IQR = 0.692–0.893, n = 28;
B: median = 0.640, IQR = 0.557–0.775, n = 53;
P(nB) = 3.79 × 10−6, P(B) = 1.17 × 10−10, Wilcoxon
sign-rank test, P(nB, FDR corrected) = 7.60 × 10−6,
P(B, FDR corrected) = 4.68 × 10−10) (Fig. 6B, D and
E). However, the firing rate increase during theta events
was more prominent for bursting than for non-bursting
MCs [P = 1.69 × 104, Wilcoxon rank sum test, P(FDR
corrected) = 1.69 × 104]. By contrast, bursting MCs had
lower normalized firing rates during time windows lacking
theta events [P = 8.68 × 10−5, Wilcoxon rank sum test,
P(FDR corrected) = 1.16 × 104] (Fig. 6E). These results
demonstrate that, among MCs, the bursting ones have
the tightest temporal correlation with the entorhinal theta
oscillations.

To deepen the investigation of the temporal relationship
between MCs in the OB and network activity in the LEC,
we assessed the phase locking of bursting and non-bursting
OB units to entorhinal theta and RR (Fig. 6F). MCs
were phase locked to the continuous RR (non-bursting:
73%, bursting 69%) and, to a lower extent, to theta
events (non-bursting: 27%, bursting 27%). The locking
strength to RR was comparable for significantly locked
bursting and non-bursting MCs (nB: median = 0.109.
IQR = 0.069–0.149, n = 18; B: median = 0.104,
IQR = 0.055–0.139, n = 32; P = 0.578; Wilcoxon
rank sum test). However, bursting MCs were locked
at a different phase (through) than non-bursting ones
(peak) (nB: median = 0.288∗π, IQR = 0.184∗π–0.716∗π,
n = 19; B: median = 0.980∗π, IQR = 0.639∗π–1.154∗π,
n = 35; P = 0.002, circ cmtest) (Fig. 6Fb). The strength
of locking to theta phase in the LEC was higher for
bursting (B: median = 0.063, IQR = 0.045–0.096,

n = 14) than non-bursting MCs (nB: median = 0.034,
IQR = 0.030–0.044, n = 6; P = 0.035; Wilcoxon
rank sum test) (Fig. 6Fd). The mean phase angle of
locking did not differ for the two firing patterns (nB:
median = 1.051∗π, IQR = 0.122∗π–1.693∗π, n = 7; B:
median = 1.278∗π, IQR = 0.278∗π–1.803∗π, n = 14;
P = 0.537, circ cmtest). STA for RR in the LEC was
similar for bursting and non-bursting MCs (RR: nB:
median = 0.677, IQR = 0.409–1.076, n = 24; B:
median = 0.676, IQR = 0.362–1.787, n = 49; P = 0.545,
Wilcoxon rank sum test). By contrast, STA for theta
showed higher absolute values for bursting units compared
to non-bursting ones (theta: nB: median = 0.360,
IQR = 0.262–0.452, n = 26; B: median = 1.109,
IQR = 0.489–1.593, n = 49; P = 1.56∗10−6, Wilcoxon
rank sum test) (Fig. 6Gd). Both MC populations showed
differences in their lag of the minimal STA deflection for
entorhinal RR (nB: median = 0.126, IQR = 0.038–0.180,
n = 26; B: median = 0.049, IQR = –0.013–0.125, n = 51;
P = 0.022, Wilcoxon rank sum test) but not theta phase
(nB: median = –0.042, IQR = –0.084–0.021, n = 26; B:
median = –0.026, IQR = –0.064–0.025, n = 51; P = 0.918,
Wilcoxon rank sum test) (Fig. 6Gb).

Taken together, these data show that, among MCs,
bursting cells have the strongest temporal relationship
with theta events in the LEC. This suggests that bursting
MCs preferentially relay OB information to LEC and,
by these means, facilitate the oscillatory entrainment of
limbic circuits.

Discussion

The processing ability of the mature brain relies
on temporal coupling of neuronal firing to network
oscillations and the resulting entrainment of local and
large-scale networks. Already during early development,
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neurons in sensory and limbic brain areas generate distinct
firing patterns and assemble into circuits synchronized
in different frequency bands (Khazipov et al. 2004;
Brockmann et al. 2011; Minlebaev et al. 2011; Bitzenhofer
et al. 2015; Hartung et al. 2016; Ahlbeck et al. 2018). At this
age, when most sensory inputs do not reach the cortex,
spontaneous and stimulus-induced LEC activation via
direct axonal MC projections might boost limbic circuitry
development (Gretenkord et al. 2019). The mechanisms
of OB-to-LEC communication remain largely unresolved.
One critical question is how MC firing entrains entorhinal
circuits. Combining in vivo and in vitro patch-clamp
recordings from MCs with extracellular recordings of LFP
and spiking activity in both OB and LEC, we demonstrate
that: (i) during early postnatal development (P8–10), MCs
display either irregular busting or non-bursting firing
characteristics; (ii) irregular bursting MCs display less
pronounced hyperpolarization-evoked sag currents when
compared to non-bursting MCs; (iii) firing of bursting
MCs concentrates during theta events and is more pre-
cisely locked to the phase of theta oscillations in the
neonatal OB; and (iv) bursting MCs temporally relate
to oscillatory patterns in neonatal LEC. These findings
suggest that predominantly bursting MCs synchronize
neuronal ensembles in discontinuous theta oscillations in
the developing OB and LEC.

Although intrinsic MC firing properties have been
extensively investigated in adult rodents (Yu et al. 1993;
Balu et al. 2004; Nica et al. 2010; Angelo & Margrie, 2011),
little is known during early postnatal development. To
our knowledge, only one study has previously investigated
both passive and active MC properties during the first
two postnatal weeks in vitro. Yu et al. (2015) report an
age-dependent decrease in Rin and τm, although no change
in Cm or RMP. Their study classified MCs as either bursting
(stuttering) or non-bursting. In the present study, we sub-
stantially extended these findings by demonstrating that
MCs also show either bursting or non-bursting firing
patterns already at neonatal age in vivo. These firing
patterns were mostly independent of recording condition,
passive membrane properties and the firing rates of the
recorded neurons. Bursting MCs show less pronounced
sag currents compared to non-bursting MCs, indicating
lower HCN channel expression and therefore h-currents
(Robinson & Siegelbaum, 2003; Angelo & Margrie, 2011).
This is well in line with several studies conducted in adult
rodents (Angelo & Margrie, 2011; Burton & Urban, 2014),
as well as in vitro studies in neonatal mice (Yu et al. 2015),
which demonstrate a link between sag potential amplitude
and the firing regularity of mitral cells.

Sag amplitudes of MCs were shown to decrease
significantly over the first postnatal weeks, leading to
more irregular firing characteristics and therefore more
stuttering firing pattern of MCs (Yu et al. 2015). Together
with altered intrinsic MC properties, these changes suggest

that MCs attune to faster network oscillations across
development. Although MCs attune preferentially to theta
oscillations during early postnatal development, mature
MCs more probably attune to gamma oscillations (Yu
et al. 2015). How the different firing pattern of MCs
emerge is not yet fully understood. Yu et al. (2015) suggest
that bursting MCs show a lower level of HCN channels.
Moreover, spike clustering in mature MCs has been
linked to ID-like potassium currents and subthreshold
TTX-sensitive sodium currents (Balu et al. 2004).
However, spontaneous MC firing patterns most probably
reflect a combination from intrinsic properties and local
network interactions (Leng et al. 2014). Accordingly, we
show a slightly lower portion of bursting MCs in vitro
than in vivo. This might result from truncated centrifugal
afferents in vitro. Centrifugal feedback, as well as neuro-
modulation, might critically shape MC firing patterns
in vivo. Another factor that might impact neuronal firing
is anaesthesia. However, we have shown recently that,
although urethan dampens the overall level of activity,
it neither changes oscillatory events per se, nor temporally
correlated firing within developing OB–LEC networks
(Chini et al. 2019; Gretenkord et al. 2019). Finally,
on-going sensory sampling probably plays an important
role in shaping MC firing patterns. Further research is
needed to reveal the developmental mechanisms that
shape the patterning of mitral cell firing during passive
breathing, as well as during active odour sampling.

The present study reveals that the temporal coupling
between MC firing and theta events is more prominent
for bursting than for non-bursting MCs. These findings
suggest a stronger contribution of bursting MCs to theta
event generation in neonatal OB. Intrinsically bursting
neurons have been proposed as key elements that entrain
developing circuits in oscillatory rhythms (Egorov &
Draguhn, 2013). For example, bursting neurons have been
shown to contribute to early network oscillations in the
entorhinal cortex (Sheroziya et al. 2009). Moreover, it
has been suggested that spontaneously bursting starburst
cells boost the generation of retinal waves (Zheng
et al. 2006) and intrinsic bursting CA3 neurons shape
hippocampal giant depolarizing potentials (Sipilä et al.
2006). Additionally, in the mature brain, burst firing
might set functional networks to preferred frequencies.
For example, mature bursting MCs attune preferentially
to the theta rhythm (Balu et al. 2004). Bursting MCs in
the developing OB might thus similarly act as pacemakers,
shaping the neonatal theta rhythm.

An important open question is how OB activity shapes
the maturation of the OB-LEC circuitry during neonatal
development. Recently, we have shown that theta events
in the neonatal OB boost the oscillatory entrainment
of the LEC via MC axonal projections that target LEC
already around birth (Gretenkord et al. 2019). The pre-
sent data complement these findings, providing the first
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insights into the cellular substrate of this interaction.
Bursting MCs, which have higher firing rates during theta
events and are more strongly locked to theta oscillations
in the LEC, preferentially relay activity from the OB to
LEC during neonatal development. Bursting neurons have
been proposed to transmit information more reliably
compared to single spikes (Lisman, 1997). Therefore,
bursting MCs might efficiently activate entorhinal layer
II/III neurons that have been shown to play a critical
role for generation of theta oscillations (Alonso & Llinás,
1989; Alonso & Klink, 1993). Additionally, rhythmically
firing layer II/III neurons in the medial entorhinal cortex
preferentially fire during the negative phase of the theta
rhythm (4–6 Hz), whereas non-rhythmic cells fire during
the positive phase (Alonso & Garcia-Austt, 1987). In line
with this notion, we also report that bursting MCs show
a different phase relationship to RR (2–4 Hz) in the
LEC compared to non-bursting MCs. Moreover, bursting
activity has been related to plasticity mechanisms (Pike
et al. 1999) in the HP. Based on studies investigating
the synaptic refinement of retinal ganglion cell in the
developing visual system, it has been proposed that,
during development, burst-time-dependent plasticity,
rather than spike-time-dependent plasticity, plays an
important role in synaptic strengthening (Butts et al. 2007;
Gjorgjieva et al. 2009; Butts & Kanold, 2010). Therefore,
it is tempting to speculate that bursting MCs strengthen
the connectivity between OB and LEC during neonatal
development, thus contributing to maturation of this
network.

Data from adults have shown that olfactory associative
learning requires intact LEC-to-HP connections (Li
et al. 2017). Moreover, phase-coupling of MC firing
to on-going oscillations depends on learning of odour
identity (Losacco et al. 2020). The mutual communication
between OB and HP in adults - RR in HP being caused by
the OB and theta oscillations in OB being caused by the
HP - has been resolved by Granger causality analysis (Chi
et al. 2016). However, the development of this coupling
is still fully unknown. Already during the first postnatal
week, mice need to learn odour associations to survive
(Logan et al. 2012). Therefore, we hypothesize that, during
neonatal development, olfactory information is relayed to
the HP via the LEC and thereby might be involved in the
development of limbic circuits and behaviour. Indeed, it
has been shown that olfactory mother–pup interactions
are critical for social development of the pups (Landers
& Sullivan, 2012). How might olfactory processing
impact limbic circuits during development? We propose
that the olfactory drive augments entorhinal circuit
excitability, promoting their organization into oscillatory
ensembles. The resulting theta rhythms are relayed via
dense excitatory projections to the HP, where they might
facilitate the emergence of discontinuous oscillations.
This pathway might complement other mechanisms, such

as septal or basal forebrain activation of theta generation
in the neonatal HP. The age at which HP starts to feedback
and cause theta in the OB remains to be determined.

In sum, we propose that bursting MCs act as
pacemakers for theta events in the OB and reliably activate
entorhinal networks at neonatal age, thereby facilitating
the oscillatory entrainment of developing limbic circuits.
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Sipilä ST, Huttu K, Voipio J & Kaila K (2006). Intrinsic bursting
of immature CA3 pyramidal neurons and consequent giant
depolarizing potentials are driven by a persistent Na+
current and terminated by a slow Ca2+-activated K+
current. Eur J Neurosci 23, 2330–2338.

Suter BA, O’Connor T, Iyer V, Petreanu L, Hooks BM, Kiritani
T, Svoboda K & Shepherd GM (2010). Ephus: multipurpose
data acquisition software for neuroscience experiments.
Front Neural Circuits 4, 100.

Teicher MH & Blass EM (1977). First suckling response of the
newborn albino rat: the roles of olfaction and amniotic fluid.
Science 198, 635–636.

Vinck M, van Wingerden M, Womelsdorf T, Fries P & Pennartz
CM (2010). The pairwise phase consistency: a bias-free
measure of rhythmic neuronal synchronization. Neuroimage
51, 112–122.

Walz A, Omura M & Mombaerts P (2006). Development and
topography of the lateral olfactory tract in the mouse:
imaging by genetically encoded and injected fluorescent
markers. J Neurobiol 66, 835–846.

Welker W (1964). Analysis of sniffing of the albino rat 1.
Behaviour 22, 223–244.

Witter MP (2007). The perforant path: projections from the
entorhinal cortex to the dentate gyrus. Prog Brain Res 163,
43–61.

Wouterlood F, Mugnaini E & Nederlof J (1985). Projection of
olfactory bulb efferents to layer I GABAergic neurons in the
entorhinal area. Combination of anterograde degeneration
and immunoelectron microscopy in rat. Brain Res 343,
283–296.

Yu G-Z, Kaba H, Saito H & Seto K (1993). Heterogeneous
characteristics of mitral cells in the rat olfactory bulb. Brain
Res Bull 31, 701–706.

Yu Y, Burton SD, Tripathy SJ & Urban NN (2015). Postnatal
development attunes olfactory bulb mitral cells to
high-frequency signaling. J Neurophysiol 114, 2830–2842.

Zheng J, Lee S & Zhou ZJ (2006) A transient network of
intrinsically bursting starburst cells underlies the generation
of retinal waves. Nat Neurosci 9, 363–371.

Additional information

Data availability statement

The data that support the findings of this study are available in
the supplementary material of this article.

Competing interests

The authors declare that they have no competing interests.

Author contributions

ILH-O conceived the study and designed the experiments. JKK
and SG carried out the experiments. JKK analysed the data. JKK,
MS and ILH-O interpreted the data. JKK and ILH-O wrote the
article. All authors discussed and commented on the article.

Funding

This work was funded by grants the German Research
Foundation (Ha4466/11-1 and SFB 936 B5 to ILH-O).

Acknowledgements

We thank Dr Yoram Ben-Shaul for providing the analytical tools
for burst detection, as well as A. Marquardt, A. Dahlmann, P.
Putthoff and K. Titze for their excellent technical assistance.

Keywords

burst firing, development, electrophysiology, lateral entorhinal
cortex, mitral cells, neonatal, olfaction

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Statistical Summary Document
Data Summary

C© 2020 The Authors. The Journal of Physiology C© 2020 The Physiological Society



 

79 
 

3.3 Article 3: Neural correlates of anesthesia in newborn mice and humans  

 

Mattia Chini, Sabine Gretenkord, Johanna K. Kostka, Jastyn A. Pöpplau, Laura 

Cornelissen, Charles B. Berde, Ileana L. Hanganu-Opatz and Sebastian H. Bitzenhofer 

 

Front. Neural Circuits, May 2019; DOI:  https://doi.org/10.3389/fncir.2019.00038 

 

 

 

 

 

 

 

 

 

 

 

3.3.1 Personal contribution to article 3 
 

I conducted electrophysical recordings of the OB and LEC and performed the first 

analysis of these data.  I was involved in the reviewing and editing process of the manuscript.  

 

                                      __ Hamburg, 09.02.2022   

Johanna Kostka                      Ileana Hanganu-Opatz                               Place, Date 

 



ORIGINAL RESEARCH
published: 22 May 2019

doi: 10.3389/fncir.2019.00038

Edited by:

Tommaso Pizzorusso,
University of Florence, Italy

Reviewed by:
Paola Binda,

University of Pisa, Italy
Laura Baroncelli,

Italian National Research Council
(CNR), Italy

*Correspondence:
Ileana L. Hanganu-Opatz

hangop@zmnh.uni-hamburg.de
Sebastian H. Bitzenhofer
sbitzenhofer@ucsd.edu

†These authors have contributed
equally to this work

‡Present address:
Sebastian H. Bitzenhofer,

Center for Neural Circuits and
Behavior, Department of

Neurosciences, University of
California, San Diego, La Jolla, CA,

United States

Received: 31 January 2019
Accepted: 03 May 2019
Published: 22 May 2019

Citation:
Chini M, Gretenkord S, Kostka JK,

Pöpplau JA, Cornelissen L,
Berde CB, Hanganu-Opatz IL and

Bitzenhofer SH (2019) Neural
Correlates of Anesthesia in Newborn

Mice and Humans.
Front. Neural Circuits 13:38.

doi: 10.3389/fncir.2019.00038

Neural Correlates of Anesthesia in
Newborn Mice and Humans
Mattia Chini 1, Sabine Gretenkord 1, Johanna K. Kostka 1, Jastyn A. Pöpplau 1,
Laura Cornelissen 2,3, Charles B. Berde 2,3, Ileana L. Hanganu-Opatz 1*†

and Sebastian H. Bitzenhofer 1* † ‡

1Developmental Neurophysiology, Institute of Neuroanatomy, University Medical Center Hamburg-Eppendorf, Hamburg,
Germany, 2Department of Anesthesiology, Critical Care and Pain Medicine, Boston Children’s Hospital, Boston, MA,
United States, 3Department of Anesthesia, Harvard Medical School, Boston, MA, United States

Monitoring the hypnotic component of anesthesia during surgeries is critical to
prevent intraoperative awareness and reduce adverse side effects. For this purpose,
electroencephalographic (EEG) methods complementing measures of autonomic
functions and behavioral responses are in use in clinical practice. However, in human
neonates and infants existing methods may be unreliable and the correlation between
brain activity and anesthetic depth is still poorly understood. Here, we characterized
the effects of different anesthetics on brain activity in neonatal mice and developed
machine learning approaches to identify electrophysiological features predicting inspired
or end-tidal anesthetic concentration as a proxy for anesthetic depth. We show that
similar features from EEG recordings can be applied to predict anesthetic concentration
in neonatal mice and humans. These results might support a novel strategy to monitor
anesthetic depth in human newborns.

Keywords: development, anesthesia, LFP, EEG, mouse, human, machine learning, network dynamics

INTRODUCTION

Reliable monitoring of anesthesia depth is critical during surgery. It allows for loss of consciousness,
analgesia and immobility without incurring the risk of side effects and complications due to
anesthetic misdosing. Typically used measures to monitor anesthesia depth are inspired and
end-tidal anesthetic concentrations as well as physiologic parameters, including respiratory rate
and depth (in the absence of neuromuscular blockade or controlled ventilation), heart rate, blood
pressure, and responses to noxious stimuli (Punjasawadwong et al., 2014). These measures all
respond to spinal and brainstem reflexes and are not specific for arousal or cortical responses to
noxious events.

Anesthesia-induced changes in brain activity can be measured with electroencephalographic
(EEG) recordings. Specific algorithms have been developed to predict anesthesia depth in adults
(Glass et al., 1997; Prichep et al., 2004; Kreuzer, 2017). The most commonly used of such
methods, the Bispectral Index, has been shown to significantly reduce intraoperative awareness,
amount of anesthetic used, recovery time and post-anesthesia care unit stay in a recent Cochrane
meta-analysis (Punjasawadwong et al., 2014), but see (Kalkman et al., 2011; Hajat et al., 2017).
However, evidence of similar benefits in infants and younger children is sparse, as recently shown
(Cornelissen et al., 2015, 2017, 2018a). EEG in anesthetized infants changes dramatically depending
on postnatal age. Slow oscillations are present from birth on, whereas theta and alpha oscillations
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occur 3 months after birth, but lack the frontal dominance
typically seen in adults (Davidson et al., 2005; Lo et al., 2009;
Hayashi et al., 2012; Cornelissen et al., 2015; Koch et al., 2017).

EEG recordings mainly monitor neocortical activity.
Converging evidence from animal and human studies has
shown that most anesthetics slow EEG oscillations (Alkire et al.,
2008; Chauvette et al., 2011; Purdon et al., 2015). While power
at high frequency oscillations is reduced (>40 Hz), power at
slower frequencies (<15 Hz) is enhanced (Purdon et al., 2015).
The computations underlying proprietary indexes such as the
Bispectral index or Narcotrend are thought to take advantage of
these phenomena (Kertai et al., 2012). However, in preterm and
term neonates for the first weeks of life, EEG during sleep-wake
cycles is weakly correlated with behavioral states and shows
characteristic bursts or spontaneous activity transients (Milh
et al., 2007; O’Toole et al., 2016). Anesthesia-induced theta
and alpha oscillations have been reported to emerge around
3–4 months of age, albeit with less frontal predominance
than in older children and adults (Cornelissen et al., 2015,
2018a). Moreover, high concentrations/doses of anesthetics
have been reported to depress brain activity and enhance signal
discontinuity in both human and rodent neonates (Chang
et al., 2016; Cornelissen et al., 2017; Stolwijk et al., 2017).
However, to our knowledge, a comprehensive algorithmic
approach identifying EEG parameters that robustly correlate
with anesthetic depth during early postnatal development is
still lacking.

Here, we developed a novel strategy tomodel anesthesia depth
by using common electrophysiological features that correlate
with inhaled anesthetic concentrations during early development
of mice and humans at similar stage of brain development.
We performed intracranial electrophysiological recordings to
study the temporal and dose-dependent dynamics of brain
activity in neonatal mice [postnatal day (P) 8–10] during bolus
urethane administration, and during dose-titrated isoflurane
general anesthesia, respectively. Dominant local field potential
(LFP) features of anesthetic state were identified and used
to develop a machine-learning algorithm that distinguishes
non-anesthetized from deeply anesthetized states and predicts
anesthetic concentration as a proxy for anesthetic depth. Using
a similar approach, we used multielectrode EEG recordings
to study the dose-dependent dynamics of brain activity in a
secondary analysis of a combined new and previously reported
data set (Cornelissen et al., 2018a) of human infants 0–6 months
of age during induction, maintenance and emergence from
general anesthesia (sevoflurane, isoflurane, or desflurane)
administered for routine surgical care. Dominant EEG features
of anesthetic state were identified and used to develop amachine-
learning algorithm to predict end-tidal volume anesthetic
concentration (an indirect measure of anesthetic concentration
in the brain, and anesthetic depth).

MATERIALS AND METHODS

Animals
All experiments were performed in compliance with the German
laws and the guidelines of the European Community for the

use of animals in research and were approved by the local
ethical committee (G132/12, G17/015, N18/015). Experiments
were carried out on C57Bl/6J mice of both sexes. Timed-
pregnant mice from the animal facility of the University Medical
Center Hamburg-Eppendorf were housed individually at a 12 h
light/12 h dark cycle, with ad libitum access to water and food.
Day of birth was considered P0.

In vivo Electrophysiology in Neonatal Mice
Multisite extracellular recordings were performed in the
prefrontal cortex (PFC) and HP, or lateral entorhinal cortex
(LEC) and olfactory bulb (OB) of P8–10 mice. Pups were on a
heating blanket during the entire procedure. Under isoflurane
anesthesia (induction: 5%; maintenance: 2.5%), craniotomies
were performed above PFC (0.5 mm anterior to Bregma,
0.1–0.5 mm right to Bregma) and HP (3.5 mm posterior to
Bregma, 3.5 mm right to Bregma), or LEC (0 mm anterior to
lambda, 6.5 mm right to lambda) and OB (0.5–0.8 mm anterior
from the frontonasal suture, 0.5 mm right from internasal
suture). Pups were head-fixed into a stereotaxic apparatus using
two plastic bars mounted on the nasal and occipital bones with
dental cement.Multisite electrodes (NeuroNexus,MI, USA) were
inserted into PFC (four-shank, A4x4 recording sites, 100 µm
spacing, 2.0 mm deep) and HP (one-shank, A1x16 recording
sites, 50 µm spacing, 1.6 mm deep, 20◦ angle from the vertical
plane), or LEC (one-shank, A1x16 recording sites, 100 µm
spacing, 2 mm deep, 10◦ angle from the vertical plane) and OB
(one-shank, A1x16 recording sites, 50 µm spacing, 1.4–1.8 mm
deep). A silver wire was inserted into the cerebellum and
served as ground and reference electrode. Pups were allowed
to recover for 30 min prior to recordings. Extracellular signals
were band-pass filtered (0.1–9,000 Hz) and digitized (32 kHz)
with a multichannel extracellular amplifier (Digital Lynx SX,
Neuralynx, Bozeman, MO, USA).

In vivo Electrophysiology in Juvenile Mice
Multisite extracellular recordings were performed in the PFC
of P24–39 mice. Under isoflurane anesthesia (induction: 5%;
maintenance: 2.5%), a metal head-post (Luigs and Neumann)
was attached to the skull with dental cement and 2-mm
craniotomies were performed above PFC (0.5–2.0 mm anterior
to Bregma, 0.1–0.5 mm right to Bregma) and protected by
a customized synthetic window. A silver wire was implanted
in the cerebellum as ground and reference electrode. Surgery
was performed at least 5 days before recordings. After recovery
mice were trained to run on a custom-made spinning-disc.
For recordings, craniotomies were uncovered and multisite
electrodes (NeuroNexus, MI, USA) were inserted into PFC (one-
shank, A1x16 recording sites, 50 µm spacing, 2.0 mm deep).
Extracellular signals were band-pass filtered (0.1–9,000 Hz) and
digitized (32 kHz) with a multichannel extracellular amplifier
(Digital Lynx SX, Neuralynx, Bozeman, MO, USA).

Recordings Under Urethane
Activity was recorded for 15 min without anesthesia before
intraperitoneally injecting urethane (1 mg/g body weight; Sigma-
Aldrich, St. Louis, MO, USA). Activity was recorded for further
45 min. Animals were transcardially perfused after recordings,
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brains were sectioned coronally, and wide field images were
acquired to verify recording electrode positions.

Recordings Under Isoflurane
Mouth piece of an isoflurane evaporator (Harvard Apparatus,
Holliston, MA, USA) was placed in front of the pups in the
recording setup until animals accustomed to it. Activity was
recorded for 15 min 0% isoflurane, but with the evaporator
running (1.4 l/min). Afterward, isoflurane was added to the
airflow and increased every 15 min (1%, 2%, 3%). Animals were
transcardially perfused after recordings, brains were sectioned
coronally, and wide field images were acquired to verify
recording electrode positions.

Electroencephalographic Recordings in
Human Neonates and Young Infants
Neonates and infants who were scheduled for an elective surgical
procedure were recruited from the pre-operative clinic at Boston
Children’s Hospital from 12/2012 to 08/2018 (under Institutional
Review Board P-3544, with written informed consent obtained
from parents/legal guardians). Subjects required surgery below
the neck, were clinically stable on the day of study and American
Society of Anesthesiologists’ physical status I or II. Exclusion
criteria were born with congenital malformations or other
genetic conditions thought to influence brain development,
diagnosed with a neurological or cardiovascular disorder, or
born at <32 weeks post-menstrual age. Datasets from previously
published work (n = 25; Cornelissen et al., 2018a) and new
subjects (n = 10) were included in the analysis. Data are presented
from 35 subjects aged 0–6 months.

Anesthetic Management
Each patient received anesthesia induced with sevoflurane
(32 subjects), isoflurane (two subjects) or desflurane (one
subject) alone or a combination of one of the previous and
nitrous oxide. Epochs used for analysis were comprised of
sevoflurane, isoflurane or desflurane administration with air
and oxygen, titrated to clinical signs; end-tidal anesthetic
concentration was adjusted per the anesthetist’s impression of
clinical need, not a pre-set end-tidal anesthetic concentration.

EEG Recording
EEG data were acquired using an EEG cap (WaveGuard EEG
cap, Advanced NeuroTechnology, Netherlands). Thirty-three-
or 41-recording electrodes were positioned per the modified
international 10/20 electrode placement system. Reference and
ground electrodes were located at Fz and AFz respectively.
EEG activity from 0.1 to 500 Hz was recorded with an Xltek
EEG recording system (EMU40EX, Natus Medical Inc., Canada).
Signals were digitized at a sampling rate of 1,024 Hz and
a resolution of 16-bit. The EEG recording was started prior
to anesthetic induction to capture the loss of consciousness
and stopped once the participant reached the Post-Anesthesia
Recovery to capture recovery of consciousness. For some infants,
the EEG recording was started after anesthetic induction.

Clinical Data Collection
Demographics and clinical information were collected from the
electronic medical records and from the in-house Anesthesia

Information Management System (AIMS; Supplementary Table
S1). None of the pathologies causing the need of surgery
presented a risk for brain maturation. End-tidal sevoflurane,
oxygen, and nitrous oxide concentrations were downloaded
from the anesthetic monitoring device (Dräger Apollo, Dräger
Medical Inc., Telford, PA, USA) to a recording computer in
real-time using ixTrend software (ixcellence, Germany). Signals
were recorded at a 1 Hz sampling rate.

Data Analysis
In vivo data were analyzed with custom-written algorithms in
the Matlab environment. Data were processed as following:
band-pass filtered (500–5,000 Hz) to analyze multi-unit activity
(MUA) and band-pass filtered (2–100 Hz) using a third-order
Butterworth filter before downsampling to analyze LFP. Filtering
procedures were performed in a phase preserving manner.

Multi-Unit Activity
MUA was detected as the peak of negative deflections exceeding
five times the standard deviation of the filtered signal and having
a prominence larger than half the peak itself. Firing rates were
computed by dividing the total number of spikes by the duration
of the analyzed time window.

Detection of Oscillatory Activity
Discontinuous active periods were detected with a modified
version of a previously developed algorithm for unsupervised
analysis of neonatal oscillations (Cichon et al., 2014). Briefly,
deflections of the root mean square of band-pass filtered
signals (1–100 Hz) exceeding a variance-depending threshold
were considered as network oscillations. The threshold was
determined by a Gaussian fit to the values ranging from 0 to
the global maximum of the root-mean-square histogram. If two
oscillations occurred within 200 ms of each other they were
considered as one. Only oscillations lasting >1 s were included,
and their occurrence, duration and amplitude were computed.

Power Spectral Density
For power spectral density analysis, 1 s-long windows
of full signal or network oscillations were concatenated,
and the power was calculated using Welch’s method with
non-overlapping windows.

Imaginary Coherence
The imaginary part of coherence, which is insensitive to volume-
conduction-based effects (Nolte et al., 2004), was calculated by
taking the absolute value of the imaginary component of the
normalized cross-spectrum.

Pairwise Phase Consistency
Pairwise phase consistency (PPC) was computed as previously
described (Vinck et al., 2010). Briefly, the phase in the band
of interest was extracted using Hilbert transform and the mean
of the cosine of the absolute angular distance among all pairs of
phases was calculated.

1/f Slope
1/f slope was computed as previously described (Gao et al., 2017).
We used robust linear regression (MATLAB function robustfit)
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to find the best fit over 20–40 Hz frequency range of the power
spectral density, in 1-min bins.

Sample Entropy
Sample Entropy was computed using the SampEn function
(MATLAB File Exchange) in 1.5 s windows and in 2 Hz
frequency bins. Tolerance was set to 0.2 ∗ std (signal), and
tau to 1.

EEG Data Analysis
EEG signal was visually inspected to detect and reject
channels with low signal to noise ratio and re-referenced to
a common average reference. The signal was automatically
scored in 5 s epochs, and channels in which signal was
significantly contaminated by artifacts (patient handling, surgical
electrocautery etc.) were discarded. Epochs were rejected if signal
was saturated due to electrocautery, signal exceeded 150 µV,
or the median signal across all EEG channels exceeds 30 µV
(Supplementary Figure S5). Minutes containing more than 10 s
of contaminated signal were removed from further analysis. On
average 14 ± 9% (median ± median absolute deviation) of the
signal was discarded. To compute EEG amplitude, we smoothed
the absolute value of the signal, using a moving average filter
with a window of 1,024 points (1 s). If more than one volatile
anesthetic was used, we retained only epochs in which the main
anesthetic was used in isolation. Subjects with epidural anesthesia
halfway through the surgery (n = 2 subjects), or with less than
20 min of artifact-free signal (n = 5 subjects) were excluded from
further analysis.

Feature Engineering
Features to predict anesthetic concentration in neonatal mice
were calculated in 1-min bins. LFP power in the 1–100 Hz
range in 10 Hz bins, the percentage of active periods, median
length and number of oscillations, median and maximum signal
amplitude were computed. All features were computed for both
PFC and HP and were normalized to their median value in
the non-anesthetized 15 min of recordings. Features to predict
anesthetic concentration in human infants were also calculated
in 1-min bins. The median amplitude of the smoothed EEG
signal and the percentage of the EEG envelope that fell into
each amplitude quartile was computed. Amplitude quartiles were
computed on the entire EEG trace, averaged over channels.
All features were calculated for unfiltered signal, and in the
1–50 Hz range in 5 Hz bins, averaged over channels. Features
were normalized to their median value in the non-anesthetized
portion of the recording, or lowest anesthetic concentration, if
no artifact-free minute was available.

Regressors
Machine-learning analyses were performed using Python
(Python Software Foundation, NH, USA) in the Spyder
(Pierre Raybaut, The Spyder Development Team) development
environment. Model training and performance evaluation were
carried out using the scikit-learn toolbox. The set was iteratively
(n = 100) divided between a training (2/3 of the set) and a cross-
validation (1/3) set. Hyper-parameter of the model was tuned
on the training set, which was further split using the standard

three-fold cross-validation split implemented by the function
‘‘GridSearchCV,’’ to which a ‘‘pipeline’’ object was passed. The
‘‘pipeline’’ object was built using the ‘‘Pipeline’’ function, and
concatenating quantile transformation of the input features
(‘‘Quantile Transformer,’’ tuning the number of quantiles),
feature selection (‘‘Select Percentile,’’ using mutual information
and tuning the percentage of features to select) and Radial Basis
Function (RBF) kernel support-vector classification/regression
(tuning the regularization parameters C and epsilon (regression
only), and the kernel coefficient gamma). The classifier input
was fed to the regressor as an additional feature. Performance
assessment was then computed on the cross-validation set.
Regressor decision space was reduced and plotted with t-sne.
The decision space was approximated by imposing a Voronoi
tessellation on the 2d plot, using k-nearest regression on the
t-sne coordinates (Migut et al., 2015).

Statistics
Statistical analyses were performed using R Statistical Software
(Foundation for Statistical Computing, Austria). Data were
tested for significant differences (∗p < 0.05, ∗∗p < 0.01 and
∗∗∗p < 0.001) using non-parametric one- and two-way repeated-
measures ANOVA (ARTool R package) with Bonferroni
corrected post hoc analysis (emmeans R package). Correlations
were computed using Spearman’s rank correlation coefficient
(rho). No statistical measures were used to estimate the sample
size since the effect size was unknown. For themain experimental
results, more information about tests used, values and parameters
are provided in the supplementary material (Supplementary
Table S2).

Data Availability
Electrophysiological data for hippocampus and prefrontal
cortex mouse recordings, under both urethane and
isoflurane condition, is available at the following open-
access repository: https://web.gin.g-node.org/mchini/Neural_
correlates_of_anesthesia_in_newborn_mice_and_humans.

RESULTS

Anesthesia Affects the Occurrence but Not
the Spectral and Temporal Structure of
Oscillatory Events in Neonatal Mice
We monitored the impact of anesthesia on immature brain
activity in several cortical areas [PFC, hippocampus (HP), and
LEC] as well as in a sensory area OB. For this, multi-site
extracellular recordings of LFP and MUA were performed from
P8 to 10 mice before and for 45 min after induction of anesthesia
by intraperitoneal urethane injection (Figure 1A), an anesthetic
commonly used in rodents (Khazipov et al., 2004; Colonnese and
Khazipov, 2010).

The recorded network activity had a highly fragmented
structure (defined as discontinuous activity) in all investigated
areas (PFC, HP, LEC and OB). The full signal (i.e., entire LFP
trace) consisted of transient episodes of oscillatory discharges
with mixed frequencies (from here referred to as ‘‘active
periods’’), alternating with periods of relative electrical silence
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FIGURE 1 | Frequency-unspecific dampening of neuronal activity during urethane anesthesia in neonatal mice. (A) Schematic representation of experimental
paradigm and recording sites as well as characteristic local field potential (LFP) recordings of discontinuous activity in the prefrontal cortex (PFC), HP, lateral
entorhinal cortex (LEC), and olfactory bulb (OB) of neonatal mice (P8–10) during non-anesthetized and urethane-anesthetized state. Time windows of active periods
are marked by red lines. (B) Line plots displaying the relative occurrence of active periods normalized to total recording time in PFC, HP, OB and LEC before and
after urethane injection. (C) Color-coded MI of power spectra for full signal (top) and active periods (bottom) recorded in PFC, HP, LEC and OB of neonatal mice
before and after urethane injection. (D) Violin plots displaying the MI of power in delta (2–4 Hz), theta-alpha (4–12 Hz), beta (12–30 Hz) and gamma (30–100 Hz)
frequency bands for full signal (blue) and active periods (red) recorded in the PFC, HP, LEC and OB. (E) Line plots displaying multi-unit activity (MUA) rates during full
signal (blue) and active periods (red). In (B,C,E) green lines correspond to the time point of urethane injection.
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and suppressed activity (from here referred to as ‘‘silent periods’’;
Figure 1A; Khazipov et al., 2004; Hanganu et al., 2006;
Brockmann et al., 2011; Bitzenhofer et al., 2017; Gretenkord et al.,
2019). The prevalence of active periods decreased rapidly and
robustly over time in all investigated brain areas upon urethane
injection (Figure 1B). The most prominent reduction was
observed 5–15 min after urethane injection. A partial recovery
towards baseline levels during the following 30 min was detected
in cortical areas, and to a lesser extent in OB (Figure 1B). The
temporal sequence of events likely reflects the pharmacokinetics
of urethane and is line with the previously reported quick onset
(few minutes) and long-lasting effects of urethane anesthesia
(2–4 h; Huh and Cho, 2013).

The anesthesia-induced reduced occurrence of active
periods was reflected in a broadband (1–100 Hz) decrease in
oscillatory power shown as modulation index (MI) defined as
(powerpost − powerpre)/(powerpost + powerpre). In contrast,
power spectra during active periods were largely unaffected
(Figure 1C). Of note, for OB, delta and theta power during
active periods increased over time after urethane injection and
might be related to an observed augmentation of respiration
amplitude. Spectral properties of full signal and active periods
were quantified for delta (2–4 Hz), theta-alpha (4–12 Hz),
beta (12–30 Hz) and gamma (30–100 Hz) frequency bands
for the first 15 min post urethane administration, the
time window of strongest reduction of active periods. In
contrast to the significant reduction of full signal power in
all frequency bands, the power during active periods was
only marginally affected by anesthesia (Figure 1D). Thus,
urethane anesthesia affected network activity in the immature
rodent brain predominantly by decreasing the amount of active
periods without perturbing the frequency structure of active
periods. This is in stark contrast with the well-characterized
switch from a low-amplitude high-frequency regime to a
high-amplitude low-frequency regime of electrical activity
that has been reported for the adult rodent and human brain
(Voss and Sleigh, 2007; Alkire et al., 2008).

Anesthesia was shown to induce alterations of long-range
network interactions in adult rodents (Bettinardi et al., 2015)
and humans (Ferrarelli et al., 2010; Lewis et al., 2012; Sarasso
et al., 2015).We examined whether similar alterations are present
in the immature mouse brain. Simultaneous recordings of HP
and PFC, as well as OB and LEC were analyzed to assess the
effects of anesthesia on long-range functional coupling. We
previously showed that at the end of the first postnatal week
hippocampal theta bursts drive the oscillatory entrainment of
local circuits in the PFC, whereas discontinuous activity in OB
controls the network activity in LEC (Brockmann et al., 2011;
Ahlbeck et al., 2018; Gretenkord et al., 2019). Urethane did
not modify these interactions. The synchrony within networks
quantified by HP-PFC and OB-LEC coherence was similar
during baseline (no urethane anesthesia) and in the presence of
urethane (Supplementary Figure S1A). These data indicate that
the core features of long-range functional coupling are retained
under anesthesia in neonatal mice.

Anesthesia modified neuronal firing in all investigated areas.
Firing rates in PFC, HP, LEC and OB decreased after urethane

injection and only partially recovered during the following
45 min (Figure 1E). However, firing rates during active
periods were only marginally affected. To examine whether
the timing of neuronal firing to the phase of oscillatory
activity was altered by anesthesia, we calculated PPC, a firing
rate-independent measure of spike-LFP phase locking (Vinck
et al., 2010). All four brain regions showed similar frequency-
resolved phase locking profiles before and after urethane
injection (Supplementary Figures S1B,C).

Anesthetics have been shown to alter the excitation/inhibition
balance in the adult brain through their action on specific ion
channels involved in synaptic transmission (Gao et al., 2017).
Such alteration is usually monitored by changes in the 1/f
slope of power spectral density. Further, signal complexity and
information content measured by sample entropy have been
correlated with behavioral states of adults, such as consciousness,
sleep/wake states and anesthesia (Liang et al., 2015; Liu et al.,
2018). For neonatal mice, we observed similar values of 1/f
slope and sample entropy before and during urethane anesthesia
(Supplementary Figures S1D–F), suggesting that urethane does
not perturb cortical excitation/inhibition balance and signal
complexity at this early age. The findings provide additional
evidence to the hypothesis that anesthesia has unique effects on
the immature brain.

To add additional evidence for this hypothesis, we extended
the time window of investigation and performed extracellular
recordings from the PFC of juvenile mice (P24–39). At this
age oscillatory activity is continuous, thus a distinction between
active and inactive periods is not possible. In contrast to the
frequency-unspecific reduction of active periods in neonates,
urethane anesthesia increased the oscillatory power in the delta
frequency band and suppressed power in beta and gamma
frequency bands (Supplementary Figure S2), confirming the
anesthetic effects in the adult brain (Alkire et al., 2008; Chauvette
et al., 2011; Purdon et al., 2015).

Taken together, these results indicate that urethane anesthesia
dampened neonatal brain activity mainly by augmenting the
discontinuity of network activity, i.e., reducing the proportion
of time the brain spent in active periods. However, the active
periods were largely unaffected in their temporal structure and
firing dynamics. In contrast, urethane anesthesia in older mice
led to frequency-specific changes. Thus, urethane anesthesia
differently impacts neonatal and adult brain activity in mice.

Suppression of Active Periods Predicts
Anesthetic Concentration in Neonatal Mice
To test whether the effects of urethane on neonatal brain activity
generalize to other anesthetics, we performed LFP and MUA
recordings from HP and PFC of P8–10 mice at increasing doses
of isoflurane-induced anesthesia (0, 1, 2 and 3%; 15 min per
concentration; Figure 2A). Urethane hyperpolarizes neurons
by potentiating a resting potassium conductance (Pagliardini
et al., 2013), whereas most other anesthetics, such as isoflurane
and sevoflurane, mainly act by potentiating GABAA receptor-
mediated transmission (Franks, 2006). Isoflurane reduced the
incidence of active periods in a dose-dependent manner
(Figure 2B). Accordingly, the broadband reduction of LFP power
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FIGURE 2 | Suppression of active periods in relationship with the depth of isoflurane anesthesia in neonatal mice. (A) Schematic representation of experimental
protocol for LFP recordings without anesthesia and during increasing levels of isoflurane anesthesia in neonatal mice (P8–10). (B) Line plots displaying the relative
occurrence of active periods in PFC and HP during increasing levels of isoflurane anesthesia. (C) Color-coded MI of power spectra for full signal (top) and active
periods (bottom) during increasing levels of isoflurane anesthesia. (D) Violin plots displaying the MI of power in delta (2–4 Hz), theta (4–12 Hz), beta (12–30 Hz) and
gamma (30–100 Hz) frequency bands for full signal (blue) and active periods (red). (E) Line plots displaying MUA firing rates during full signal (blue) and active periods
(red). In (B,C,E) green lines correspond to the time points of increasing isoflurane anesthesia. (F) Visualization of anesthesia depth prediction by t-sne plots.
Background color codes for predicted anesthesia depth, while the color of the dots represents the actual anesthesia level in the training (left) and test set (right). (G)
Scatter plots displaying anesthesia depth predictions with support vector regression (left) and absolute errors between anesthesia depth prediction and actual
anesthesia depth (right).

was also dependent on isoflurane concentration (Figures 2C,D).
Power spectra of active periods remained largely unaffected
in the presence of isoflurane, similarly to the urethane effects
(Figures 2C,D). MUA rates during active periods in PFC and HP
were hardly modified in the presence of isoflurane, yet the overall
firing decreased corresponding to the reduced occurrence of
active periods (Figure 2E). Together, these findings identify the
suppression of active periods as the main effect of bolus urethane
injection and isoflurane anesthesia in the neonatal mouse brain.

The development-specific response of the immature brain to
anesthesia might represent the main obstacle when trying to
predict anesthesia depth in infants using algorithms based on
the mature brain activity of adults. Therefore, we next aimed
to use electrophysiological properties specific for anesthetized

neonatal mice to predict the concentration of administered
isoflurane. We used support vector regression (Supplementary
Figure S3), with the following input features: median amplitude
of broadband LFP, percent of time spent in active periods,
and spectral power from 1 to 100 Hz in 10 Hz bins for both
hippocampal and prefrontal activity. An additional feature was
the output of a support vector classifier that received the same
features as for the support vector regression, and that was
designed to predict whether the animal was under anesthesia or
not. The algorithm accurately predicted anesthesia depth across
all levels of isoflurane concentration (Figures 2F,G). Estimation
of information content of the different features identified the
median amplitude of broadband LFP as the most informative
feature (Supplementary Figure S4A). As the power of active
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periods was only marginally affected by anesthesia, this feature
mainly mirrors the suppression of active periods. Interestingly,
the algorithm was also able to distinguish non-anesthetized from
anesthetized recordings from neonatal mice under urethane,
even though it had not been exposed to this dataset during
training (Supplementary Figure S4B).

Thus, features of electrophysiological activity that capture
the particularities of immature neuronal networks can predict
anesthetic concentration in neonatal mice. The generalization
of the classifier to a different anesthetic indicates that it can
identify general anesthesia-related features of brain activity in
neonatal mice.

Frequency-Unspecific Suppression of
Activity in Anesthetized Human Neonates
and Young Infants
To test if human neonates and infants, similarly to mice,
respond to anesthesia with a broadband decrease of periods
of oscillatory activity, we examined EEG recordings from
humans aged 0–6 months postnatal age, who received general
anesthesia with volatile anesthetics (sevoflurane 32 subjects,
isoflurane two subjects, desflurane one subject) for surgery
(Supplementary Table S1).

In neonatal mice, the median LFP amplitude of broadband
activity was identified as the most informative feature to predict
anesthetic depth. We, therefore, applied the same data analysis
approach to human EEG data (Supplementary Figure S5).
We found the median amplitude of broadband EEG activity

(averaged across all recording electrodes across the scalp) was
negatively correlated with end-tidal anesthetic concentration
(etAnesthetic) in human neonates from birth until 2 months
postnatal age (Figures 3A,B). For older human infants, the
correlation of the median EEG amplitude with the anesthetic
concentration switched to a positive correlation, in agreement
with adult human data (Hagihira, 2015). This relationship
was even stronger using expected birth age, corrected for
conceptional age (Supplementary Figure S6A). This switch from
negative to positive correlation was also visible in the normalized
median EEG amplitude when averaged for age-grouped babies
(0–2, 2–4, 4–6 months; Figure 3C).

Quantification of median EEG amplitude across frequencies
revealed a broadband suppression of EEG activity in human
neonates of 0–2 months (Figure 3D). In contrast, the
relationship between activity amplitude and etAnesthetic
indicated frequency-specificity in human infants of 2–4 and
4–6 months, as previously reported (Cornelissen et al., 2017).
Frontal activity has been shown to be particularly sensitive
to age-varying anesthesia-related effects in human neonates
(Cornelissen et al., 2015). Analysis of only frontal electrodes
(Fp1, Fp2, F3, F4, F7, F8, Fpz) showed the same age-dependent
anesthesia-induced changes as analysis of full scalp electrodes
(Supplementary Figures S6B–D).

Thus, analogous to what we found in neonatal mice, general
anesthesia in human infants younger than 2 months suppressed
neuronal population activity, as reported previously (Cornelissen
et al., 2015), while at older age anesthesia induced frequency-
specific effects.

FIGURE 3 | Age-dependent switch from broadband suppression to frequency-specific effects of general anesthesia on electroencephalographic (EEG) activity in
human neonates and infants. (A) Scatter plots displaying the median EEG amplitude as a function of anesthetic concentration for representative examples of 0–2,
2–4 and 4–6 months of age. (B) Scatter plot displaying the correlation coefficient of median EEG amplitude and anesthetic concentration in relation to birth age for
sevoflurane (black), isoflurane (red), and desflurane (blue). (C) Line plots displaying normalized EEG amplitude as a function of anesthetic concentration.
(D) Color-coded MI of median EEG amplitudes in different frequency bands as a function of anesthetic concentration for human babies of 0–2 months (left),
2–4 months (middle) and 4–6 months (right).
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A Model to Predict End-Tidal Volume of
Sevoflurane Anesthesia in Human
Neonates and Infants
The correlation of EEG activity with etAnesthetic as well as the
similar effects of anesthesia in neonatal mice and in humans
from birth to 2 months old, suggests that anesthetic depth in
babies might be predicted using similar features to those used
in neonatal mice. To test this, we used a machine-learning
algorithm with a similar architecture as the one we developed
for neonatal mice (Supplementary Figure S3). The algorithm
was modified to account for the developmental switch from
broadband suppression to frequency-specific modulation by
training three different regressors using 2 and 4 months as
cut-offs. All regressors received the same input features (see
‘‘Materials and Methods’’ section and Supplementary Figure
S5). Features derived from EEG activity were able to predict
etAnesthetic with high accuracy for all age groups (0–2 months
R2 = 0.806, 2–4 months R2 = 0.688, 4–6 months R2 = 0.787;
Figures 4A–C). In line with the frequency-specific alterations
observed only in the older age groups, frequency-related features
were rated more important for prediction of anesthesia depth in
infants of 2–4 and 4–6 months than in neonates of 0–2 months
(Supplementary Figures S7A–C). Predicting anesthesia depth
for all ages with a single classifier considering age as an
input feature performed with high accuracy (0–6 months
R2 = 0.689; Figure 4D, Supplementary Figure S7D). Training
the predictor with only 20% of the data and testing it on the
remaining 80% resulted in a reduced, but still solid prediction
(R2 = 0.512, median absolute error = 0.209) indicating the
robustness of the predictor (Supplementary Figure S8A).
This result confirms the age-varying effects of anesthesia on
the brain and stresses the importance of considering age
when developing algorithms aiming to assess anesthetic depth.
Predicting anesthesia depth with a reduced number of four
EEG channels (F4, P4, F3, P3) or two EEG channels (P4, P3)
often used for long-term monitoring yielded similar results (four
channels R2 = 0.713, median absolute error = 0.134; two channels
R2 = 0.671, median absolute error = 0.161; Supplementary
Figures S8B,C).

Thus, mouse and human neonates show similar changes in
network activity in response to anesthesia. These results highlight
how neurophysiological activity could be beneficial for future
attempts at predicting anesthetic depth in clinical settings.

DISCUSSION

Monitoring brain function during anesthesia is desirable to
avoid intraoperative awareness and side effects resulting from
unnecessarily high doses of anesthetics. Since consciousness is an
elusive concept and cannot be directly measured, EEG features
have been used to guide anesthesia delivery during human
surgery. Monitoring methods developed for adults perform
poorly in human neonates and infants, particularly during the
first months of life (Davidson et al., 2005; Hayashi et al.,
2012; Poorun et al., 2016; Koch et al., 2017). Age-specific
effects of anesthetics on immature brain activity are considered

FIGURE 4 | EEG activity is predictive for anesthetic concentration in human
infants. (A) Scatter plots displaying measured anesthetic concentration and
predicted anesthetic concentration of support vector regression for all
predictions (left) and absolute difference between measured and predicted
anesthetic concentration (right) for human neonates of 0–2 months. (B) Same
as (A) for human infants of 2–4 months. (C) Same as (A) for human infants of
4–6 months. (D) Same as (A) for human neonates and infants of 0–6 months.

the main reason for such poor performance. Implementation
of neonate- and infant-specific anesthesia monitors requires
elucidation of distinct anesthesia-induced EEG features during
early development. We took advantage of a translational
approach to address this open question. We first carried out
an in-depth investigation of anesthetic effects on brain activity
in neonatal mice, and then applied this knowledge to develop
features that would correlate with an anesthetic concentration in
human neonates.
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In contrast to the continuous EEG signal observed in
adults, neonatal EEG around birth is characterized by a highly
discontinuous and fragmented temporal organization, with
bursts of cerebral activity (active periods) alternating with
interburst intervals lacking activity (silent periods; Anderson
et al., 1985; Connell et al., 1987; Stockard-Pope et al., 1992;
Lamblin et al., 1999; Vecchierini et al., 2003, 2007; Stevenson
et al., 2017). Neonatal mice show a similar discontinuous
organization of cortical activity (Khazipov et al., 2004; Hanganu
et al., 2006; Brockmann et al., 2011). In accordance with the
similar organization of early activity patterns in age-matched
mouse pups and human infants, we found comparable effects of
anesthesia on LFP and EEG signals, respectively.

It is well established that in the adult rodent and human
brain most anesthetics favor slow oscillations at the expense of
faster ones, thereby slowing the EEG rhythm (Alkire et al., 2008;
Chauvette et al., 2011; Purdon et al., 2015). This principle is
thought to underlie most algorithms that are clinically used to
predict anesthesia depth (Davidson et al., 2005). Indeed, such
algorithms perform poorly with anesthetics, such as ketamine,
that do not share this mechanism of action (Hans et al., 2005).
In line with previous studies (Ackman et al., 2014; Kirmse et al.,
2015), we report that both urethane and isoflurane anesthesia
affect brain activity in a different way in neonatal mice. Instead of
favoring slow oscillations at the expense of faster ones, anesthesia
in neonatal mice broadly suppresses activity in a frequency-
unspecific manner. The dampening of cortical activity for human
infants of 0–2 months suggests a development specific effect of
anesthesia on immature brain activity that translates between
mice and humans.

In rodents, the switch from activity suppression to frequency-
specific modulation of neuronal activity by anesthesia has been
reported to occur around P12 (Ackman et al., 2014). This
coincides with the emergence of slow oscillations during sleep,
suggested to depend on the maturation of thalamocortical
networks (Steriade et al., 1993; Ackman et al., 2014). Consistent
with our previous studies evaluating EEG properties of this data
set, we found that theta and alpha oscillatory activity under
anesthesia emerges in humans at around 4 months postnatal age
(Cornelissen et al., 2015, 2017, 2018a). Developmental changes
in the brain explain the changes in EEG dynamics that occur
with postnatal age. In humans, gross brain development occurs
in a caudal to rostral direction, with myelination of the medulla,
pons, and thalamus starting within the first few postnatal weeks,
and frontal cortex myelination starting around 3–4 postnatal
months (Brody et al., 1987; Kinney et al., 1988). Regional
differences in the rate of synaptogenesis, glucose metabolism
and myelination across the cortex occur between subcortical
and cortical regions, and between different regions of the
cortex during the first 12 postnatal months in human infants
(Huttenlocher and Dabholkar, 1997; Tau and Peterson, 2010;
Dehorter et al., 2012; Catts et al., 2013; Semple et al., 2013;
Murata and Colonnese, 2019). A key role in brain development
is played by subplate neurons, the first neurons generated in the
cerebral cortex, which guide the formation of thalamocortical
connections (Kanold and Luhmann, 2010; Kostović and Judas,
2010). The subplate cells form the first functional connections

and relay oscillatory activity in the developing brain (Kanold
and Luhmann, 2010). Alpha oscillations in the anesthetized
brain are postulated to be produced by thalamocortical circuits,
and the gradual emergence of highly powered alpha oscillations
at 4-months of age suggests an important developmental
milestone has been reached in the processes guided by the
subplate neurons. Future studies with a wider age range in
mice and humans, including data of human infants studied
at preterm, and children in older than 6 months of age, may
deepen the understanding of anesthetic effects on brain activity
throughout development.

The anesthetics evaluated across species in this study were
comparable but not identical in terms of mechanism of action.
Moreover, anesthetic management practices used in mice were
simplified compared to commonly-used anesthetic practices in
the clinic. Multimodal anesthesia requires the use of low-dose
anesthetics in combination with analgesic and neuromuscular
blocking agents to provide optimal anesthesia and reduce the
side effect. These agents act on different drug targets in the
nervous system andmay have subtle but different effects on brain
oscillatory activity (Brown et al., 2018).

In adult human volunteers, the correlation with anesthetic
depth and EEG parameters can be performed using verbal reports
to establish a threshold for unconsciousness (Purdon et al., 2015).
However, in non-verbal populations such as human infants,
one must rely on indirect behavioral measures which are more
readily performed on emergence rather than induction and
incision (Cornelissen et al., 2018b). Future investigations need
to include surgical incision and other stimuli into the mouse
models to understand with greater granularity the anesthetic
titration around theminimal concentrations required to suppress
movement, autonomic, and cortical responses to noxious stimuli.

In summary, we report that the suppression of brain activity
in mouse and human neonates correlates with anesthetic
concentration. The detailed understanding of anesthesia effects
on network activity in mice allowed us to identify features
and develop a machine-learning algorithm that is able to
predict anesthetic concentration from EEG recordings in human
neonates. We propose that, after appropriate training, an
algorithm based on what we introduce here could learn to
associate specific EEG effects with certain anesthetic doses.
Eventual mismatches between administered and predicted
anesthetic dose would then identify patients that are particularly
sensitive/insensitive to an anesthetic, thus helping the anesthetist
in administering appropriate levels of anesthetics. By these
means, the risk of adverse neurodevelopmental outcome might
be mitigated.
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ABSTRACT 31 

Cognitive processing relies on the functional refinement of the limbic circuitry during the first 32 

two weeks of life. During this developmental period, when most sensory systems are still 33 

immature, the sense of olfaction acts as “door to the world”, providing the main source of 34 

environmental inputs. However, it is unknown whether early olfactory processing shapes the 35 

activity in the limbic circuitry during neonatal development. Here, we address this question by 36 

combining simultaneous in vivo recordings from the olfactory bulb (OB), lateral entorhinal 37 

cortex (LEC), hippocampus (HP), and prefrontal cortex (PFC) with opto- and chemogenetic 38 

manipulations of mitral/tufted cells (M/TCs) in the OB of non-anesthetized neonatal mice. We 39 

show that the neonatal OB synchronizes the limbic circuity in beta frequency range. Moreover, 40 

it drives neuronal and network activity in LEC, as well as subsequently, HP and PFC via long-41 

range projections from mitral cells (MCs) to HP-projecting LEC neurons. Thus, OB activity 42 

shapes the communications within limbic circuits during neonatal development. 43 

 44 

 45 
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INTRODUCTION 56 

Coordinated neuronal activity during early development refines the neural circuits that account 57 

for complex processing in the adult brain. During the first two postnatal weeks, when rodents 58 

are still blind, deaf, and perform no active whisking, coordinated activity patterns in the sensory 59 

periphery occur independently of sensory input [1,2]. Spontaneous neuronal discharges in the 60 

retina, cochlea, and whisker pad trigger discontinuous oscillatory bursts in the corresponding 61 

primary sensory cortices [3–7] that are necessary for the development of sensory 62 

discrimination [8]. Similar activity patterns can also be observed in brain areas involved in 63 

higher cognitive processing. Discontinuous theta band oscillations in the LEC entrain similar 64 

activity patterns in the HP, which in turn entrains the prelimbic area (PL) of the PFC [9–12]. 65 

Disturbance of these early activity patterns in mouse models of psychiatric risk [13–17] as well 66 

as through pharmacological [18] or optogenetic manipulations [19] led to disruption of adult 67 

circuits and behavioral abilities. However, it is not clear whether stimulus-independent activity 68 

patterns in the sensory periphery impact the limbic network during neonatal development.  69 

Due to the limited or absent functionality of most sensory systems during the first two 70 

postnatal weeks, their contribution to the development of limbic networks has been considered 71 

negligible. This hypothesis has been supported by data showing that the synchrony between 72 

V1 and the HP-PFC network before eye-opening is rather weak [11]. In contrast to other 73 

sensory systems, the olfactory system is functional early in life and newborn mice heavily 74 

depend on it for survival [20]. Correspondingly, the anatomical pathways from OB to cortical 75 

areas are unique among sensory systems. MCs send afferents to the piriform cortex (PiR) and 76 

limbic brain areas such as LEC and amygdala, lacking the relay through the thalamus [21,22]. 77 

At adult age, in line with the anatomical connectivity, strong functional coupling during odor 78 

processing has been found between OB and these brain areas. For example, adult olfactory 79 

processing relies on respiration-modulated beta and gamma OB activity [23–25]. Further, beta 80 

oscillations in PiR, LEC, and HP play a critical role in olfactory memory processing [26–28]. 81 

Moreover, synchronized beta oscillations between OB-HP and LEC-HP are critically involved 82 
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in odor learning [29–32]. Recently, beta oscillations in prefrontal-hippocampal networks have 83 

been identified to support the utilization of odor cues for memory-guided decision making [33].  84 

The tight and behaviorally relevant coupling between OB and limbic circuits at adult age 85 

leads to the question, which role does olfactory activation early in life play for these circuits. 86 

Previously, we showed that discontinuous oscillatory activity in the theta-beta range, emerging 87 

as a result of bursting MCs in the neonatal OB, entrains similar oscillatory patterns in LEC 88 

[34,35]. However, the role of neuronal and network activity in the OB for the functional 89 

entrainment of downstream areas within neonatal limbic circuits is still largely unknown. 90 

To address this knowledge gap, we simultaneously monitored single-unit activity (SUA) 91 

and local field potentials (LFP) in OB, LEC, HP, and PFC of non-anesthetized neonatal mice 92 

(postnatal day (P) 8-10) during manipulation of M/TC activity using excitatory opsins and 93 

inhibitory DREADDs. We show that activation of M/TCs triggers action potential firing in LEC 94 

and HP as well as prominent beta oscillations that synchronize the OB with the downstream 95 

cortical areas. Conversely, blocking MC output specifically diminishes OB - limbic network 96 

coupling in beta frequency range. These data document the ability of coordinated activity at 97 

the sensory periphery of newborns to shape the network activity in circuits accounting for adult 98 

cognitive processing.  99 

 100 

RESULTS 101 

Oscillatory activity in OB times the network activity in limbic circuits of neonatal mice 102 

To get first insights into the impact of OB activity on developing cortical circuits including LEC, 103 

HP, and PFC, we simultaneously recorded the LFP and multiunit activity (MUA) in all four brain 104 

areas in non-anesthetized neonatal (P8-10) mice (n=56, Figs 1A and B) and assessed the 105 

temporal relationships between network oscillations and neuronal firing. All investigated areas 106 

showed discontinuous oscillatory activity in theta-beta range [11,12,34], accompanied by 107 

continuous low amplitude slow frequency oscillations peaking at 2-4 Hz (respiration rhythm, 108 

RR)  (Fig 1B). Half (med: 53.779 %, iqr: 47.681 – 65.104 %, n=20) of the oscillatory events 109 
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detected in OB co-occurred in all four brain regions. To quantify the coupling of OB to cortical 110 

areas, we calculated the imaginary coherence (Fig 1C). While a high level of synchrony linked 111 

OB with all investigated cortical areas, the strength of coupling was frequency-dependent, 112 

having the highest magnitude in the beta frequency range for OB-LEC and OB-HP and in the 113 

RR frequency band for OB-LEC and OB-PFC.  114 

To uncover whether OB activity times the neuronal firing of cortical areas, we calculated 115 

the phase-locking of single units (SUA) recorded in OB, LEC, HP, and PFC to beta band 116 

oscillations (12-30 Hz) in OB (Fig 1D). Significantly locked OB units fired shortly before the 117 

trough of the beta cycle, while LEC and HP units were locked to significantly shifted phase 118 

angles (Fig 1D, S1 and S2 Tables). Solely the prefrontal firing showed no phase preference of 119 

locking to the oscillatory phase in OB. Next, we questioned whether the communication 120 

between OB and cortical areas is directed and whether OB acts as a driving force within the 121 

circuit. For this, we assessed the temporal relationship between the firing in cortical regions 122 

and OB by calculating the standardized cross-covariance of unit pairs [36].  For unit pairs 123 

between OB and LEC, OB and HP, and OB and PFC, the peak of cross-covariance was at 124 

negative time-lags, indicating that spiking in OB preceded cortical firing (Fig 1E). Monitoring 125 

the timing of interactions between cortical areas (LEC-HP, LEC-PFC, and HP-PFC) confirmed 126 

the previously reported directionality of communication [12], yet less clear as for the OB-driven 127 

coupling. As spike-dependent methods are strongly biased by the firing rate of investigated 128 

neurons, which is rather low in neonatal mice, we next used the spectral dependency ratio 129 

(SDR), a method that infers causal direction from time-series data [37,38], to confirm the 130 

directed communication between OB and cortical areas. SDR values for OB → LEC were 131 

significantly higher than for LEC → OB, supporting the drive from OB to LEC. Further, the SDR 132 

analysis revealed a spectral dependency of HP as well as PFC on OB, suggesting the 133 

contribution of OB activity to the oscillatory entrainment of prefrontal and hippocampal circuits 134 

(Fig 1F and S3 Table). Moreover, the analysis confirmed the previously reported directed 135 

interaction from HP to PFC  and LEC to PFC [11,12]. No SDR difference was detected for 136 
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LEC-HP, indicating that, in line with anatomical data [12], a bidirectional coupling links HP and 137 

LEC (Fig 1F and S3 Table).  138 

Thus, tight directed interactions between OB and cortical areas ensure timed firing and 139 

oscillatory entrainment within downstream LEC-HP circuits.  140 
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Fig 1. Functional coupling between neonatal OB, LEC, HP, and PFC  

(A)  Top, schematic of recording configuration for simultaneous extracellular recordings in OB, LEC, HP, 141 

and PFC. The positions of recording sites were displayed superimposed on the corresponding brain 142 

areas (Brainrender: [39]). Bottom, digital photomontages displaying the DiI-labeled (red) electrode tracks 143 

in DAPI (blue) stained slices of OB, LEC, HP, and PL of a P10 mouse. (B) Representative MUA trace 144 
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recorded in the mitral cell layer (MCL) displayed together with the wavelet spectra of LFP recorded 145 

simultaneously in OB, LEC, HP, and PFC. (C) Spectra of imaginary coherence calculated for OB - LEC 146 

(yellow), OB - HP (green), and OB - PFC (blue). (D) Top, polar plots displaying the phase-locking of 147 

significantly locked units in OB (red), LEC (yellow), HP (green), and PFC (blue) to beta oscillations in 148 

OB. Bottom, histograms of mean phase angle for significantly phase-locked OB (red), LEC (yellow), HP 149 

(green), and PFC (blue) units. Histograms are replicated over two OB beta cycles (gray curve). (*** p < 150 

0.001, Rayleigh test for non-uniformity). (E) Plots of standardized mean spike-spike cross-covariance 151 

for OB - LEC (yellow), OB - HP (green), OB - PFC (blue), LEC - HP (light blue), LEC - PFC (purple), and 152 

HP - LEC (light green). Negative lags indicate that spiking in the first brain area precedes spiking in the 153 

second brain area. (F) Spectral dependency ratio (SDR) calculated for OB - LEC (yellow), OB - HP 154 

(green), OB - PFC (blue), LEC - HP (light blue), LEC - PFC (purple), and HP - LEC (light green). Gray 155 

dots and lines correspond to individual animals. (* p < 0.05, ** p < 0.01, *** p < 0.001, Wilcoxon signed-156 

rank test). 157 

 158 

Activation of M/TCs induces beta oscillations in neonatal OB 159 

To elucidate the mechanisms of directed communication between OB and downstream cortical 160 

areas, we activated ChR2-transfected M/TCs by light and simultaneously monitored the 161 

network and neuronal activity in neonatal LEC, HP, and PFC. Transfection of M/TCs was 162 

achieved using a cre-dependent virus vector (AAV9-Ef1a-DIO-hChR2(E123T/T159C)-EYFP) 163 

that was injected into the right OB of P1 Tbet-cre mice (Fig 2A). ChR2-EYFP expression was 164 

reliably detected in M/TCs and their projections 7 days after injection (Fig 2B). Ramp light 165 

stimuli of increasing intensity (473 nm, total duration 3 s) were used to activate M/TCs in the 166 

OB of P8-10 mice (Fig 2A). The stimulation parameters have been set in line with previous 167 

data [40] to prevent not only firing as a result of tissue heating but also artificially synchronous 168 

firing patterns and large stimulation artifacts. Ramp stimulation led to a sustained increase of 169 

spike discharge and broad-band (4-100 Hz) LFP power augmentation in OB that peaked in 170 

beta frequency range (12-30 Hz) (Figs 2C, 2D, and S1A Fig). In cre+ mice, the modulation 171 

indices (MI) for theta, beta, and gamma power were significantly increased and different from 172 

those calculated for cre- animals (Fig 2Dii and S5 Table). Correspondingly, SUA strongly 173 

augmented during ramp stimulation (Figs 2E and 2F). This activation was not layer-specific 174 

and, mirroring the tight OB wiring, not only M/TCs but also granule cells (GCs) and other OB 175 
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interneurons increased their firing in response to light activation of ChR2-transfected M/TCs 176 

(S1B and S1C Figs). Analysis of the firing onset along OB layers confirmed the global 177 

activation. Cells in the MCL and GCL started to fire immediately after the 3 ms-long light pulses, 178 

whereas cells in the extra plexiform layer (EPL) and glomerular layer (GL) responded with a 179 

brief delay (Fig 2G).  180 

To assess the temporal relationship between neuronal firing and beta oscillations in 181 

OB, we calculated the locking of SUA firing to the oscillatory phase before (Pre) and during 182 

(Stim) light stimulation. Ramp stimulation caused a significantly stronger locking of OB units to 183 

beta oscillations (Pre: med: 0.147, iqr: 0.094 – 0.227; Stim: med: 0.180, iqr: 0.103 – 0.294, 184 

nunits=176 from 26 mice, p=9.39*10-5, LMEM) (Fig 2Hi) and an augmentation of the proportion 185 

of significantly phase-locked units to the beta rhythm during ramp stimulation (Pre: 16.478 %, 186 

29/176 units, Stim: 55.114 %, 97/176 units, p=3.12*10-14, Fisher’s exact test) (Fig 2Hii). Of 187 

note, the coupling of OB units to the RR phase was weaker (Pre: med: 0.129, iqr: 0.080 – 188 

0.220, Stim: med: 0.097, iqr: 0.057 – 0.157, nunits=176 from 26 mice, p=7.782*10-6, LMEM) 189 

(S1D Fig) even though the proportion of locked units (Pre: 14.773 %, 26/176 units, Stim: 14.205 190 

%, 25/176 units, p=1, Fisher’s exact test) and the power of RR oscillations were not altered 191 

upon light stimulation (S1D(iii) and S2D Figs). In contrast, light stimulation had no effects on 192 

the phase-locking of OB units to oscillatory phase in cre- mice (S1E Fig and S4 Table). The 193 

larger beta power observed during ramp stimulation might result from increased M/TC and 194 

interneuronal firing, since spike-triggered power (STP) analysis revealed that the ability of OB 195 

units to trigger beta power is stronger during ramp stimulation compared to baseline periods 196 

(Pre: med: 6.694 µV², iqr: 2.291 – 16.447 µV²; Stim: med: 18.285 µV², iqr: 4.437 – 58.407 µV²; 197 

nunits = 309 from 19 mice, p = 3.16*10-13, LMEM) (Fig 2I). 198 

These data indicate that the activation of M/TCs recruits the local circuitry in the OB and 199 

thereby organizes the OB network activity in the beta rhythm. 200 
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Fig 2. Effects of M/TC manipulation by light on single-unit entrainment and oscillatory activity in 201 

OB. 202 

(A) Schematic of the experimental protocol. (B) Top, photograph of the dorsal (left) and ventral side 203 

(middle) of a brain from a Tbet-cre+ mouse showing EYFP expression in the OB and M/TC axonal 204 

projections (LOT) to LEC, piriform transition area (APir), and cortical amygdala (CoA) (right). Bottom, 205 

digital photomontages displaying the DiI labeled electrode track in OB (left) and confocal images 206 

displaying the mitral cell layer (MCL) of the right OB at different magnifications (middle and right). (C) 207 

Representative extracellularly recorded LFP in the OB displayed band-pass filtered in different frequency 208 

bands and accompanied by the corresponding wavelet spectrum during ramp stimulation, as well as by 209 

the simultaneously recorded MUA in the MCL.  (D) (i) Power spectrum for OB LFP before (orange) and 210 

during (red) ramp stimulation. The gray shaded area corresponds to the beta band (12-30 Hz). (ii) Mean 211 

MI of LFP power in different frequency bands for cre+ (red) and cre- (black) mice. (red stars for cre+: *** 212 
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p < 0.001, Wilcoxon signed-rank test; black stars for comparison cre+ vs. cre-: ** p < 0.01, *** p < 0.001, 213 

Wilcoxon rank-sum test). (E) Raster plot of SUA in the OB before, during, and after ramp stimulation. 214 

(F) (i) Z-scored firing rate in response to ramp stimulation of units recorded in the OB of cre+ (red) and 215 

cre- (black) mice. (ii) MI of SUA firing in response to ramp stimulation (Significantly activated units are 216 

shown in red, whereas significantly inhibited units in gray, p < 0.01, Wilcoxon signed-rank test). (G) 217 

Spiking probability of units located in the granule cell layer (GCL), MCL, external plexiform layer (EPL), 218 

and glomerular layer (GL) after a 3 ms light pulse (blue box, 473 nm) delivered to the OB. (H) (i) Phase 219 

locking of OB units to beta oscillations in OB. Left, polar plots displaying phase locking of OB units before 220 

(Pre, orange) and during ramp stimulation (Stim, red). The mean resulting vectors are shown as blue 221 

lines. (*** p < 0.001, Rayleigh test for non-uniformity). Right, violin plots displaying the resulting vector 222 

length (RVL) of OB units before (Pre, orange) and during ramp stimulation (Stim, red). Gray dots and 223 

lines correspond to individual units. (*** p < 0.001, linear mixed-effect model). (ii) Percentage of 224 

significantly locked units before (Pre, yellow) and during (Stim, red) stimulation. (*** p < 0.001, Fisher’s 225 

exact test). (I) (i) Plot of mean MI of spike-triggered power (STP) for cre+ (red) and cre- (black) mice 226 

during ramp stimulation. (black line: p < 0.05, Wilcoxon rank-sum test). (ii) Violin plots displaying mean 227 

STP for OB units before (Pre, yellow) and during ramp stimulation (Stim, red). Gray dots and lines 228 

correspond to individual units. (*** p < 0.001, linear mixed-effect model).  229 

 230 

M/TC activation drives neuronal firing in LEC and HP  231 

To characterize the downstream effects of beta band entrainment of OB, we firstly analyzed 232 

the organization of OB projections in neonatal mice. In line with morphological investigations 233 

in adult mice [21], we previously showed that MC axons are present in superficial layers of 234 

LEC already at neonatal age [34]. Entorhinal neurons in layer II/III strongly project to HP and 235 

weakly to PFC  [12,17]. Here, we performed axonal tracing of M/TCs using the anterograde 236 

virus (AAV9-hSyn-hChR2(H134R)-EYFP) injected into the OB at P8. Simultaneously, we 237 

monitored the entorhinal neurons that project to HP by using the retrograde virus (AAVrg-238 

CamKIIa-mCherry) injected into the HP at P8 (Figs 3A and 3B). At P18, MC axons expressing 239 

EYFP were present in layer I/II of LEC and PiR (Fig 3B). Additionally, mCherry-expressing HP-240 

projecting neurons were identified in entorhinal layer II/III. These neurons send their apical 241 

dendrites to layer I of LEC, where they collocate with MC axonal projections (Fig 3B).  242 

Since these morphological data suggest that the OB interacts with downstream cortical 243 

areas, in a second step, we monitored the functional impact of direct OB projections on limbic 244 
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circuits. For this, we used pulse (3 ms) and ramp (3 s) blue light stimulations (473 nm) of 245 

transfected OB neurons and simultaneously recorded the neuronal activity in LEC, HP, and 246 

PFC. Pulse stimulation of M/TCs induced neuronal firing in all investigated brain areas, except 247 

PFC (Fig 3Ci). While the light-evoked OB firing rate sharply peaked already 7-8 ms post-248 

stimulus, the responses in the other brain areas were substantially broader and delayed (37 249 

ms in LEC, 45-60 ms in HP). A second firing increase was detected in OB after ~28 ms and 250 

might reflect OB-internal processing or feedback activation from downstream areas. To expand 251 

on these results, we used normalized cross-covariance analysis to uncover the temporal 252 

correlations between light-evoked spike trains in the investigated brain regions. The most 253 

prominent interaction was detected for OB-LEC, with OB firing preceding the entorhinal 254 

discharges (Fig 3Cii). While having a similar directionality, the OB-HP cross-covariance 255 

peaked later and less precisely. The data gives first insights into the communication pathways 256 

relaying the information from M/TCs to LEC and subsequently, to HP.  257 

Ramp stimulation of M/TCs evoked neuronal firing in LEC, HP, and PFC with similar 258 

dynamics: a fast increase in OB followed by a delayed spiking in LEC, and subsequently in HP 259 

and PFC. In OB, SUA abruptly increased with ramp onset (76.157 % of units activated 260 

significantly, 2.847 % units inhibited significantly) and decreased post-stimulus (8.185 % of 261 

units activated significantly, 29.893 % of units inhibited significantly) (Figs 3Di and 3Ei). In 262 

contrast, the average SUA firing rate in LEC, HP, and PFC showed a delayed increase starting 263 

around halfway through the ramp and continuing after the light stimulation (Figs 3Dii-iv). 264 

Analysis of the proportion of activated units during and after ramp revealed that neurons in 265 

downstream areas expressed higher firing rates also after the light was switched off (Fig 3E), 266 

indicating that the activation of M/TCs boosted the cortical network activation. Correspondingly, 267 

this post-stimulus firing increase recruited more neurons than those activated during ramp 268 

stimulation (LEC:  10.959 % during stimulation vs. 21.233 % post-stimulus; HP:  9.167 % vs. 269 

10.833 %, PFC: 9.195 % vs. 19.540 %). In HP, the post-stimulus network effect was not 270 

restricted to activation of neurons but also related to the increase in the proportion of neurons 271 

that were inhibited after the ramp (7.5 % vs. 11.667 %). Light stimulation of control animals did 272 
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not change the average firing rate of units in all four investigated brain regions (S2A Fig and 273 

S2B Fig). 274 

Thus, M/TC firing drives the activation of entorhinal, and subsequently, hippocampal 275 

and prefrontal circuits.  276 

Fig 3. Effects of optogenetic manipulation of M/TCs on single-unit activity in LEC, HP, and PFC. 
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Fig 3. Effects of optogenetic manipulation of M/TCs on single-unit activity in LEC, HP, and PFC. 

 (A) Schematic of the experimental protocol used to trace MC axons and neurons projecting to HP. 277 

(Brainrender: [39]). (B) Top, digital photomontages displaying EYFP (green) and mCherry (red) 278 

fluorescence in coronal slices including OB (left, injection side of AAV9-hSyn-hChR2-EYFP), HP 279 

(middle, injection site of AAVrg-CamKII-mCherry), and LEC (right). Note the co-expression of EYFP 280 

and mCherry in LEC. Middle, EYFP (left), mCherry (middle), and their co-expression in the LEC are 281 

shown at larger magnification (dashed box). Bottom, EYFP (left), mCherry (middle), and their co-282 

expression shown at larger magnification for a HP-projecting entorhinal neuron with dendrites targeting 283 

layer I. (C) (i) Spike probability of units in OB (red), LEC (yellow), HP (green), and PFC (blue) after a 3 284 

ms light pulse (473 nm) delivered to the OB. Numbers indicate the delay of the peak spike probability 285 

for each brain area. (ii) Spike-spike cross-covariance for OB - LEC (yellow), OB - HP (green), and OB - 286 

PFC (blue). Negative lags correspond to OB activity driving spiking in other brain areas. (D) (i) Left, z-287 

scored firing rate of units recorded in the OB of cre+ (red) mice in response to light stimulation. Right, z-288 

scored firing rate of significantly activated units during ramp stimulation. (ii) Same as (i) for units 289 

recorded in LEC (yellow). (iii) Same as (i) for units recorded in HP (green). (iv) Same as (i) for units 290 

recorded in PFC (blue). (E) (i) Left, volcano plot displaying the MI of SUA firing rates recorded in the OB 291 

before (Pre) vs. during (Stim) ramp stimulation (significant activated units are shown in red and 292 

significant inhibited units in gray, p < 0.01, Wilcoxon signed-rank test). Middle, same as the left image 293 

but for SUA firing rates before (Pre) vs. after (Post) ramp stimulation. Right, bar plots depicting the 294 

percentage of activated (red) and inhibited (gray) units during (Stim) and after (Post) ramp stimulation. 295 

(ii) Same as (i) for units recorded in LEC. (iii) Same as (i) for units recorded in HP. (iv) Same as (i) for 296 

units recorded in PFC. 297 

 298 

M/TC activation boosts beta band coupling within downstream limbic circuits 299 

The long-lasting effects of M/TC stimulation on the neuronal firing of downstream areas, LEC, 300 

HP, and PFC suggest that OB activation might act as a driving force for the generation of 301 

network oscillations in neonatal limbic circuits. To test this hypothesis, we paired ramp light 302 

stimulation of ChR2-transfected M/TCs with LFP recordings in LEC, HP, and PFC of P8-10 303 

mice. Ramp stimulation of M/TCs increased the oscillatory power in LEC, HP, and PFC (Figs 304 

4A, 4B, and S5 Table). The most prominent increase was detected for beta band oscillations. 305 

Moreover, we assessed the degree of synchrony between OB and cortical areas during light 306 

stimulation by calculating the imaginary part of coherence, a measure that is insensitive to 307 

false connectivity arising from volume conduction [41]. The imaginary coherence between OB 308 
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and LEC, OB and HP as well as OB and PFC increased during light activation of M/TCs, the 309 

most prominent effects being detected in beta band range (Fig 4C and S6 Table).  310 

These results indicate that activation of M/TCs not only induces beta oscillations in OB 311 

but also increases the 12-30 Hz oscillatory coupling between OB and downstream cortical 312 

areas.  313 
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Fig 4. Oscillatory entrainment of limbic circuits 

as a result of M/TC activation by light. 

(A) Representative LFP traces recorded in the OB, 

LEC, HP, and PFC during ramp stimulation of 

ChR2-transfected M/TCs accompanied by the 

corresponding wavelet spectra. Vertical black lines 

correspond to 100 µV. (B) (i) Left, plot of MI for 

power during ramp stimulation of oscillations in 

LEC for cre+ (yellow) and cre- (black) mice. Right, 

MI of LFP power averaged for different frequency 

bands for cre+ (yellow) and cre- (black) mice. (ii) 

Same as (i) for HP. (iii) Same as (i) for PFC. 

(colored stars for cre+, gray stars for cre-, * p < 

0.05, ** p< 0.01, *** p < 0.001, Wilcoxon signed-

rank test; black stars for comparison cre+ vs. cre-: 

* p < 0.05, Wilcoxon rank-sum test). (C) (i) Left, 

imaginary coherence between OB and LEC before 

(gray) and during (yellow) light stimulation. Right, 

MI of LFP coherence averaged for different 

frequency bands for cre+ (yellow) and cre- (black) 

mice. (ii) Same as (i) for OB and HP. (iii) Same as 

(i) for OB and PFC. (colored stars for cre+: * p < 

0.05, ** p < 0.01, *** p < 0.001, Wilcoxon signed-

rank test; black stars for comparison cre+ vs. cre-: 

* p < 0.05, Wilcoxon rank-sum test). 
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Inhibition of M/TC output reduces oscillatory power as well as neuronal firing in OB, 314 

LEC, and HP 315 

To elucidate whether M/TC activity is necessary for the generation of oscillatory activity in 316 

downstream areas, we used inhibitory DREADDs (hM4D(Gi)) that block vesicle release when 317 

expressed in M/TCs by cre-dependent virus vector injection (AAV9-EF1a-DIO-hM4D(Gi)-318 

mCherry) at P1 (Fig 5A). At P8, M/TC soma as well as their axons forming the lateral olfactory 319 

tract (LOT), which targets the posterior part of the cerebrum, expressed hM4D(Gi)-mCherry 320 

(Fig 5B). We performed extracellular recordings of LFP and SUA from OB, LEC, and HP of P8-321 

10 mice (n=35) before (baseline, 20 min) and after (40 min) subcutaneous injection of C21 (3 322 

mg/kg), a synthetic activator of DREADDs [42] (Fig 5A). Since the impact of OB activation on 323 

PFC was rather weak, we did not monitor its activity during OB silencing. 324 

C21 caused broadband power reduction in OB that reached a maximum magnitude 325 

within 5 min after the injection (Figs 5C, 5D, and S7 Table) and persisted for at least 2 h (S3C 326 

Fig). The occurrence of discontinuous oscillatory events was lower after C21 injection in OB 327 

(Fig 5F and S8 Table), indicating that M/TC activity is involved in the generation of 328 

discontinuous events in OB. Solely, the continuous RR in OB was not affected by the activation 329 

of DREADDs (Fig 5E and S7 Table).  Moreover, silencing the M/TC output led to a broadband 330 

reduction of oscillatory power in LEC and HP (Figs 5C-E and Table S7). Correspondingly, the 331 

time spend in oscillatory events in LEC and HP decreased after inhibition of M/TC output (Fig 332 

5F and S8 Table). In contrast, for cre- mice LFP power and time spend in oscillatory events did 333 

not differ before and after C21 injection (S4A and S4B Figs, S7 and S8 Tables).  334 

Next, we monitored the effects of chemogenetic silencing of M/TCs on the neuronal 335 

firing of downstream areas. Inhibitory DREADDs have been described to mainly reduce the 336 

vesicle release in the expressing neurons, while having little, if any, impact on their ability to 337 

generate action potentials [43,44]. Indeed, C21 injection had a weak effect on SUA in OB (cre+: 338 

med MI:  -0.071, iqr: -0.322 – 0.208, n=512, p=0.003, Wilcoxon signed-rank test; cre-: med MI: 339 

-0.028, iqr: -0.259 – 0.207, n=418, p=0.171, Wilcoxon signed-rank test; cre+ vs. cre-: p=0.198, 340 

Wilcoxon rank-sum test) (Figs 5G and 5H). In particular, the neuronal firing within the first 10 341 
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min after C21 injection decreased (Fig 5G), being most likely the result of weaker network 342 

interactions within the OB. The DREADDs manipulation affected not only the network and 343 

neuronal activity in OB but also the spike timing by oscillations. In line with the results of spike-344 

triggered power (STP) analysis, C21 injection decreased the ability of SUA to entrain the OB 345 

in theta, beta, and gamma rhythms (S4A Fig and S9 Table). STP for RR was comparable in 346 

the presence and absence of C21 (S9 Table). The temporal relationship between OB spikes 347 

and oscillatory events in OB was also assessed by calculating the phase-locking of SUA to RR 348 

and beta rhythm, respectively. In line with the results of STP analysis, the phase-locking to 349 

beta (Baseline: med: 0.105, iqr: 0.061 – 0.152; C21: med: 0.093, iqr: 0.053 – 0.139; nunits=524 350 

from 16 mice, p=0.003, LMEM) was reduced after C21 injection. In contrast, the phase coupling 351 

to RR (Baseline: med: 0.094, iqr: 0.051 – 0.153; C21: med: 0.159, iqr: 0.078 – 0.310; nunits=524 352 

from 16 mice, p=2.20*10-16, LMEM) was increased after C21 injection (S4B Fig).  353 

 Silencing the M/TC output strongly reduced the LEC firing (cre+: med MI: -0.420, iqr: -354 

0.598 – -0.108, n=126, p=2.96*10-16, Wilcoxon signed-rank test; cre-:  med MI: 0.069, iqr: -355 

0.144 – 0.364, n=49, p=0.168, Wilcoxon signed-rank test; cre+ vs. cre-: p=3.87*10-10, Wilcoxon 356 

rank-sum test), the effects lasting > 1 hour after C21 injection (Figs 5G and 5H). In contrast, 357 

silencing of M/TC output had a shorter (~20 min) and weaker impact on hippocampal firing 358 

(cre+: med MI: -0.102, iqr: -0.438 – 0.230, n=102, p=0.036, Wilcoxon signed-rank test; cre-:  359 

med MI: -0.047, iqr: -0.256 – 0.109, n=74, p=0.119, Wilcoxon signed-rank test; cre+ vs. cre-: 360 

p=0.484, Wilcoxon rank-sum test).  361 

These results indicate that silencing the M/TC output decouples neuronal firing from 362 

beta oscillations in OB and decreases the oscillatory power and neuronal firing in LEC, as a 363 

first downstream station of OB projections. On its turn, the weaker drive from LEC leads to 364 

poor oscillatory entrainment of HP, yet without significant change of its neuronal firing.  365 
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Fig 5.  Effects of silencing M/TC output by inhibitory DREADDs on the oscillatory activity in OB, 

LEC, and HP. 
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Fig 5.  Effects of silencing M/TC output by inhibitory DREADDs on the oscillatory activity in OB, 366 

LEC, and HP. 367 

 (A) Top, schematic of the experimental protocol. Bottom, schematic of recording configuration for 368 

simultaneous extracellular recordings in OB, LEC, and HP (Brainrender: [39]). (B) (i) Photograph of the 369 

dorsal (left) and ventral side (right) of a brain from a P8 Tbet-cre+ mouse showing mCherry (red) 370 

expression in the OB and M/TC axonal projections (LOT) to PIR and LEC. (ii) Digital photomontages 371 

displaying the DiI labeled electrode track (red) in DAPI (blue) stained slices including the OB (left), LEC 372 

(middle), and HP (right) from a P10 mouse. (iii) Confocal images displaying the MCL of the right OB at 373 

different magnifications. MC bodies, as well as dendrites, express mCherry. (C) Color-coded MI of LFP 374 

power before and after C21 injection in OB (left), LEC (middle), and HP (right). Vertical red lines 375 

correspond to the C21 injection. (D) Plots displaying the MI of LFP power averaged for 2 to 50 Hz before 376 

and after C21 injection in cre+ (colored) and cre- (black) mice for OB (right, red), LEC (middle, yellow), 377 

and HP (right, green). Vertical red lines correspond to the C21 injection. (black line: p < 0.05, Wilcoxon 378 

rank-sum test). (E) MI of LFP power averaged for different frequency bands for cre+ (colored) and cre- 379 

(black) mice for OB (left), LEC (middle), and HP (right). (Wilcoxon signed-rank test, colored stars for 380 

cre+: * p < 0.05, ** p < 0.01, *** p < 0.001; black stars for comparison cre+ vs. cre-: * p < 0.05, ** p < 0.01, 381 

*** p < 0.001, Wilcoxon rank-sum test). (F) Violin plots displaying the percentage of time spend in 382 

discontinuous oscillatory events before (Baseline, gray) and after C21 injection (C21, colored). Black 383 

dots and lines correspond to individual animals. (* p < 0.05, ** p < 0.01, *** p < 0.001, Wilcoxon signed-384 

rank test). (G) Line plots displaying the MI of averaged SUA firing rates before and after C21 injection 385 

in cre+ (colored) and cre- (black) mice for OB (left, red), LEC (middle, yellow), and HP (right, green). 386 

Vertical red lines correspond to the C21 injection. (black line: p < 0.05, Wilcoxon signed-rank test). (H) 387 

Violin plots displaying the MI of averaged SUA firing rates after C21 injection for cre- (black) and cre+ 388 

mice (colored) recorded in OB (left, red), LEC (middle, yellow), and HP (right, green). Red and black 389 

dots correspond to individual units. (colored stars for cre+: * p < 0.05, ** p < 0.01, *** p < 0.001, Wilcoxon 390 

signed-rank test; black stars for comparison cre+ vs. cre-: *** p < 0.001, Wilcoxon rank-sum test) 391 

 392 

Inhibition of M/TC output reduces the communication between OB and downstream 393 

cortical areas 394 

To back up the hypothesis that the M/TC activity controls the developmental entrainment of 395 

limbic circuits, we monitored the communication between OB and downstream areas during 396 

silencing of M/TC output with DREADDs by using three distinct measures. First, we assessed 397 

the synchrony between OB, LEC, and HP by calculating the imaginary coherence in different 398 

frequency bands before (baseline) and after C21 injection (C21) (Figs 6A and 6B). MIs for beta 399 

coherence between OB and LEC, and OB and HP were significantly reduced after C21 400 
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injection. In contrast, the coherence in other frequency bands was not affected by C21 injection 401 

(Figs 6A and 6B, S10 Table). Moreover, the C21-induced changes in the beta band were not 402 

detected in cre- mice (S6A Fig and S10 Table). 403 

Second, we calculated the phase-amplitude coupling (PAC) to elucidate the role of 404 

M/TCs in the modulation of cortical beta oscillations by the RR phase in OB. C21 injection 405 

significantly reduced the z-scored PAC values between the OB RR phase and the amplitude 406 

of beta oscillations in LEC (Baseline: med: 2.499, iqr: 1.624 – 2.883; C21: med: 1.608, iqr: 407 

0.674 – 2.361, n=13, p=0.017, Wilcoxon signed-rank test) and HP (Baseline: med: 2.363, iqr: 408 

2.135 – 2.764; C21: med: 1.907, iqr: 1.319 – 2.248, n=10, p=0.037, Wilcoxon signed-rank test) 409 

(Fig 6C). Additionally, fewer mice showed significant RR-beta PAC values after C21 injection 410 

(z-score > 1.96) in LEC (Baseline: 53.85% vs. C21: 39.77%) and HP (90% vs. 50 %). 411 

Third, we tested the effect of C21 on the directionality of interactions between OB, LEC, 412 

and HP (Fig 6D). We calculate the SDR and found that the prominent drive from OB to LEC 413 

was absent after silencing of M/TC output, the values for OB → LEC and LEC → OB being 414 

comparable (Fig 6Di, S11 and S12 Tables). Similarly, the drive from OB to HP was disrupted 415 

by C21 injection (Fig 6Diii, S11 and S12 Tables). In contrast, the directionality of interactions 416 

between LEC and HP was not affected by C21 injection. As reported for the baseline 417 

conditions, the mutual interactions LEC-HP persisted after M/TC silencing (Fig 6Dii, S11 and 418 

S12 Tables).  Moreover, the C21-induced changes in directionality were not detected in cre- 419 

mice (S5B Fig, S11 and S12 Tables). 420 

Thus, these results show that the M/TC activity is critical for the communication 421 

between OB and its downstream cortical areas. 422 
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Fig 6. Modulation of functional communication within olfactory-cortical networks through 

silencing the M/TC output by inhibitory DREADDs. 
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Fig 6. Modulation of functional communication within olfactory-cortical networks through 

silencing the M/TC output by inhibitory DREADDs. 

 (A) Imaginary coherence calculated for OB - LEC (left, yellow), LEC - HP (middle, light blue), and OB - 423 

HP (right, green), before (Baseline, gray) and after C21 injection (C21, colored). (black line: p < 0.05, 424 

Wilcoxon rank-sum test). (B) MI of coherence averaged for different frequency bands between OB and 425 

LEC (left, yellow), LEC and HP (middle, light blue), and OB and HP (right, green), for cre+ (colored) and 426 

cre- (black) mice. (colored stars for cre+, gray stars for cre-: * p < 0.05, Wilcoxon signed-rank test; black 427 

stars for comparison cre+ vs. cre-: * p < 0.05, Wilcoxon rank-sum test).  (C) (i) Z-scored phase-amplitude 428 

coupling (PAC) between OB phase and LEC (top) and HP (bottom) amplitude, before (Baseline) and 429 

after C21 injection (C21). (ii) Difference of PAC values after and before C21 injection for OB - LEC (top) 430 

and OB - HP (bottom). (iii) PAC averaged for RR-beta coupling (black box in (i)) for OB - LEC (top) and 431 

OB - HP (bottom), before (Baseline, gray) and after C21 injection (colored). Dotted gray line corresponds 432 

to a z-score of 1.96. (* p < 0.05, Wilcoxon signed-rank test). (D) (i) SDR calculated for OB and LEC. 433 

Left, SDR values for OB -> LEC and LEC -> OB before (Baseline, gray) and after C21 injection (C21, 434 

yellow).  Right, difference of SDR values for both directions for cre+ and cre- mice. (ii) Same as (i) for 435 

LEC and HP (blue). (iii) Same as (i) for OB and HP (green). Black dots and lines correspond to individual 436 

animals. (** p < 0.01, *** p < 0.001, Wilcoxon signed-rank test). 437 

 438 

DISCUSSION 439 

Long-range interactions within limbic circuits emerge early in life [45] yet it is still unknown 440 

whether the coordinated activity patterns underlying the coupling are endogenously generated 441 

or result through the driving force of sensory systems. Besides muscle twitches [46] and 442 

passive tactile sensation, olfactory inputs are likely candidates for the instruction of limbic 443 

circuitry development. Newborn rodents are not only able to smell from birth on but, 444 

importantly, also use olfactory information for learning and cue-directed behaviors such as 445 

localization of the nipples of the dam [20,47]. A first piece of evidence for the critical role of 446 

olfaction for limbic development is the fact that the neonatal OB shows functional coupling with 447 

the LEC, the gatekeeper of the limbic circuitry, during discontinuous network oscillations in the 448 

theta-beta frequency range as well as in the continuous respiration-related rhythm (RR) [34]. 449 

Here, we extended these findings and uncovered that MC firing sets a beta band entrainment 450 

also in downstream areas, such as HP and PFC. The temporal dynamics of oscillatory and 451 
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firing activity revealed that even in periods without active odor sampling, OB drives the 452 

activation of limbic circuits.  453 

Layer-specific analysis of SUA revealed that M/TC activation leads to a complex 454 

entrainment of the OB microcircuit that results in augmented firing rate also for interneurons in 455 

the GCL, EPL, and GL. Experimental and modeling studies have shown that both beta and 456 

gamma oscillations in the OB rely on dendro-dendritic interactions between M/TCs and GCs 457 

[24,48–51]. In adults, the emergence of gamma and beta oscillations is controlled by different 458 

excitability states of GCs as well as their dependency on centrifugal input, with beta oscillations 459 

relying on a higher GC excitability and centrifugal feedback projections [30,48,50]. However, 460 

gamma oscillations are absent in the neonatal OB, most likely as a result of the late functional 461 

integration of interneurons into local circuits and the different biophysical properties of MCs 462 

and GCs during development [52–54]. Instead, discontinuous beta band oscillations are 463 

present not only in OB but also in other sensory and limbic areas [10]. In the neonatal PFC, 464 

they have been shown to accelerate along development until reaching the gamma band range 465 

at juvenile age [55]. Similarly, acceleration of beta to gamma oscillations takes place in V1 466 

during the critical period for vision [56,57]. Whether the beta band activity in OB undergoes a 467 

similar transition to faster rhythms and how this process is controlled by interactions within OB 468 

and by feedback projections from PiR and LEC remain to be elucidated. 469 

The present data show that the OB network activation entrains downstream cortical 470 

areas in beta oscillations. In adult rodents, the axonal terminals of MCs have been found to 471 

target fan and pyramidal neurons in LII/III of LEC that, on their turn, relay this information to 472 

the HP [58,59]. The axonal projections from layer II/III LEC pyramidal neurons to CA1 are 473 

involved in associative odor learning in adults [60]. Already at neonatal age, MC axons reach 474 

layer I of LEC [34,61]. Here, projections of layer II/III neurons that target the HP were detected 475 

and they might establish synaptic contacts with the MC axons. Optogenetic stimulation 476 

revealed that the activation of M/TCs induced delayed firing of LEC neurons and HP neurons, 477 

indicating that the pathway OB-to-HP is indeed already functional from birth on. CA1 receives 478 

entorhinal input not only via the direct performant path but also through the tri-synaptic path, 479 
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spanning DG and CA3 [62]. The long latency (~ 60 ms) in light-induced CA1 firing might, 480 

therefore, be partly mediated by the tri-synaptic path. Of note, it was recently shown that a 481 

distinct but rather small population of LEC layer II neurons directly projects to the neonatal PFC 482 

[17], yet light stimulation of M/TCs did not recruit it.   483 

 Coordinated activity patterns in OB organized by MCs promote not only neuronal firing 484 

but also network activation in downstream areas. Ramp light stimulation of M/TCs led to an 485 

increase of beta band power in LEC, HP, and PFC. This power surge was accompanied by 486 

increased long-lasting SUA firing in all three brain areas, indicating that the initial activation of 487 

neurons is followed by activation of the local networks in LEC, HP, and PFC. Conversely, 488 

blocking vesicle release on MC synapses by DREADDs reduced the broadband power as well 489 

as neuronal firing in LEC and HP. Moreover, coherence analysis revealed increased 490 

oscillatory, mainly beta band coupling, between OB and cortical areas during ramp stimulation, 491 

whereas inhibition of M/TCs vesicle release reduced the drive OB → LEC and OB → HP as 492 

well as RR-beta cross-frequency coupling and beta coherence between OB-LEC and OB-HP. 493 

While the artificial activation of MCs might not be entirely comparable to the neural processes 494 

underlying odor sampling and processing during a learning task, these results identify the beta 495 

rhythm as a potential mechanism of long-range communication between OB and downstream 496 

cortical networks.  497 

What might be the relevance of OB-controlled beta band activation of cortical circuits 498 

during early postnatal development? Beta oscillations have been reported to play a key role in 499 

working memory and decision making in adult humans [63]. Further, prominent beta band 500 

synchrony between cortical areas has been identified during olfactory-guided memory and 501 

decision making tasks in rodents [29,31,33,64]. A similar, but sniffing-independent increase in 502 

hippocampal beta oscillations has been observed during an object learning task [65]. 503 

Moreover, the firing of beta-entrained CA1 interneurons during an odor-place associative 504 

memory and decision-making task is related to an accurate performance, indicating that beta 505 

oscillations enable temporal coordination and recruitment of neurons within functional cell 506 
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assemblies [33,64]. In line with these experimental data, modeling confirmed that beta 507 

oscillations optimally contribute to the coupling of cell assemblies over long axonal 508 

conductance delays [66–68]. During development, discontinuous beta band events that have 509 

been identified in PFC, HP, and LEC might facilitate the formation of initial cell assemblies with 510 

relevance for cognitive performance later in life. We previously showed that interfering with 511 

beta band oscillations during a defined developmental period causes network miswiring and 512 

poor behavioral performance of adult mice [19]. Similarly, in a mouse model of psychiatric risk 513 

reduced beta band activity at neonatal age has been found to correlate with later cognitive 514 

deficits [13,17]. Here, we identified the olfactory activity as a prominent driver of these early 515 

beta oscillations. The results let us hypothesize that transient disturbance of neonatal olfactory 516 

processing precludes the functional refinement of entorhinal-hippocampal-prefrontal circuits, 517 

ultimately leading to cognitive deficits in adulthood. Further research is warranted to directly 518 

test this hypothesis and elucidate the role of early activity patterns in OB for cognitive 519 

development. 520 

 521 

MATERIALS AND METHODS 522 

Ethical Approval 523 

All experiments were performed in compliance with the German laws and the guidelines of the 524 

European Union for the use of animals in research (European Union Directive 2010/63/EU) 525 

and were approved by the local ethical committee (Behörde für Gesundheit und 526 

Verbraucherschutz Hamburg, ID 15/17). 527 

Animals 528 

Time-pregnant C57Bl/6/J and Tbet-cre mice from the animal facility of the University Medical 529 

Center Hamburg-Eppendorf were housed individually in breeding cages at a 12h light / 12h 530 

dark cycle and fed ad libitum. Offspring (both sexes) where injected with either AAV9-Ef1a-531 

DIO-hChR2(E123T_T159C)-EYFP (Addgene, Plasmid #35509) or AAV9-EF1a-DIO-532 

hM4D(Gi)-mCherry (Addgene, Plasmid #50461) virus at postnatal day (P) 0 or 1.  Genotypes 533 
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were determined using genomic DNA and following primer sequences (Metabion, 534 

Planegg/Steinkirchen, Germany) as described previously [34]: for Cre: PCR forward primer 5′-535 

ATCCGAAAAGAAAACGTTGA-3′ and reverse primer 5′-ATCCAGGTTACGGATATAGT-3′. 536 

The PCR reactions were as follows: 10 min at 95 °C, 30 cycles of 45 s at 95 °C, 90 s at 54 °C, 537 

and 90 s at 72 °C, followed by a final extension step of 10 min at 72 °C.  In addition to 538 

genotyping, EGFP expression in OB was detected using a dual fluorescent protein flashlight 539 

(Electron microscopy sciences, Hatfield, PA, USA) prior to surgery. At P8-10 cre- and cre+ mice 540 

underwent light stimulation or Compound 21 injections and in vivo multi-side 541 

electrophysiological recordings. 542 

Surgical procedures and recordings 543 

Virus injection for transfection of MTCs with ChR2 and hm4D(Gi)  544 

For transfection of M/TCs with the ChR2 derivate E123T/T159C or inhibitory DREADDs 545 

(hm4D(Gi)), P0-1 pups were fixed into a stereotaxic apparatus and received unilateral 546 

injections of one of two viral constructs (AAV9-Ef1a-DIO hChR2(E123T/T159C)-EYFP, 200 µl 547 

at titer ≥ 1×10¹³ vg/mL, Plasmid, #35509, Addgene, MA, USA; AAV9-EF1a-DIO-hM4D(Gi)-548 

mCherry, 200 µl at titer ≥ 1×1014 vg/mL Plasmid #50461, Addgene, MA, USA). The virus was 549 

produced by Addgene or the Virus Facility of the University Medical Center Eppendorf. A total 550 

volume of 200 nl was slowly (200 nl/min) delivered at a depth of around 0.5 mm into the right 551 

OB using a micropump (Micro4, WPI, Sarasota, FL). Following injection, the syringe was left 552 

in place for at least 30 s to avoid reflux of fluid. Pups were maintained on a heating blanket 553 

until full recovery and returned to the dam. 554 

Virus injection for tracing  555 

For the transfection of M/TC axons with EYFP and the retrograde labeling of HP-projecting 556 

neurons with mCherry, P0-1 pups received the viral construct AAV9-hSyn-hChR2(H134R)-557 

EYFP (200 µl at titer ≥ 1×10¹³ vg/mL, #26973-AAV9, Addgene, MA, USA) into the OB and the 558 

retrograde virus AAVrg-CamKII-mCherry (80 µl at titer ≥  7×10¹² vg/mL, #114469-AAVrg, 559 

Addgene, MA, USA) into the HP. Virus injection was performed similarly as for the transfection 560 
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of M/TCs with ChR2 or hm4D(Gi). After 10 days, the brains of investigated mice were perfused 561 

with 4% paraformaldehyde (PFA), sliced and MC axons and HP-projecting neurons in LEC and 562 

PIR were imaged using a confocal microscope.  563 

Surgical procedure for electrophysiology  564 

For in vivo recordings, P8-10 mice underwent surgery according to previously described 565 

protocols [11,34,35]. Under isoflurane anesthesia (induction: 5 %, maintenance: 2.5 %, 566 

Forane, Abbott), the skin above the skull was removed and 0.5 % bupivacaine / 1 % lidocaine 567 

was locally applied on the neck muscles. Two plastic bars were mounted on the nasal and 568 

occipital bones with dental cement. The bone above the right OB (0.5-0.8 mm anterior to 569 

frontonasal suture, 0.5 mm lateral to inter-nasal suture), LEC (0 mm posterior to lambda, 6-7.5 570 

mm lateral from the midline), HP (2.5 mm anterior to lambda, 3.5 mm lateral from the midline) 571 

and PFC (0.5 mm anterior to bregma, 0.1-0.5 mm lateral from the midline) was carefully 572 

removed by drilling a hole of < 0.5 mm in diameter. Throughout surgery and recording session 573 

the mice were maintained on a heating blanket at 37°C.  574 

Multi-site electrophysiological recordings in vivo 575 

Three-side or four-side recordings were performed in non-anesthetized P8-10 mice. For this, 576 

one-shank electrodes (NeuroNexus, MI, USA) with 16 recording sites (0.4-0.8 MΩ impedance, 577 

50 µm inter-site spacing for recordings in OB and HP, 100 µm inter-site spacing for recordings 578 

in LEC and PFC) were inserted into OB (0.5-1.8 mm, angle 0°), LEC (for 4-side recordings, 579 

depth: 2 mm, angle: 180°; for 3-side recordings, depth: 2-2.5 mm, angle: 10°), HP (1.3-1.9 mm, 580 

angle 20°) and PFC (1.8-2.1 mm, angle 0°). For light stimulation one-shank optrodes 581 

(NeuroNexus, MI, USA) with the same configuration as the electrodes were inserted in the OB. 582 

Before insertion, the electrodes were covered with DiI (1,1’-Dioctadecyl-3,3,3’,3’-583 

tetramethylindocarbocyanine perchlorate, Molecular Probes, Eugene, OR). A silver wire was 584 

inserted into the cerebellum and served as a ground and reference electrode. Before data 585 

acquisition, a recovery period of 20 min following the insertion of electrodes was provided. 586 

Extracellular signals were band-pass filtered (0.1 Hz-9 kHz) and digitized (32 kHz or 32,556 587 
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kHz) by a multichannel amplifier (Digital Lynx SX; Neuralynx, Bozeman, MO; USA) and 588 

Cheetah acquisition software (Neuralynx). Spontaneous activity was recorded for at least 20 589 

min before light stimulation or Compound 21 (C21, Hellobio, Ireland) injection. The position of 590 

recording electrodes in OB, LEC, HP, and PFC was confirmed after histological assessment 591 

post-mortem. For the analysis of LFP in OB, the recording site centered in the EPL was used, 592 

whereas for HP the recording site located in the CA1 was considered. For analysis of LFP in 593 

LEC only recording sites that were histologically confirmed to be located in superficial 594 

entorhinal layers were used. Similarly, only recordings sites confined to the prelimbic sub-595 

division of PFC were considered. For the analysis of spiking activity, all recording sites 596 

confirmed to be located in the areas of interest (OB, LEC, HP, and PFC) were considered. 597 

When necessary, spikes recorded in OB were assigned to specific layers according to the 598 

location of recording sites. 599 

Morphology 600 

Mice were anesthetized with 10% ketamine (Ketamidor, Richter Pharma AG, Germany) / 2% 601 

xylazine (Rompun, Bayer, Germany) in 0.9% NaCl solution (10 µg/g body weight, i.p.) and 602 

transcardially perfused with Histofix (Carl Roth, Germany) containing 4% PFA. Brains were 603 

postfixed in 4% PFA for 24 h and sliced. Slices (100 µm-thick) were mounted with Fluoromount 604 

containing DAPI (Sigma-Aldrich, MI, USA). The positions of the DiI-labeled extracellular 605 

electrodes in the OB, LEC, HP, and PFC were reconstructed to confirm their location. Virus 606 

expression was verified by EYFP (for ChR2) or mCherry (for hM4D(Gi)) fluorescence in the 607 

right OB. For confocal imaging of EYFP or mCherry fluorescence in M/TCs, HP, and LEC, 50 608 

µm-thick slices mounted with Vectashield (CA, USA) were used.  609 

Light stimulation  610 

Activation of M/TCs was achieved by either ramp or pulse light stimulation applied using a 611 

diode laser (473 nm; Omicron, Austria) which was controlled by an arduino uno (Arduino, Italy). 612 

For ramp stimulation, a light stimulus with linear increasing power (3 s rise time) was presented 613 
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30-60 times. For pulse stimulation 3 ms light pulses at 2 Hz were delivered. Laser power was 614 

adjusted for every recording (1.37-5.15 mW) to reliably induce neuronal firing.  615 

Compound 21 injection 616 

Compound 21 (3 mg/kg solved in 0.9% NaCl) was injected subcutaneously after >20 min 617 

recording of baseline activity, while the mouse was fixed in the stereotaxic apparatus. The 618 

activity was recorded for 40-120 min post-injection.  619 

Data Analysis 620 

LFP analysis. Data were analyzed offline using custom-written scripts in the MATLAB 621 

environment (MathWorks, Natick, MA). Data were first low-passed filtered (<100 Hz) using a 622 

third-order Butterworth filter before down-sampling by factor 20 to 1.6 kHz to analyze LFP. All 623 

filtering procedures were performed in a manner preserving phase information.  624 

Detection of oscillatory activity. Discontinuous network oscillations in the LFP recorded from 625 

OB, LEC, and HP before and after C21 injection were detected using a previously developed 626 

unsupervised algorithm [69]. Briefly, deflections of the root mean square of band-pass filtered 627 

(4-100 Hz) signals exceeding a variance-depending threshold (2 times the standard deviation 628 

from the mean) were assigned as oscillatory periods. Only oscillatory periods lasting at least 1 629 

s were considered for analysis.  630 

Power spectral density. Power spectral density was analyzed for either the entire baseline 631 

period, 2 s long periods before (Pre), and during light ramp stimulation (Stim) for recordings 632 

combined with optogenetic manipulation. For recordings paired with DREADD manipulation, 633 

the power was either calculated for every minute or averaged for the entire baseline period (19 634 

min) and post C21 injection period (30 min). Power was calculated using Welch’s method with 635 

non-overlapping windows of 2 s (ramp periods) or 3 s length. Time-frequency plots of power 636 

were calculated with a continuous wavelet transform (Morlet wavelet). 637 
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Coherence. The imaginary part of coherence, which is insensitive to volume-conduction-based 638 

effects [41], was calculated for the same time periods as the power by taking the absolute 639 

value of the imaginary component of the normalized cross-spectrum:   640 

𝐶𝑋𝑌(𝑓) = |𝐼𝑚 (
𝑃𝑋𝑌(𝑓)

√𝑃𝑋𝑋(𝑓)𝑃𝑌𝑌(𝑓)
)|. 641 

Spectral Dependency Ratio.  The Spectral Dependency Ratio (SDR) was calculated according 642 

to Shajarisales et al. [38] from the power spectral densities (Sx(f) and Sy(f)) of the signals X 643 

and Y: 644 

𝑆𝐷𝑅𝑋→𝑌 =
𝑚𝑒𝑎𝑛 (𝑆𝑦(𝑓))

𝑚𝑒𝑎𝑛(𝑆𝑥(𝑓)) ∗ 𝑚𝑒𝑎𝑛 (
𝑆𝑦(𝑓)

𝑆𝑥(𝑓)
)

 645 

𝑆𝐷𝑅𝑌→𝑋 =
𝑚𝑒𝑎𝑛(𝑆𝑥(𝑓))

𝑚𝑒𝑎𝑛 (𝑆𝑦(𝑓)) ∗ 𝑚𝑒𝑎𝑛 (
𝑆𝑥(𝑓)
𝑆𝑦(𝑓)

)
 646 

The most likely direction of causation is the one having significantly larger SDR values. 647 

(https://github.com/OpatzLab/HanganuOpatzToolbox/tree/master/LFP analysis/getSDR.m)  648 

Spiking analysis. Single units were automatically detected and clustered using the python-649 

based software klusta [70] and manually curated using phy (https://github.com/cortex-lab/phy). 650 

The firing rate was computed by dividing the total number of spikes by the duration of the 651 

analyzed time window. To assess the spike probability, histograms of spike count using 1 ms 652 

bins were calculated for periods around the light pulse (50 ms before to 150 ms after) and 653 

normalized to the number of delivered light pulses. Cross-covariance of spike trains was 654 

calculated as described previously [34,36]. Briefly, cross-covariance for two spike trains 𝑁𝑖 and 655 

𝑁𝑗, was estimated from the cross-correlation histogram (𝐽𝑖𝑗
𝑇,𝑏(𝑢)) as follows: 656 

�̂�𝑖𝑗(𝑢) =
𝐽𝑖𝑗

𝑇,𝑏(𝑢)

𝑏𝑇
− �̂�𝑖�̂�𝑗, 657 
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(𝑏 = binsize,  𝑇 observation period,  �̂�𝑖 =
𝑁𝑖(𝑇)

𝑇
, �̂�𝑗 =

𝑁𝑗(𝑇)

𝑇
). The standardized cross-covariance 658 

was calculated as           659 

                                      𝑄𝑖𝑗(𝑢) = √
𝑏𝑇

𝑃𝑖𝑃𝑗
�̂�𝑖𝑗(𝑢), 660 

with 𝑃𝑖 , 𝑃𝑗  being the mean firing rates. Only pairs of units with firing rates > 0.05 Hz and 661 

significant standardized cross variance were considered. The Null hypothesis was rejected 662 

when  |𝑄𝑖𝑗(𝑢)| >  𝑍𝛼. (𝑍α = √2𝑒𝑟𝑓−1 (
1−𝛼

𝑁𝑙𝑎𝑔𝑠
) ; two-tailed critical z value at level  𝛼 = 0.01). The 663 

standardized mean cross-variance for one unit was calculated as  664 

 𝑄𝑖(𝑢) = √
1

𝐾
∑ 𝑄𝑖𝑗(𝑢)𝐾

𝑗=1 ,  665 

(K=number of units in 2. Region) and the mean for all unit pairs as: 〈𝑄𝑖(𝑢)〉 =  
1

𝐿2
∑ 𝑄𝑖(𝑢)𝐿

𝑖=1 . 666 

Modulation index. The modulation index (MI) of power, coherence, firing rate, and STP for light 667 

stimulation or DREADD manipulation was calculated as 668 

𝑀𝐼 =
𝑉𝑎𝑙𝑢𝑒𝑆𝑡𝑖𝑚 − 𝑉𝑎𝑙𝑢𝑒𝑃𝑟𝑒

𝑉𝑎𝑙𝑢𝑒𝑆𝑡𝑖𝑚 + 𝑉𝑎𝑙𝑢𝑒𝑃𝑟𝑒
. 669 

Spike-LFP coupling. Phase locking of spiking units to network oscillations was assessed using 670 

a previously described algorithm [36]. For this, the LFP signal was bandpass filtered (2-4 Hz 671 

(RR), 4-12 Hz (theta), 12-30 Hz (beta), 30-100 Hz (gamma)) using a third-order Butterworth 672 

filter. The instantaneous phase was extracted using the Hilbert transform on the filtered signal. 673 

The coupling between spikes and network oscillations was tested for significance using the 674 

Rayleigh test for non-uniformity. For analysis of baseline properties (Fig 1) only neurons that 675 

showed significant phase locking were considered for the analysis of the mean phase angle 676 

and the locking strength, which was calculated as mean resulting vector length (RVL). For 677 

paired comparison of RVLs (Fig 2, S1, S4) all units with a firing rate higher than 0.01 Hz during 678 

baseline (18 min) and after C21 injection (18 min, DREADD manipulation) or more than 10 679 

spikes before (Pre) and during (Stim) light ramp pulses were considered. 680 
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(https://github.com/OpatzLab/HanganuOpatzToolbox/blob/master/Spikes-LFP 681 

analysis/getPPC_PLV.m) 682 

Spike-triggered power. Spike-triggered power (STP) was calculated for the same time periods 683 

as RVL by taking the mean of the LFP power for 0.4 s long time windows centered on each 684 

spike.  685 

Phase-amplitude coupling. Phase-amplitude coupling (PAC) between RR phase in OB and 686 

beta band amplitude in LEC and HP was calculated as previously described [71]. Briefly, the 687 

LFP signals were bandpass filtered and the Hilbert transform was used to extract the phase 688 

and amplitude, respectively. Subsequently, the amplitude of the beta-filtered signal in LEC or 689 

HP was determined at each phase of the filtered OB signal. The phase was divided into 16 690 

bins and the mean amplitude for each bin was calculated and normalized to the total number 691 

of bins. The normalized modulation index (MI) was calculated as the deviation between an 692 

empirical and uniform amplitude distribution. MI matrices were z-scored and the average was 693 

calculated for RR (2-3 Hz) – beta (12-30 Hz) coupling. 694 

Statistics 695 

Statistical analysis was performed in MATLAB environment or R Statistical Software. As none 696 

of the data sets were normally distributed, data were tested for significance using Wilcoxon 697 

rank-sum test (2 unrelated samples) or Wilcoxon sign-rank test (2 related samples). Data 698 

(except phase values) are presented as median (med) and interquartile range (iqr). Outlier 699 

removal was applied to paired data points if the distance of their difference from the 25th or 75th 700 

percentile exceeds 2.5 times the interquartile interval of their difference. Phase locking was 701 

tested for significance using the Rayleigh test for non-uniformity. Phase angles were compared 702 

using a circular non-parametric multi-sample test for equal medians. Differences in proportions 703 

were tested using Fisher’s exact test. Nested data were analyzed with linear mixed-effects 704 

models (LMEM) using animals as a fixed effect. Significance levels *p<0.05, **p<0.01 and 705 

***p<0.001 were considered. If not included in the text, values and corresponding test statistics 706 

of all presented data can be found in the supplementary material (Table S1-12).  707 
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Abstract 

Processing in primary sensory areas is influenced by centrifugal inputs from higher brain areas, 
providing information about behavioral state, attention, or context. Activity in the olfactory bulb, the 
first central processing stage of olfactory information, is dynamically modulated by direct projections 
from a variety of areas in adult mice. Despite the early onset of olfactory sensation compared to other 
senses, the development of centrifugal inputs to the olfactory bulb remains largely unknown. Using 
retrograde tracing across development, we show that centrifugal projections to the olfactory bulb are 
established during the postnatal period in an area-specific manner. While feedback projections from 
the piriform cortex are already present shortly after birth, they strongly increase in number during 
postnatal development with an anterior-posterior gradient. Contralateral projections from the anterior 
olfactory nucleus are present at birth but only appeared postnatally for the nucleus of the lateral 
olfactory tract. Numbers of olfactory bulb projecting neurons from the lateral entorhinal cortex, 
ventral hippocampus, and cortical amygdala show a sudden increase at the beginning of the second 
postnatal week and a delayed development compared to more anterior areas. These anatomical data 
suggest that limited top-down influence on odor processing in the olfactory bulb may be present at 
birth, but strongly increases during postnatal development and is only fully established later in life. 

1 Introduction 

Sensory inputs are a strong driver of neuronal activity in early sensory areas, but sensory processing 
is not a strict feedforward process. Centrifugal inputs from downstream areas provide information 
about contextual factors, such as behavioral state, attention, or prior knowledge, that strongly 
modulate early sensory activity (Gilbert and Sigman, 2007). However, little is known about the 
development of centrifugal projections. 

Development of centrifugal projections to the olfactory bulb (OB) is of particular interest because 
newborn rodents rely on olfaction for their survival when most other senses are still nonfunctional 
(Sullivan, 2003; Logan et al., 2012). Odor processing begins with the binding of odor molecules to 
olfactory receptors on olfactory receptor neurons (ORNs) in the olfactory epithelium. ORNs send 
direct projections to structures called glomeruli in the OB, the first central processing stage for 
olfactory information. In the glomeruli, ORNs synapse onto dendrites of mitral and tufted cells, the 
principal cells in the OB, that transmit olfactory information to a range of brain areas, including the 
anterior olfactory nucleus (AON), piriform cortex (PIR), olfactory tubercle, nucleus of the lateral 
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olfactory tract (nLOT), cortical amygdala (CoA), and lateral entorhinal cortex (LEC) (Igarashi et al., 
2012). In the adult brain, most of these areas, with exception of the olfactory tubercle, send 
glutamatergic feedback projections to the OB, providing fast top-down modulation of olfactory 
processing (Luskin and Price, 1983; Shipley and Adamek, 1984; Padmanabhan et al., 2019; Zandt et 
al., 2019). Additionally, glutamatergic feedback from CA1 of the ventral hippocampus to the OB has 
been described in adult mice (Padmanabhan et al., 2019).  

In adults, centrifugal projections to the OB mainly target inhibitory neurons in the glomerular layer 
and granule cell layer and are thereby ideally positioned to modulate network activity (Boyd et al., 
2012; Markopoulos et al., 2012). Centrifugal inputs to OB provide diverse feedback critical for the 
formation of odor-reward associations (Kiselycznyk et al., 2006; Gao and Strowbridge, 2009; 
Markopoulos et al., 2012; Boyd et al., 2015). The ability of rodents to form odor-reward associations 
early in life suggests that feedback projections to the OB may be established early during 
development (Logan et al., 2012). While feedforward projections from the OB are established at birth 
(Walz et al., 2006) and OB activity drives downstream areas early in life (Gretenkord et al., 2019; 
Kostka et al., 2020; Kostka and Hanganu-Opatz, 2021), the development of centrifugal projections to 
the OB is largely unknown. We took advantage of retrograde virus-labeling to investigate the 
maturation of glutamatergic centrifugal inputs to the main OB during postnatal development in mice. 

 

2 Materials and Methods 

2.1 Animals 

All experiments were performed in compliance with the German laws and the guidelines of the 
European Union for the use of animals in research (European Union Directive 2010/63/EU) and were 
approved by the local ethical committee (Behörde für Gesundheit und Verbraucherschutz Hamburg, 
ID 15/17). 

Experiments were carried out in C57BL/6J mice of both sexes. Timed-pregnant mice from the animal 
facility of the University Medical Center Hamburg-Eppendorf were housed individually at a 12�h 
light/12�h dark cycle and were given access to water and food ad libitum. The day of birth was 
considered postnatal day (P) 0. 

2.2 Virus injections 

For retrograde labeling of OB-projecting neurons, C57BL/6J mice received unilateral injections of 
AAVrg-CaMKIIα-mCherry (200 nl at 200 nl/min, titer 2×10¹³ vg/ml, #114469-AAVrg, Addgene, 
MA, USA) into the right main OB (0.5 mm lateral from midline, 0.5 mm rostral to the inferior 
cerebral vein, 0.5-1.0 mm deep). Injections were performed at P0, P3, P6, P9, P12, or P49 in a 
stereotaxic apparatus using a micropump (Micro4, WPI, Sarasota, FL) under anesthesia. Following 
injection, the syringe was left in place for >60 s to reduce reflux. Mice were kept on a heating blanket 
until full recovery from anesthesia and returned to their home cage. 

9 days after virus injection, mice were transcardially perfused with 4% paraformaldehyde (PFA). 
Brains were removed, post fixed in PFA for 24-48 hours, and stored in phosphate buffered saline 
(PBS) with 0.02 sodium azide. Brains were sliced into coronal sections at 100 μm and mounted with 
Vectashield with DAPI (Vector Laboratories). Fluorescence images were taken to validate injections 
sites and to identify areas with retrogradely labeled neurons. 
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2.3 Cell quantification 

Single images (2048 x 2048 pixels) were taken with a confocal microscope (Zeiss, Germany) using a 
20x objective with a 405 nm laser for DAPI and a 568 nm laser for mCherry. This resulted in pixel 
size of 0.16 μm², corresponding to images of 319.5 μm². Brain areas were identified according to the  
Mouse reference atlas from Allen brain atlas (Lein et al., 2007). Cells were detected with Cellpose 
(Stringer et al., 2021), a deep learning-based cellular segmentation algorithm in Python 3.8. 
Parameters were kept constant for all images and results were validated by visual inspection. Data 
were imported and analyzed in Matalab R2021a. Data are shown as mean ± standard error of the 
mean (SEM). 

 

3 Results 

3.1 Retrograde labeling of OB-projecting neurons across development 

To investigate the development of centrifugal projections to the OB, we injected AAVrg-CaMKIIα-
mCherry in the right OB of P0 (n=3), P3 (n=2), P6 (n=2), P9 (n=6), P12 (n=5), or P49 (n=4) mice to 
transduce neurons with axons projecting to the injection area at the day of injection (Figure 1A). P49 
mice were considered adult since we did not assume further changes in OB-feedback projections at 
that age. Mice were perfused 9 days after injection to allow for the expression of the plasmid. 
Injection areas were confirmed post mortem (Figure 1B, C). Although injection areas in the main OB 
were carefully inspected, due to the retrograde labeling of neurons in nearby areas we cannot rule out 
completely that some injections may have extended into neighboring areas. Few brains with labeled 
neurons in contralateral OB or orbitofrontal cortex, which indicates that injections were not limited to 
the OB, were excluded from the analysis. As a side note, we observed mCherry expression in OB 
mitral cells and granule cells during development indicating expression of CaMKIIα in both cell 
types, similar to other studies (Liu, 2000; Shani-Narkiss et al., 2020), but in contrast to a study 
reporting that only granule cells in OB would express CaMKIIα (Zou et al., 2002). 

Brain slices were visually inspected in a fluorescence microscope for mCherry expression. 
Expression was found in an age-dependent manner bilaterally in AON and nLOT, and ipsilaterally in 
PIR, CoA, LEC, and CA1 of the ventral hippocampus (vCA1) (Figure 1D). As previously reported, 
no OB-projecting neurons were found in the olfactory tubercle (Zandt et al., 2019). Of note, 
CaMKIIα is mainly expressed in glutamatergic neurons, thus neuromodulatory inputs to the OB were 
not considered in this study, but have been described in adults (Brunert and Rothermel, 2021).  
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Figure 1. Retrograde tracing to investigate the development of centrifugal projections to OB. (A) Scheme illustrating the 
investigation of glutamatergic centrifugal projections to the OB across development. Mice were injected with the 
retrograde virus AAVrg-CaMKIIα-mCherry into the right OB at P0, P3, P6, P9, P12, or P49 and perfused 9 days after 
injection (B) Representative whole-brain fluorescence images from ventral view of mCherry expression in LOT and 
retrogradely labels neurons for unilateral OB injections at P0 and P12. (C) Representative fluorescence images of 
mCherry expression in coronal OB slices at the injection site for OB injections at P0 and P12. (D) Representative 
fluorescence images of retrogradely labeled mCherry expression in AON, nLOT, PIR, CoA, LEC, and vCA1 for mice 
shown in C. 

3.2 Development of OB-projecting neurons in bilateral AON and nLOT 

We took confocal images from retrogradely labeled areas and mCherry expressing cells were counted 
automatically in images with a size of 319.5 μm² with Cellpose (Stringer et al., 2021) followed by 
visual confirmation (Figure 2A). Automatic detection worked equally well for the different ages. 
Similar to the adult brain, bilateral projections from AON and nLOT to the OB were found during 
development (Figure 2B). OB-projecting neurons in AON were present already at birth at low 
numbers and gradually increased in number with age (Figure 2C). At P12, numbers of OB-projecting 
neurons had already reached 72% and 58% of adult (P49) levels for ipsilateral and contralateral 
AON, respectively (Figure 2D). Similar numbers of OB-projecting neurons were found in ipsilateral 
and contralateral AON from P0 to P9 but were higher for ipsilateral AON at older age. 

AON is very close to OB, so we investigated if centrifugal projections from the more posterior nLOT 
are also present at birth. Similar to AON, centrifugal projections from ipsilateral nLOT were present 
at birth and increased gradually with age (Figure 2C). However, the number of centrifugal projection 
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neurons in contralateral nLOT was lower and developed later, starting to be reliably detected at P6. 
Compared to adult mice, the numbers of OB-projecting neurons at P12 in ipsilateral and contralateral 
nLOT were at 55% and 44%, respectively. 

 

Figure 2. Bilateral centrifugal projections to OB from AON and nLOT. (A) Representative confocal images, detected cell 
outlines (red), and their overlay image for AON after OB injection at P3 and P12. (B) Representative confocal images of 
retrogradely labeled cells in ipsilateral and contralateral AON and nLOT after injection of retrograde virus into the right 
OB at P0, P3, P6, P9, P12, or P49. Reference images are from the Allen brain reference atlas for adult mice (Lein et al., 
2007). (C) Quantification of retrogradely labeled cells in ipsilateral and contralateral AON and nLOT across 
development. Cell numbers were counted in confocal images of 319.5 μm². (D) Average number of retrogradely labeled 
cells in ipsilateral and contralateral AON and nLOT across development normalized to adult levels at P49. 
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3.3 Gradual development of OB feedback projections from PIR 

Next, we looked at the development of centrifugal projections from the ipsilateral PIR to the OB. The 
PIR stretches over a substantial part of the brain in anterior-posterior position. To cover the full 
extent of PIR, we quantified the number of OB-projecting neurons in the anterior (aPIR), 
intermediate (iPIR), and posterior (pPIR) part of the PIR (Figure 3A). Across development, we saw 
an anterior-posterior gradient in the number of labeled neurons with most OB-projecting neurons in 
the anterior part of PIR (Figure 3B). This gradient persisted into adulthood (P49). However, already 
at birth, we found OB-projecting neurons in all three parts of the PIR, and the numbers of labeled 
neurons gradually increased with age in all three parts. At P12 numbers of OB-projecting neurons 
were already at 77% of adult levels, but only at 62% for iPIR and 39% for pPIR (Figure 3C). Thus, 
centrifugal projections to the OB from more anterior parts of the PIR are not only higher in numbers 
but also develop earlier compared to more posterior parts. 

 

Figure 3. Centrifugal input from PIR develops early and increases with age. (A) Representative confocal images of 
retrogradely labeled cells in anterior, intermediate, and posterior PIR after injection of retrograde virus into the right OB 
at P0, P3, P6, P9, P12, or P49. Reference images are from the Allen brain reference atlas for adult mice (Lein et al., 
2007). (B) Quantification of retrogradely labeled cells in anterior, intermediate, and posterior PIR across development. 
Cell numbers were counted in confocal images of 319.5 μm². (C) Average number of retrogradely labeled cells in 
anterior, intermediate, and posterior PIR across development normalized to adult levels at P49. 

3.4 Abrupt increase in OB-projecting neurons in posterior brain areas from P6 to P9 
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Finally, we looked at centrifugal inputs to OB from more posterior areas CoA, LEC, and vCA1, 
previously described to send ipsilateral projections to the OB in adult mice (Padmanabhan et al., 
2019) (Figure 4A). At birth, OB-projecting neurons were absent from CoA and vCA1, and very few 
neurons were labeled in LEC (Figure 4B). Numbers of labeled neurons stayed absent/low during the 
first postnatal week but suddenly increased from P6 to P9 for all three areas. The numbers of OB-
projecting neurons in CoA were higher than in LEC and vCA1 at all ages investigated. At P12, 
numbers of OB-projecting neurons were at 47% of adult levels (P49) for CoA and at 37% for LEC, 
but only at 15% for vCA1, indicating a late development of centrifugal projections from vCA1 to OB 
(Figure 4C). 

 

Figure 4. Centrifugal input from posterior brain areas develops in the second postnatal week. (A) Representative confocal 
images of retrogradely labeled cells in CoA, LEC, and vCA1 after injection of retrograde virus into the right OB at P0, 
P3, P6, P9, P12, or P49. Reference images are from the Allen brain reference atlas for adult mice (Lein et al., 2007). (B) 
Quantification of retrogradely labeled cells in CoA, LEC, and vCA1 across development. Cell numbers were counted in 
confocal images of 319.5 μm². (C) Average number of retrogradely labeled cells in CoA, LEC, and vCA1 across 
development normalized to adult levels at P49. 

 

4 Discussion 

We performed retrograde virus-labeling across development to describe the formation of centrifugal 
projections to the OB. We found that centrifugal inputs from AON, nLOT, and PIR are already 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 16, 2021. ; https://doi.org/10.1101/2021.11.15.468595doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.15.468595


  Olfactory bulb feedback development 

 
8 

present at birth, but increase extensively in a gradual manner during postnatal development. 
Contralateral inputs from AON were present at birth, but were not detected before P6 for nLOT. 
Centrifugal inputs from PIR develop in an anterior-posterior gradient with OB-projecting neurons 
from anterior parts developing earlier and reaching higher numbers. Centrifugal inputs from CoA and 
vCA1 only started to be detected at P6 whereas few retrogradely labeled neurons were present at 
birth in LEC. The development of OB-projecting neurons in areas related to emotional and memory 
processing such as CoA, vCA1, and LEC was characterized by a sudden increase at the start of the 
second postnatal week. 

Viral injections of the same volume and concentration were used for all age groups, despite the 
change in brain size, and may have resulted in a smaller relative injection area in the OB for older 
age groups. We expected to see an increase of retrogradely labeled neurons with age and therefore 
decided to keep injection parameters constant to make sure that increases with age are not artificially 
induced by adapting injection volumes to brain size. Thus, the actual age-related increase of OB-
projecting neurons seen for all areas may be slightly underestimated. 

In the adult brain, the OB also receives inputs from neuromodulatory areas, such as noradrenergic 
input from the locus coeruleus, serotonergic input from the raphe nuclei, and cholinergic input from 
the basal forebrain (Brunert and Rothermel, 2021). These inputs have been implicated in the 
modulation of odor discrimination and odor learning. In this study we focused on glutamatergic 
inputs to the OB, but a similar approach can be used in future studies to address the development of 
neuromodulatory inputs and their relevance for odor-driven behavioral abilities early in life. 

Olfactory information is processed in two stages in the OB: at the glomerular level, where local 
interneurons mediate inhibition within and between glomeruli and through lateral and recurrent 
inhibition of mitral and tufted cells by inhibitory interneurons such as granule cells in the external 
plexiform layer (Nagayama et al., 2014). Centrifugal inputs to the OB mainly target inhibitory 
neurons in the glomerular and granule cell layer of the OB but have only weak direct inputs onto 
mitral cells (Boyd et al., 2012; Markopoulos et al., 2012). Thereby, centrifugal inputs to OB are 
ideally positioned to modulate olfactory processing and coordinated network activity in the olfactory 
system. Interestingly, the generation and maturation of inhibitory neurons in OB extends well into the 
postnatal period (Batista-Brito et al., 2008). 

In adult rodents, coherent beta oscillations between OB and brain areas such as PIR, LEC, 
hippocampus, and prefrontal cortex have been implicated in memory processing and decision making 
(Martin et al., 2006, 2007; Igarashi et al., 2014; Symanski et al., 2021). Interestingly, the generation 
of beta oscillations in OB has been shown to depend on centrifugal inputs (Neville and Haberly, 
2003; Ravel et al., 2003). Previous studies have shown that neuronal activity in OB drives oscillatory 
activity in the beta frequency range in LEC, hippocampus, and prefrontal cortex already at the 
beginning of the second postnatal week (Kostka and Hanganu-Opatz, 2021). Considering the 
emergence of feedback projections to the OB from memory-related brain areas around the same time 
period suggests that already at this age past experience could shape sensory processing. The area-
specific development of centrifugal projections to the OB suggests that top-down modulation 
changes with age. We show that feedback from early olfactory areas, such as AON and aPIR, 
develops first and presumably contributes to basic sensory processing already shortly after birth. In 
contrast, the delayed maturation of feedback from higher brain areas, such as CoA, LEC and vHP, 
suggests that valence and memory dependent modulation of OB activity only emerges later in life. 
Further research is required to understand the functional role of area-specific centrifugal inputs for 
olfactory processing during neonatal development. 
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4. DISCUSSION 

4.1 Methodological considerations 

4.1.1 In vivo intra- and extracellular recordings in neonatal mice   
 

 The cerebral cortex of rodents is composed of tens of millions of neurons, which differ 

in their cellular properties and their connectivity patterns and give rise to local and large-scale 

networks. These complex networks are responsible for a wide range of computations that 

govern brain function and behavior. While important knowledge about the membrane and firing 

properties of different neuron types can be achieved by recording the currents and potentials 

of single neurons in in vitro conditions, understanding neuronal computations on the network 

level requires different approaches. Moreover, in vitro slice preparations have several 

disadvantages that arise from cutting axonal and dendritic branches as well as keeping the 

neurons alive in an artificial cerebral fluid which only roughly resembles the milieu in the intact 

living brain.  

In vivo extracellular recordings overcome many of these disadvantages but encompass 

different challenges. Modern probes for extracellular recordings include several recording sites 

along one or several shanks which enable the simultaneous recording of local field potentials 

(LFPs) as well as spiking activity from different layers of the cortex. LFPs arise from 

superimposed transmembrane currents of all neurons but also glia cells that surround the 

recording electrode. Therefore, LFPs represent a complex signal which is composed of 

synaptic transmembrane currents but also spiking activity, Ca²+ spikes, membrane oscillations, 

and the ion flow through voltage and ligand-gated channels (Buzsáki et al., 2012).  Moreover, 

the LFP is strongly dependent on the distance of its origin to the recording electrode as well 

as the arrangement of neurons within the recorded brain areas. While we have a reasonable 

understanding of how the HP circuitry or the layered arrangement of the cortex gives rise to 

the observed LFP patterns, less is known about the origin of LFPs recorded in round structures 

such as the OB or structures which lack a clear parallel arrangement of pyramidal neurons 

(Herreras, 2016; Schomburg et al., 2012). LFP recordings often show rhythmic oscillatory 

patterns which span a wide range of frequencies. These brain oscillations resemble the 

coordinated activity of populations of connected excitatory and inhibitory neurons which 

synchronize their activity within local and large-scale networks. Synchronized changes in the 

excitability of neurons provide a powerful mechanism for information transfer within neuronal 

networks (Fell and Axmacher, 2011).  

 Aside from recording LFPs, extracellular recording probes can be also used to record 

action potentials of the neurons which are located in close proximity to the recording site. To 

extract the fast transients of the action potentials the LFP should be high pass filtered at 500 
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Hz. Spike-sorting algorithms enable the clustering of individual spikes of this multi-unit activity 

according to their waveform into single-unit activity (SUA) which represents all spikes most 

likely coming from one neuron (Rossant et al., 2016). Differences in spike waveforms have 

been attributed to different neuron types and enable the classification of SUA into, for example, 

fast-spiking interneurons and regular firing pyramidal cells in the adult cortex (Senzai et al., 

2019). Extracellular recording of SUA activity has the advantage of enabling the recording of 

large amounts of neurons simultaneously, however, it also poses several challenges. 

Extracellularly recorded waveforms change with the distance of the neurons to the recording 

site (Buzsáki, 2004). Moreover, action potentials recorded from the soma compared to 

dendrites can vary substantially in their shape and amplitude (Buzsáki et al., 2012; Schomburg 

et al., 2012). Furthermore, membrane kinetics and intra- and extracellular ion concentration 

can change strongly across development making it harder to differentiate neuron types 

according to their waveform. Lastly, neuronal properties which give rise to the observed spiking 

pattern cannot be investigated. 

 To overcome these challenges, we and others combined extra- and intracellular 

recordings in the living animal (Chapter 3.2) (Bitzenhofer et al., 2015; Kostka et al., 2020; 

Pernía-Andrade and Jonas, 2014). Combining these two techniques enabled the simultaneous 

measurement of active and passive membrane properties of an individual neuron and the 

assessment of its interactions with the local network activity. While patch-clamp recordings in 

slice preparations are conducted under visual guidance, blind patch-clamp recordings have to 

be performed in deeper structures of the intact brain (Castañeda-Castellanos et al., 2006; Tao 

et al., 2015). In doing so we were able to link the firing characteristics and network interactions 

of bursting and non-bursting MCs to their biophysical properties (Chapter 3.2). 

 

  

4.1.2 Optogenetic and chemogenetic manipulation of neuronal activity  
 

 To understand the function of coordinated activity patterns and their underlying 

neuronal circuits, it is important to probe different neuronal types of the network in an area and 

cell type-specific manner. The recent development of light-sensitive opsins and chemogenetic 

tools to manipulate the ion-gradients of neurons and therefore their membrane potentials 

provides a useful tool for the temporally precise modulation of neuronal activities (Deisseroth, 

2011; Yizhar et al., 2011). Aided by the use of genetic mouse lines and viral vectors, excitatory 

or inhibitory opsins can be expressed in the cell population of interest.  

 Channelrhodopsins (ChRs) are light-gated ion channels that are open upon stimulation 

by blue light (470 nm) and allow cations to flow down the electrochemical gradient into the cell, 

which results in a depolarization of the membrane potential and therefore the generation of 
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action potentials (Nagel et al., 2003). Several different variants exist with improved kinetics, 

enabling fast frequency stimulation of neurons (Yizhar et al., 2011). Here (Chapters 3.1 and 

3.4), we choose the ChR2 double mutant E123T/T159C which has fast off-kinetics (Berndt et 

al., 2011). To selectively express the opsin in MCs and TCs of neonatal mice, we injected a 

cre-dependent adenovirus vector (AAV) carrying ChR2 and a fluorescent tag in the OB of P1 

Tbet-cre mice. The use of the AAV serotype 9 allowed the expression of the opsin after 6 days 

already. Light stimulation was conducted either with short light pulses (3-5 ms) or with light 

stimuli increasing in intensity over a 3 s period (Gretenkord et al., 2019; Kostka and Hanganu-

Opatz, 2021). This so-called ramp stimulation has the advantage of allowing neurons to self-

organize their firing within the local network and prevents artificial entrainment to the light 

pulse. Moreover, light-induced stimulation artifacts can be reduced with this approach 

(Bitzenhofer et al., 2017b). In order to prevent tissue heating, light intensities were carefully 

calibrated according to a protocol by Bitzenhofer and colleagues (Bitzenhofer et al., 2017b; 

Owen et al., 2019). 

   Aside from activating opsins, several hyperpolarizing opsins also exist. The most 

commonly used silencing opsins are ion pumps such as halorhodopsin and archaerhodopsin 

(ArchT) (Chow et al., 2010). Halorhodopsin is a light-activated chloride pump, which upon light 

stimulation moves chloride ions into the cell. However, this brings the disadvantage of 

changing the reversal potential of GABAA receptors and therefore altering inhibitory signaling 

beyond the photo stimulation (Raimondo et al., 2012). This is even more of a concern when 

working with neonatal animals, as neonatal neurons express higher intracellular chloride 

concentrations compared to mature neurons (Ben-Ari, 2014; Rivera et al., 1999). Therefore, 

we used the outward proton pump ArchT in our experiments (Chapter 3.1) (Gretenkord et al., 

2019). To express ArchT in MCs and TCs we crossed the Tbet-cre mouse line with a cre 

dependent ArchT mouse line. Light stimulation was conducted with light pulses of 595 nm. To 

minimize the occurrence of light artifacts and rebound spiking after the stimulation we used a 

trapezoid-shaped light stimulus. To this end, light intensity was slowly increased at the 

beginning of the stimulation and slowly decreased after a 3 s period of constant illumination. 

This stimulation protocol allowed us to avoid issues with altering inhibitory signaling in 

unintended ways. 

Although ArchT proved a useful tool in hyperpolarizing neurons, it does not come 

without pitfalls. Prolonged ArchT activation can severely change the intracellular pH. This is 

especially an issue when inhibition of axonal transmission is favored (Mahn et al., 2016). 

Recently developed inhibitory chemogenetic tools overcome this issue and can be used to 

inhibit vesicle release at axonal terminals (Wiegert et al., 2017). Designer receptors exclusively 

activated by designer drugs (DREADDs) (Roth, 2016) are the most widely used chemogenetic 

tools. They are based on engineered G protein-coupled receptors that are selective for 

https://www.sciencedirect.com/topics/neuroscience/chloride-pump
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synthetic small-molecule ligands, such as clozapine-N-oxide (CNO). Neuronal inhibition can 

be achieved by a modified version of the human Gαi-coupled M4 muscarinic receptor (hM4Di), 

which is insensitive to acetylcholine and sensitive to CNO. While hM4Di induces a modest 

membrane potential hyperpolarization by the activation of G protein-gated inwardly rectifying 

potassium channels (GIRKs), it mainly inhibits the presynaptic release of neurotransmitters 

(Roth, 2016; Stachniak et al., 2014). This feature makes hM4Di an especially powerful tool to 

investigate the contribution of specific neuronal projections to network activity.  

Here, (Chapter 3.4) we expressed hM4Di in M/TCs to selectively block the output of 

the neonatal OB (Kostka and Hanganu-Opatz, 2021). Since CNO can partly be converted to 

clozapine, which can bind to endogenous G protein-coupled receptors and therefore might 

lead to unspecific effects, we used compound 21 (C21) instead. Similar to CNO, C21 

permeates the blood-brain barrier, has good bioavailability, and pharmacokinetic properties, 

but it cannot be metabolized into any active substance (Thompson et al., 2018). 

 In sum, recent advances in biochemical engineering have produced a large number of 

optogenetic and chemogenetic tools for the reversible manipulation of neuronal activities. The 

work presented in this thesis exploits these novel tools, in order to selectively probe the role of 

M/TCs in the emergence of network oscillations during neonatal development. 

 

 

4.1.3 Olfactory deprivation during neonatal ages 
 

In contrast to vision and hearing, in rodents, the sense of olfaction is already functional 

from birth onward. To disentangle the contribution of endogenously generated, and sensory-

driven, activity on network activity during development, it is necessary to block olfactory input 

to the nose. This can be achieved either by mechanically closing the nostrils of the mouse or 

by chemical destruction of the OSNs in the nasal epithelium. In the past, naris occlusion has 

been conducted by cauterizing the surrounding tissue of the external nares (Franks and 

Isaacson, 2005; Meisami, 1976). By contrast, modern approaches rely on the insertion of small 

silicon tubes into the nostrils of the mouse (Cummings et al., 1997; Kikuta et al., 2015). Due to 

the small size of the P8-10 mouse pups investigated here, we modified the latter approach by 

filling the nostrils with self-hardening fluent silicon (Chapter 3.1) (Gretenkord et al., 2019). 

While this approach was successful for unilateral acute olfactory deprivation, it cannot be used 

for bilateral occlusion or prolonged deprivation of olfactory inputs, because newborn mice 

strongly depend on nasal breathing for air intake.  

In a second approach (Chapter 3.1), we thus used methimazole, an antithyroid drug 

(Bergman and Brittebo, 1999), to pharmacologically abolish the OSNs in the nasal epithelium 

at P3. We could then measure network activity in the neonatal OB and LEC between P8 and 

P10 with bilateral olfactory deprivation, but without unintended influences on nasal breathing 
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(Gretenkord et al., 2019). Methimazole poses its own limitations, in particular when it is applied 

chronically. Because neonatal rodents depend on their sense of smell for feeding, prolonged 

olfactory deprivation leads to a weight reduction of pups which might hamper their overall 

development. Moreover, it lacks controlled reversibility. To mitigate some of these issues, other 

techniques have been put forward, such as the intranasal application of zinc-sulfate (McBride 

et al., 2003). However, the application of zinc-sulfate leads to similar disadvantages as 

methimazole, it additionally might influence synaptic transmission modulated by NMDA, 

AMPA, and GABA receptors within the OB and thus alter endogenous OB activity (Blakemore 

and Trombley, 2017). Chronic and reversible blockage of olfactory inputs to the OB is thus 

exceptionally challenging.      

 Fortunately, optogenetic or chemogenetic tools are well suited to reversibly manipulate 

the output of the OB rather than its input. Optogenetic approaches, such as the blockage of 

axonal transmitter release by tools such as eOPN3 (Mahn et al., 2021) are practical for the 

reversible inhibition of OB output on short time scales. In addition, chemogenetic inhibition of 

vesicle release on axon terminals by the inhibitory DREADD hM4Di (see above) could prove 

useful for the transient manipulation over several days. Synthetic activators of DREADDs such 

as CNO and C21 can be administered easily through intraperitoneal injections and do not 

require chronic implantations. Additionally, we (Chapter 3.4) and others show that DREADD-

mediated effects can last for several hours (Kostka and Hanganu-Opatz, 2021; Roth, 2016). 

Lastly, ongoing work (by Yu-Nan Chen) from our lab indicates that inhibiting OB output by 

hM4Di for three days by daily C21 injection does not change the weight or developmental 

milestones of neonatal mice, thus avoiding the known difficulties that are associated with 

inhibiting OB inputs.  

 

 

4.1.4 The influence of anesthesia on neonatal network activity  
 

 General anesthesia is used for surgical procedures in humans to achieve a state of 

immobility, analgesia, and amnesia. While the effect of anesthetics on brain activity in adults 

can be well monitored and controlled, this is more challenging in babies and small children 

because the effects of anesthesia on brain activity change dramatically with age (Cornelissen 

et al., 2015; Kreuzer, 2017).  Similarly, the method of action of anesthesia differs strongly in 

the mature compared to the immature rodent brain (Danneman and Mandrell, 1997; Shumkova 

et al., 2021). While little is known about the influence of anesthetics on the activity patterns 

that are observed in the developing brain, recordings in neonatal rodents are nevertheless 

often conducted under anesthesia.  
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The most commonly used anesthetic for electrophysiological recordings in rodents is 

urethane, which acts on a diverse range of receptors and is considered to have minimal effects 

on the automatic and cardiovascular system (Hara and Harris, 2002; Soma, 1983). Here 

(Chapter 3.3), we addressed the effect of anesthesia on the activity pattern observed in 

neonatal mice and prematurely born human babies (Chini et al., 2019). In contrast to what is 

known from adults, anesthesia in neonatal (P8-10) mice and 0-2 month old children did not 

increase slow oscillations but dampened overall broadband activity. In urethane anesthetized 

mice, this was mainly due to a reduction of discontinuous events in several brain areas, such 

as OB, LEC, HP, and PFC. The overall structure and frequency component of the 

discontinuous events, however, remained surprisingly similar across anesthetic states. 

Similarly, the continuous RR did not change in OB or LEC across anesthetic states (Chini et 

al., 2019; Gretenkord et al., 2019). 

 While these results indicate a similar activity profile during discontinuous events in each 

region, the communication between brain areas could still be affected by anesthesia. 

Comparing our results from OB-LEC recordings in anesthetized mice (Chapter 3.1) and awake 

mice (Chapter 3.4)  from the same age revealed that interregional synchrony shifts to lower 

frequencies in the anesthetized condition (Gretenkord et al., 2019; Kostka and Hanganu-

Opatz, 2021). While interregional coherence between OB and LEC was prominent in the theta 

frequency in anesthetized mice, coordinated activity in the awake OB and LEC synchronized 

during beta oscillations (Kostka and Hanganu-Opatz, 2021). Similar results were obtained from 

awake recordings in LEC, HP, and PFC during neonatal ages (Xu et al., 2021). While earlier 

recordings in anesthetized mice (Hartung et al., 2016a; Xu et al., 2019) showed interregional 

synchronization in the theta frequency range, awake recordings revealed beta coherence 

between LEC and HP and theta/beta coherence between HP and PFC (Xu et al., 2021).  

 Urethane anesthesia has been shown to decrease beta and gamma oscillations in the 

OB of adult rats (Li et al., 2012). Moreover, urethane and isoflurane anesthesia dampen 

spontaneous and odor-evoked GC responses while enhancing MC firing in response to odors 

(Cazakoff et al., 2014; Kato et al., 2012; Nunez-Parra et al., 2014). Thus, the anesthesia-

induced reduction in fast frequency oscillations and the increase in MC firing might be due to 

decreased dendro-dendritic inhibition on MCs in adults (Kato et al., 2012). Additionally, sparse 

spontaneous firing was observed in PGCs and SACs in anesthetized mice (Wachowiak et al., 

2013). As GCs, as well as PGCs and SACs in the glomerular circuitry, are heavily targeted by 

centrifugal projections and beta oscillations in OB are dependent on centrifugal inputs (Neville 

and Haberly, 2003; Ravel et al., 2003), it is tempting to speculate that the reduced beta 

synchronization between OB and downstream cortical brain areas during neonatal 

development is due to reduced centrifugal input to the OB (Nunez-Parra et al., 2014). 

Considering that the maturation of GCs and centrifugal projections to the OB is still ongoing 
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postnatally (Chapter 3.5) (Batista-Brito et al., 2008; Kostka and Bitzenhofer, 2021; Le Jeune 

and Jourdan, 1991; McLean and Shipley, 1987, 1991), anesthesia might only mildly affect local 

network oscillations, while impairing long-range communication in the beta frequency range. 

Alternatively, anesthesia and cholinergic receptor blockers were shown to suppress the 

influence of feedback activity at the dendrites of somatosensory cortex layer 5 pyramidal 

neurons (Suzuki and Larkum, 2020). Thus, anesthesia might alter cholinergic inputs from the 

basal forebrain to several brain areas.    

 

 

4.2 Network activity in the developing olfactory bulb 

 

Altricial-born rodents have very limited sensory abilities during the first postnatal weeks. 

Eyes and ears are still closed and stimulus-evoked activity in the primary sensory areas V1 

and A1 appears only shortly before eye and ear opening (Hanganu-Opatz, 2010; Martini et al., 

2021). Even though whisker-evoked activity in S1 is present from E18 on, active use of 

whiskers for exploratory behaviors does not start before P14 (Martini et al., 2021).  

In contrast, the sense of olfaction is already functional from birth onward, thus providing 

a “door to the world” for newborn rodents and facilitating survival (Brunet et al., 1996; Teicher 

and Blass, 1977). Aside from simple odor-driven innate behaviors, such as localization of the 

dam’s nipple for feeding, newborn mice can form odor associative memories (Armstrong et al., 

2006; Logan et al., 2012). Considering the importance of the sense of smell during neonatal 

development, surprisingly little is known about the functional development of the olfactory 

system and its impact on the development of cortical networks.  Although rodents use olfactory 

cues for goal-directed behaviors from birth onward, the anatomical and functional development 

of the olfactory system is still ongoing postnatally. MCs and TCs, the main output neurons of 

the OB, are born prenatally and their axons have reached most of their cortical and subcortical 

targets at birth (Walz et al., 2006). Yet, their biophysical properties still undergo considerable 

changes afterward (Yu et al., 2015). Moreover, the mature OB hosts a variety of interneuron 

types which each undergo their own developmental itinerary, with some types being born 

prenatally while others such as GCs develop mainly postnatally (Batista-Brito et al., 2008). Of 

note, inhibitory sensory maps formed by GCs get broader with maturation while excitatory 

sensory maps undergo developmental refinement (Quast et al., 2017). Therefore, even though 

olfactory information can be relayed to other areas of the olfactory cortex from birth onward, 

the olfactory micro-circuitry is far from mature.  

This is also reflected in the network activity of the neonatal OB. During the first two 

postnatal weeks, intrinsic and evoked OB activity is mainly characterized by slow frequency 

oscillations that increase in frequency across age until characteristic odor-evoked fast 
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oscillations in the gamma frequency range emerge around P30 (Almli et al., 1985; Fletcher et 

al., 2005). Aside from the absence of fast gamma oscillations during the first postnatal weeks, 

our studies (Chapters 3.1, 3.2, and 3.4) revealed that neonatal (P8-10) OB activity is 

composed of continuous oscillations in the 2-4 Hz range and discontinuous oscillatory events 

in the theta/beta frequency range (Gretenkord et al., 2019; Kostka and Hanganu-Opatz, 2021; 

Kostka et al., 2020).  

The slow continuous rhythm is temporally related to the breathing rhythm and is 

abolished after the mechanical closure of the naris or the chemical abolishment of OSNs in the 

OE by methimazole (Chapter 3.1) (Gretenkord et al., 2019). The so-called respiratory rhythm 

(RR) has been extensively described in adult rodents and does not seem to undergo 

substantial changes across development (Tort et al., 2018b). Moreover, it is unaffected by 

anesthesia (Chapters 3.1 and 3.3) or the optogenetic inhibition of M/TCs in neonatal mice 

(Chapter 3.1) (Chini et al., 2019; Gretenkord et al., 2019). However, RR is abolished after 

lidocaine infusion into the OB, indicating that it is dependent on neuronal activity within the OB 

(Chapter 3.1) (Gretenkord et al., 2019). Thus, similar to adults, RR might be mediated by 

glomerular circuits (Grosmaitre et al., 2007; Hayar et al., 2004b; Wachowiak, 2011). 

Nevertheless, across development M/TC activity is strongly locked to the RR, suggesting a 

modulatory effect of RR on M/TC firing (Chapters 3.1 and 3.2) (Fukunaga et al., 2012; 

Gretenkord et al., 2019; Grosmaitre et al., 2007; Kostka et al., 2020). 

In contrast, the discontinuously occurring oscillations in the theta/beta range resemble 

the activity patterns found in primary sensory areas as well as other cortical and subcortical 

brain areas around the same developmental time period. This is of note because discontinuous 

bursts of activity in auditory and visual areas are thought to be partly driven by spontaneous 

activity in the cochlea and retina and develop into continuous activity around the time of the 

onset of hearing and seeing (Hanganu-Opatz, 2010; Martini et al., 2021; Sonntag et al., 2009). 

In the case of olfaction, however, newborn mice receive odor input with every sniff. Therefore, 

network activity that is generated endogenously within the OB, and activity triggered by 

sensory inputs are intermingled.  

In the neonatal OB, discontinuous events are likely to be generated independently of 

sensory input as they persist after nasal input is blocked (Chapter 3.1) (Gretenkord et al., 

2019). Furthermore, the firing rate of M/TCs is elevated during discontinuous theta events 

(Chapters 3.1 and 3.2) and the occurrence of these events diminishes after the optogenetic 

inhibition of M/TCs in neonatal mice (Chapter 3.1) (Gretenkord et al., 2019; Kostka et al., 

2020). Neonatal MCs have either bursting or irregular firing characteristics (Chapter 3.2) 

(Kostka et al., 2020). Bursting MCs have less pronounced sag currents, probably due to a 

lower expression of hyperpolarization-activated cyclic nucleotide-gated (HCN) channels 

(Angelo and Margrie, 2011; Robinson and Siegelbaum, 2003). Additionally, bursting MCs have 
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higher firing rates during discontinuous events and are more tightly locked to the theta phase 

(Chapter 3.2). Thus, they most likely contribute more strongly to the generation of 

discontinuous events in OB compared to non-bursting MCs. Intrinsic bursting neurons have 

been suggested to play important roles in the oscillatory entrainment of developing networks 

as they contribute to neonatal activity patterns in several brain areas such as LEC and HP, but 

also in the retina (Egorov and Draguhn, 2013; Sheroziya et al., 2009; Sipilä et al., 2005; Zheng 

et al., 2006). Thus, bursting MCs might similarly act as pacemakers of neonatal OB activity. 

Together, these findings indicate that theta/beta events are generated endogenously by the 

activation of bursting M/TCs within local OB circuits.   

While gamma oscillations are completely absent in neonatal mice, our data show that 

beta oscillations can be induced by odor stimulation at neonatal ages (Chapter 3.1) 

(Gretenkord et al., 2019). Moreover, beta oscillations are present in non-anesthetized mice 

during passive sniffing and are strongly increased when M/TCs are activated optogenetically 

(Chapter 3.4) (Kostka and Hanganu-Opatz, 2021). Thus, evoked beta oscillations, which arise 

most likely through the activation of M/TCs within the local microcircuit, are already present 

during the second postnatal week. In the adult, OB beta and gamma oscillations are generated 

by the interaction of M/TCs and GCs through dendro-dendritic synapses (Neville and Haberly, 

2003), but differ in their dependency on centrifugal input and the excitability of GCs.  

Given the above-discussed findings, the question arises why beta oscillations can be 

triggered neonatally while gamma oscillations do not emerge until P30 (Almli et al., 1985). It 

has been suggested that the delayed occurrence of gamma oscillations is mainly due to the 

late integration of interneurons into the OB circuitry (Fletcher et al., 2005; Hinds and Hinds, 

1976). Additionally, dendro-dendritic currents first increase until P15 and thereafter reduce until 

P30 to adults levels, indicating that a complex refinement of synaptic connectivity is taking 

place during the first postnatal month (Dietz et al., 2011). Beta oscillations rely on a higher GC 

excitability compared to gamma oscillations (Osinski and Kay, 2016). Thus, increased dendro-

dendritic inhibition during the second to third postnatal week might aid the emergence of 

neonatal beta oscillations. Furthermore, MCs also undergo a pronounced change in their 

biophysical properties across development. Aside from an increase in input resistance and 

membrane time constant, sag current amplitudes decrease across the first postnatal weeks 

leading to more stuttering firing patterns of MCs across development (Yu et al., 2015). 

Together, these changes are likely to attune MCs to faster network oscillations during 

development (Fletcher et al., 2005).  

 Discontinuous beta-band oscillations in the neonatal PFC increase in frequency with 

development until they reach the gamma frequency range around P30 (Bitzenhofer et al., 

2020). A similar oscillatory acceleration from beta to gamma also takes place in V1 during the 

critical period for vision (Chen et al., 2015; Hoy and Niell, 2015). Because both beta and 
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gamma oscillations are present during odor processing in the adult OB, it however, remains 

unclear whether the neonatal beta-band activity undergoes a similar transition to faster 

rhythms. Alternatively, beta oscillations during neonatal ages could, similar to during 

adulthood, serve a role in odor learning, while odor-evoked gamma oscillations only occur at 

later ages.  

 In adult rodents, OB beta oscillations are dependent on centrifugal inputs (Neville and 

Haberly, 2003; Ravel et al., 2003). Glutamatergic projections to the OB develop mostly 

postnatally (Chapter 3.5). While projections from the aPIR are already approaching adult-like 

levels during the second postnatal week, projections from brain areas such as LEC, vCA1, and 

COA reach only 50% of adult levels (Kostka and Bitzenhofer, 2021). Whether the emergence 

of neonatal OB beta activity is dependent on input from one of these brain areas remains an 

open question.    

 Thus, in order to elucidate the origin and functional role of neonatal beta oscillations in 

the OB, it should be investigated whether neonatal beta oscillations accelerate over age and 

whether they depend on centrifugal feedback. Moreover, to date, the role of the different 

interneuron types in the generation of neonatal network activity in the OB is far from 

understood. Manipulation of various interneuron populations during rest and odor processing 

would help to shed light on this question. 

 

 

4.3 Olfactory entrainment of the entorhinal-hippocampal-prefrontal network 
during neonatal development  
 

Coordinated activity patterns within developing hippocampal-prefrontal networks are a 

prerequisite for the maturation of functional networks that are important for later cognitive 

abilities (Bitzenhofer et al., 2021; Chini et al., 2021; Krüger et al., 2012; Xu et al., 2021). During 

neonatal development, discontinuous oscillatory events in LEC drive the entrainment of HP 

and PFC (Hartung et al., 2016a). How these activity patterns emerge and whether they are 

shaped by sensory inputs, however, is unknown.  

 Altricial rodents are born with limited sensory abilities and remain blind and deaf until 

the end of the second postnatal week (Hanganu-Opatz, 2010). Newborn mice, however, are 

not only able to smell from birth onward but can form associative odor memories (Logan et al., 

2012), indicating that olfactory information is processed in memory-related brain areas. Aside 

from its early functionality, the olfactory system also differs from the other sensory systems in 

its direct connectivity to cortical brain areas lacking the relay through the thalamus (Igarashi et 

al., 2012; Luskin and Price, 1983). In adults, direct olfactory input activates pyramidal and fan 

cells in layer II/III of LEC, which in turn project to HP (Bitzenhofer et al., 2022; Leitner et al., 

2016; Witter et al., 2017). These direct axonal projections from layer II/III LEC neurons to CA1 
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are involved in odor associative memory processing (Li et al., 2017). Moreover, odor cues can 

enhance place cell representations in CA1, and respiration entrained beta oscillations occur 

during olfactory memory and decision-making tasks in HP-PFC networks (Fischler-Ruiz et al., 

2021; Igarashi et al., 2014; Martin et al., 2006, 2007; Symanski et al., 2021). Considering the 

early functionality of olfaction, olfactory inputs might similarly drive cortical activity during 

neonatal development and thus could represent a key candidate in shaping the maturation of 

neuronal networks that are involved in cognitive processing.  

 We have shown (Chapters 3.1 and 3.4) that, already at neonatal ages, MC axons 

target layer I of the LEC where they form synaptic contacts with the dendrites of layer II/III fan 

and pyramidal cells (Gretenkord et al., 2019; Kostka and Hanganu-Opatz, 2021).  During the 

same developmental age, layer IIb pyramidal neurons already project to CA1, while layer IIa 

fan cells project to DG of the HP and the PFC (Xu et al., 2021). Thus, similar to adulthood, the 

OB is already tightly connected with the entorhinal-hippocampal network at neonatal ages. 

Mirroring the tight anatomic connectivity, we further revealed strong functional interactions 

between OB and cortical-hippocampal networks.  

 First, we revealed that similar to the developing OB, LEC displays discontinuous 

network oscillations in the theta/beta frequency range and a continuous RR at neonatal ages 

(Chapter 3.1) (Gretenkord et al., 2019; Hartung et al., 2016a). Furthermore, coherence 

analysis revealed strong functional interactions between OB and LEC in RR as well as during 

theta/beta events in anesthetized mice (Chapter 3.1) (Gretenkord et al., 2019). While 

interregional coherence is strongest in the theta range for anesthetized mice (Chapter 3.1), it 

shifts to beta oscillations during wakefulness (Chapter 3.4). This might be due to altered 

dendro-dendritic inhibition between M/TCs and GCs during anesthesia (Nunez-Parra et al., 

2014). Moreover, the activation of M/TCs induces delayed neuronal firing in LEC independent 

of the brain state, suggesting that OB drives LEC (Chapters 3.1 and 3.4). LEC receives 

olfactory input through direct axonal projections from MCs but also through PIR which receives 

dense OB input and is strongly coupled to LEC (Kerr et al., 2007). Thus, OB activity shapes 

LEC activity via mono- and polysynaptic pathways. Similar to adults, the entrainment of LEC 

was strongly increased during olfactory stimulation and most prominently during beta 

oscillations (Chapter 3.1) (Gretenkord et al., 2019; Xu and Wilson, 2012). Conversely, 

neuronal firing and discontinuous events in LEC are significantly reduced when neuronal 

activity in OB is inhibited (Chapter 3.1), or neuronal transmission of M/TCs is blocked 

chemogenetically (Chapter 3.4) (Gretenkord et al., 2019; Kostka and Hanganu-Opatz, 2021). 

Thus, during neonatal ages, endogenous and evoked OB activity entrains neuronal firing and 

network activity in LEC via the axonal projections of M/TCs. 

 Of note, bursting MCs play a more important role in the entrainment of LEC oscillations 

compared to irregular firing MCs (Chapter 3.2) (Kostka et al., 2020). Bursts have been 
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suggested to be more efficient in transmitting information than single spikes (Lisman, 1997). 

Moreover, during development burst-dependent plasticity plays an important role in synaptic 

strengthening (Butts and Kanold, 2010; Gjorgjieva et al., 2009). Thus, bursting MCs might 

stimulate the strengthening of OB-LEC connectivity during neonatal development and thus 

contribute more strongly to the maturation of the OB-LEC network than non-bursting MCs.

 Second, we were interested in whether olfactory activity influences cortical-

hippocampal activity beyond the LEC during neonatal development (Chapter 3.4). For this, we 

conducted four site recordings in the OB, LEC, HP, and PFC of awake neonatal mice and 

manipulated M/TC activity or synaptic vesicle release on M/TC axon terminals by optogenetics 

and DREADD manipulations (Kostka and Hanganu-Opatz, 2021). We found that OB network 

activation entrains downstream cortical-hippocampal networks beyond the LEC. Optogenetic 

activation of M/TCs induced strong beta oscillations in OB, which synchronized the LEC-HP-

PFC network and led to a delayed increase in firing in all three brain regions. Chemogenetic 

inhibition of M/TC synaptic transmission, in turn, reduced the oscillatory drive onto LEC and 

HP, resulting in a reduction of discontinuous events and a broadband decrease in oscillatory 

activity in both brain areas. While local network activity was decreased broadly in LEC and HP, 

desynchronization from the OB was specific to the beta frequency range. Additionally, local 

beta oscillations in LEC and HP decoupled from the RR in OB. Together, these results indicate 

that neonatal OB activity entrains the cortical-hippocampal network in a beta rhythm as early 

as during neonatal development.  

 Beta entrainment of cortical circuits is involved in olfactory and non-olfactory memory 

processing and decision-making during adulthood (Igarashi et al., 2014; Iwasaki et al., 2021; 

Martin et al., 2007; Rangel et al., 2016; Symanski et al., 2021). Modeling studies have 

suggested that beta oscillations are optimally suited to control the coupling of cell assemblies 

along long-range axonal projections (Bibbig et al., 2002; Kopell et al., 2000, 2011). In 

agreement with this, experimental data revealed that task performance during an odor-place 

associative memory task is related to the firing of beta entrained interneurons in the CA1 

(Rangel et al., 2016; Symanski et al., 2021).  

 During neonatal development, the assembly of neurons into functional networks is 

driven by discontinuous activity patterns which synchronize across cortical areas. In mouse 

models of psychiatric disorders, disturbance of these discontinuous activity patterns in the beta 

frequency range in entorhinal-hippocampal-prefrontal networks correlates with cognitive 

deficits at juvenile age (Xu et al., 2021). Moreover, interference with beta oscillations during 

neonatal development causes miswiring in HP-PFC networks and impairs cognitive functions 

(Bitzenhofer et al., 2021). Thus, M/TC-driven beta entrainment of cortical-hippocampal circuits 

might aid the formation of cell assemblies that are important for later cognitive functions.   
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 In sum, endogenously generated and input-driven activation of M/TCs entrains cortical-

hippocampal networks in discontinuous theta/beta oscillations during neonatal development. 

The here discussed results suggest an important role of OB activity in shaping coordinated 

activity patterns in the developing LEC, HP, and PFC. Yet, its causal involvement in the 

maturation of these networks remains to be investigated. Transient disturbance of MC inputs 

to LEC during neonatal ages could shed light on the involvement of early olfactory activity in 

the maturation of cortical-hippocampal networks and its impact on cognitive abilities later in 

life.  

 

 

4.4 Development of centrifugal feedback projections to the olfactory bulb 

 

 Sensory processing is not only dependent on sensory input but is strongly modulated 

by contextual information. While the integration of sensory inputs and contextual information 

in the visual and auditory system is mainly achieved in thalamic nuclei and cortical sensory 

brain areas (Gilbert and Sigman, 2007), the OB itself receives diverse centrifugal projections. 

In adult mice, olfactory inputs are strongly modulated by glutamatergic and neuromodulatory 

feedback which terminates mainly on two different levels of the OB micro-circuitry: the 

glomerular microcircuit where sensory inputs to M/TCs are modulated, as well as the EPL 

where interactions between GCs and M/TCs are modulated (Boyd et al., 2015; Brunert and 

Rothermel, 2021; Markopoulos et al., 2012). Consequently, M/TC firing patterns are not only 

dependent on the chemical structure and concentration of an odor but are strongly shaped by 

learning and contextual information such as stimulus value (Gao and Strowbridge, 2009; 

Kiselycznyk et al., 2006; Markopoulos et al., 2012).  Thus, the OB is not merely an encoder of 

odor information but encompasses associative cortex-like features (Doucette et al., 2011; 

D’Souza and Vijayaraghavan, 2014).   

 Considering the importance of centrifugal input for the processing of odor information, 

surprisingly little is known about the development of these projections. A few studies have 

investigated the development of neuromodulatory inputs to the OB and found that the 

developmental timelines for noradrenergic, cholinergic, and serotonergic projections differ from 

each other. Around one-third to one-half of the noradrenergic projections from the locus 

coeruleus innervate the OB already at birth (McLean and Shipley, 1991). Moreover, 

noradrenaline is necessary for odor preference learning in neonatal rats (Sullivan et al., 1989; 

Wilson and Leon, 1988). In contrast, cholinergic feedback projections to OB are almost 

completely absent at birth and strongly increase in an activity-dependent manner around P11 

(Le Jeune and Jourdan, 1991; Salcedo et al., 2011). Additionally, serotonergic projections also 

develop mainly postnatally until P8 (McLean and Shipley, 1987).  
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 While many questions regarding the development and role of early neuromodulatory 

innervations to OB remain, even less is known about the development of glutamatergic 

feedback projections to the OB. Using retrograde virus labeling, we have shown (Chapter 3.5) 

that the development of glutamatergic projections to the OB is region-specific (Kostka and 

Bitzenhofer, 2021). Brain areas such as the PIR, AON, and nLOT show weak projections to 

OB at birth. Even though they are present at birth, these projections increase substantially in 

number during postnatal development. Moreover, the rate of their development varies strongly 

across the anterior-posterior axis. While the number of labeled cells in aPIR reaches 77% of 

adult levels at P12, only 39% of OB projecting pPIR neurons are present at this age. 

Additionally, projections from limbic brain areas such as LEC, vCA1, and COA emerge only 

during the first postnatal week and reach half of their adult levels at P12. However, it remains 

unknown whether the delayed development of posterior projections is merely due to the longer 

distance axonal projections have to cover before reaching the OB, or whether they are 

governed by distinct developmental processes.  

 During olfactory memory processing, prominent beta oscillations synchronize OB with 

brain areas such as PIR, LEC, HP, and PFC (Igarashi et al., 2014; Martin et al., 2006; 

Symanski et al., 2021). The occurrence of these beta oscillations has been shown to depend 

on centrifugal inputs (Neville and Haberly, 2003; Ravel et al., 2003). However, the origin and 

type of the centrifugal projections responsible for the emergence of beta oscillations remain 

obscure. While M/TC-driven beta oscillations synchronize developing cortical-hippocampal 

networks already during the second postnatal week (Chapter 3.4), it is unknown whether they 

depend on centrifugal inputs, similar to their adult counterpart (Kostka and Hanganu-Opatz, 

2021). Further research is necessary to elucidate how centrifugal input shapes the firing 

patterns of MCs as well as the network activity in the developing OB.  

 Furthermore, it is unknown how glutamatergic input shapes olfactory processing during 

different stages of postnatal development. The emergence of centrifugal projections of 

memory-related brain areas such as LEC and vCA1 after P6 suggests that experience could 

shape olfactory processing from the second postnatal week onward. In contrast, basic olfactory 

processing might be modulated by top-down inputs from anterior olfactory areas such as aPIR 

and AON already from birth onward. In line with this, lesioning of aPIR impairs easy odor 

discrimination, while inhibition of LEC impairs performance in a difficult odor discrimination task 

(Chapuis et al., 2013). Thus the delayed innervation of OB by feedback from limbic brain areas 

might explain why newborn rodents are only able to solve easy odor discrimination tasks 

involving odor identity but not context (Fletcher et al., 2005).  

 In sum, top-down modulation of sensory inputs plays an important role in olfactory 

processing in adults. Our findings suggest that the impact of glutamatergic feedback on 
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olfactory processing changes across age, in an area-specific manner. The functional role of 

centrifugal inputs during neonatal development remains to be investigated.  

 

 

4.5 Concluding remarks and future research 
 

 Coordinated oscillatory activity within developing cortical-hippocampal circuits is 

important for the maturation of these networks and thus later cognitive abilities (Bitzenhofer et 

al., 2021; Xu et al., 2021). Our understanding of the cellular and functional substrates of the 

early network entrainment during physiological and pathophysiological conditions has grown 

substantially over the last years (Ahlbeck et al., 2018; Bitzenhofer et al., 2015, 2021; 

Brockmann et al., 2011; Chini et al., 2020; Hartung et al., 2016b; Xu et al., 2019). Much less 

is known, however, about if and how sensory input shapes this early network activity. Because 

most sensory systems are still immature at birth, newborn rodents receive their main sensory 

input through olfaction, which is functional from birth onward (Logan et al., 2012). Moreover, 

olfactory input reaches cortical regions more directly than other sensory inputs, because the 

olfactory system lacks the relay through the thalamus (Luskin and Price, 1983). Thus, olfaction 

is an ideal candidate for the sensory-instructed entrainment of cortical-hippocampal networks 

during neonatal development.  

 In this thesis, I present work that provides novel insight into the role of OB activity in 

the entrainment of cortical-hippocampal networks during neonatal development. Starting with 

the characterization of neonatal OB activity, we revealed the presence of endogenously 

generated discontinuous activity patterns and continuous slow oscillations which are 

dependent on nasal input (Gretenkord et al., 2019). OB activity drives the entrainment of the 

neonatal LEC via direct axonal projections of MCs in anesthetized and awake mice 

(Gretenkord et al., 2019; Kostka and Hanganu-Opatz, 2021). This entrainment is mainly 

governed by bursting MCs and can be amplified by olfactory stimulation (Gretenkord et al., 

2019; Kostka et al., 2020). Additionally, M/TC activity drives the entrainment of the HP and 

PFC during beta oscillations in awake mice (Kostka and Hanganu-Opatz, 2021). In sum, we 

identify endogenous and evoked OB activity as prominent drivers of discontinuous theta/beta 

oscillations within entorhinal-hippocampal-prefrontal networks during neonatal development. 

Thus, olfactory sensory inputs shape coordinated activity patterns in developing cortical-

hippocampal networks. An important implication of these findings is that olfactory experience 

during neonatal ages might instruct the physiological development of these networks, and 

hence, contributes to the emergence of cognitive abilities during adulthood. The here 

presented findings provide the first insights into the interactions between OB activity and the 
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entrainment of cortical-hippocampal networks during development. Even though many open 

questions remain, the here presented work sets the stage for future research. 

 One large open question is whether olfactory input during a possible critical period is 

causally involved in the functional development of brain networks that are important for later 

cognitive functions. We have already set out to elucidate this question by transiently inhibiting 

M/TC synaptic transmission during P8-10 and assessing its impact on the development of 

entorhinal-hippocampal networks and later cognitive abilities, with encouraging initial results. 

Another open question is how, interneurons and centrifugal inputs are involved in the 

generation of early activity patterns within the OB. Future work, benefiting from the suite of 

chemogenetic and optogenetic tools as used in this thesis, will provide important insight into 

this and other outstanding questions. Ultimately, this will result in a better understanding of the 

development of the olfactory system and its impact on cortical networks important for cognitive 

abilities.  
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LIST OF ABBREVIATIONS 
 

AAV adenovirus vector 

AON anterior olfactory nucleus 

ArchT archaerhodopsin 

CA Cornu ammonis  

ChR channelrhodopsin 

CNO clozapine-N-oxide 

COA cortical amygdaloid nucleus 

C21 compound 21 

DG dentate gyrus 

DREADDs designer receptors exclusively activated by designer drugs 

E embryonic day 

EC entorhinal cortex 

ETC external tufted cell 

EPL external plexiform layer 

GABA  γ-aminobutyric acid 

GC granule cell 

GCL granule cell layer 

GL glomerular layer 

hM4Di modified version of the human Gαi-coupled M4 muscarinic receptor 

HP hippocampus 

LEC lateral entorhinal cortex 

LFP local field potential 

MC mitral cell 

MCL mitral cell layer 

MD mediodorsal nucleus of the thalamus 

MEC medial entorhinal cortex 

M/TCs mitral and tufted cells 

nLOT nucleus of the lateral olfactory tract 

OB olfactory bulb 

OE olfactory epithelium 

OSN olfactory sensory neurons 

P postnatal day 

PFC prefrontal cortex 

PGC periglomerular cell 

PIR piriform cortex 

RR respiration rhythm 

SAC short-axon cell 

SUA single-unit activity 

SWR sharp-wave ripples 

TC tufted cell 
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S1 Fig (related to Fig 1). Top-down connectivity between OB and LEC in neonatal mice. 

(A) Photographs of a 50 μm–thick coronal section from a P8 mouse depicting retrogradely 

labeled neurons in LEC (middle) after injection of FG into OB (100 μm–thick coronal section, 

left) at P4. Right, counterstaining for CamKII of the same section. (B) Coronal section shown 

in (A) when displayed at higher magnification. CamKII staining (left) enables identification of 

LEC sublayers IIa and IIb as well as laminar dissecans (“l.d.”). FG-labeled cell bodies (middle) 

have been found in layers IIa and IIb as well as layer III. Most but not all FG-labeled cells 

overlapped with CamKIII staining (right). FG, Fluorogold; LEC, lateral entorhinal cortex; OB, 

olfactory bulb; P, postnatal day; PIR, piriform cortex; rf, rhinal fissure. 
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S2 Fig (related to Fig 2). Reversal of RR and theta burst activity in OB of neonatal mice. 

(A) Digital photomontage reconstructing the track of the DiI-labeled recording electrode in the 

ventral OB of a P10 mouse in a 100 μm–thick coronal section stained with green fluorescent 

Nissl. (B) Laminar recording of band-pass (2–4 Hz) LFP activity in OB accompanied by 

respiration as detected by a piezo-electric sensor. Gray boxes indicate the exhalation period. 

(C) Left, laminar recording of band-pass (4–12 Hz) LFP activity in OB. Right, LFP activity (gray 

dotted box) shown at larger magnification. Red line marks signal reversal. EPL, external 

plexiform layer; GCL, granule cell layer; GL, glomerular layer; IPL, internal plexiform layer; 

LFP, local field potential; MCL, mitral cell layer; OB, olfactory bulb; P, postnatal day. 
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S3 Fig (related to Fig 2). Characterization of activity patterns in the dorsal and ventral 

OB of neonatal mice. (A) Left, digital photomontage reconstructing the track of the DiI-labeled 

recording electrode (red) in the dorsal OB of a green fluorescent Nissl-stained 100 μm–thick 

coronal section. The gray dots correspond to multiple recording sites spanning all OB layers. 

Right, the corresponding LFP recording of the oscillatory activity in EPL of a P10 mouse 

displayed band-pass filtered and accompanied by the wavelet spectrogram. (B) Same as A for 

ventral OB. (C) Box plots displaying the power of RR (green) and theta bursts (purple) in the 

dorsal and ventral OB. (D) Box plots displaying the occurrence, duration, and amplitude of 

theta bursts in dorsal and ventral OB. (E) Box plots displaying the mean imaginary coherence 

of RR (green) and theta bursts (purple) between dorsal OB and LEC as well as between ventral 

OB and LEC. In (C)–(E), gray dots correspond to individual animals. (Wilcoxon rank-sum test). 

Data are available in S1 Data. EPL, external plexiform layer; GCL, granule cell layer; GL, 

glomerular layer; IPL, internal plexiform layer; LFP, local field potential; MCL, mitral cell layer; 

OB, olfactory bulb; P, postnatal day.. 

 

 

https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.2006994#pbio.2006994.s012
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S4 Fig (related to Fig 2). Effects of urethane anesthesia on the network activity in 

neonatal OB. (A) Power spectra (mean ± SEM) of LFP recorded in the neonatal OB before 

(blue) and during (red) urethane anesthesia when calculated for the entire trace (left) and for 

concatenated time windows of theta bursts (right). Insets, box plots displaying RR and theta 

area power before and during urethane anesthesia (n = 12, 1 outlier removed). (B) Box plots 

displaying the occurrence and duration of theta bursts as well as the level of discontinuity of 

theta bursts measured as fraction of recording time with activity in theta band in neonatal OB 

(n = 18). Gray dots and lines correspond to individual animals. (*p < 0.05; ***p < 0.001, 

Wilcoxon signed-rank test). Data are available in S1 Data. LFP, local field potential; OB, 

olfactory bulb; P, postnatal day; RR, respiration-related rhythm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.2006994#pbio.2006994.s012
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S5 Fig (related to Fig 3). Optogenetic silencing of MCs in vitro. (A) Top, digital 

photomontage reconstructing by high-resolution confocal imaging the morphology of a 

biocytin-filled (red), EGFP-stained (green) ArchT-positive MC in the OB of a P9 mouse. 

Bottom, same MC displayed at higher magnification. (B) Whole-cell current-clamp recording of 

an MC in the OB of a P10 mouse before (top) and during repeated stimulation with 3 s–long 

yellow light pulses (bottom). Note that the light caused hyperpolarization of RMP and abolished 

firing. (C) Whole-cell current-clamp recordings of an MC in the OB of a P10 mouse during 

simultaneous light stimulation (595 nm, 3 s yellow) and current injection (60 pA, 3 s) meant to 

mimic synaptic inputs. Note the efficient silencing of firing even in the presence of a 

depolarizing current pulse. EGFP, enhanced green fluorescent protein; MC, mitral cell; OB, 

olfactory bulb; P, postnatal day; RMP, resting membrane potential. 
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S6 Fig (related to Fig 3). Membrane potential oscillations of MCs in vitro. Top, 

representative current-clamp recording from a P9 MC (−48 mV) showing membrane potential 

oscillations. Bottom, power spectrum (blue, mean ± SEM) of membrane voltage oscillations of 

MCs with firing rates < 0.1 Hz (blue). Power spectra of individual MCs are shown in gray. MC, 

mitral cell. 
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S7 Fig (related to Fig 4). Effects of urethane anesthesia on the network activity in 

neonatal LEC. (A) Power spectra (mean ± SEM) of LFP recorded in the neonatal LEC before 

(blue) and during (red) urethane anesthesia when calculated for the entire trace (left) and for 

concatenated time windows of theta bursts (right). Insets, box plots displaying RR and theta 

power before and during urethane anesthesia (n = 12, 1 outlier removed, n = 13). (B) Box plots 

displaying the occurrence and duration of theta bursts as well as the level of discontinuity of 

theta bursts measured as a fraction of recording time with activity in theta band in neonatal 

LEC (n = 18). Gray dots and lines correspond to individual animals. (*p < 0.05; ***p < 0.001; 

Wilcoxon signed-rank test). Data are available in S1 Data. LEC, lateral entorhinal cortex; LFP, 

local field potential; RR, respiration-related rhythm. 

 

 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.2006994#pbio.2006994.s012
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S8 Fig (related to Fig 7). Optogenetic activation of MCs in vitro. (A) Top, digital 

photomontage reconstructing by high-resolution confocal imaging the morphology of a 

biocytin-filled (red), EYFP-stained (green) ChR2-positive MC in the OB of a P6 mouse. Bottom, 

same MC displayed at higher magnification. (B) Representative voltage responses of a 

transfected MC to trains of 3 ms–long light stimuli at different frequencies. (C) Bar diagram 

displaying the mean firing probability of transfected neurons in response to repetitive light 

stimulation at different frequencies (n = 4 neurons). Data are available in S1 Data. ChR2, 

channelrhodopsin 2; EYFP, enhanced yellow fluorescent protein; MC, mitral cell; OB, olfactory 

bulb; P, postnatal day. 

https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.2006994#pbio.2006994.s012
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S9 Fig (related to Fig 7). Light-evoked spike responses of MTC in relationship to network 

oscillations. (A) Raw signal, band-pass-filtered LFP (1–100 Hz, theta 4–12 Hz), MUA (<400 

Hz), and SUA spike trains before, during, and after pulsed (8 Hz) light stimulation (473 nm) of 

MTCs in OB of a P8 Cre+ Tbet-cre mouse. (B) Same as (A, dotted box) displayed at larger 

timescale. LFP, local field potential; MTC, mitral and tufted cell; MUA, multiunit activity; OB, 

olfactory bulb; P, postnatal day; SUA, single-unit activity. 
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S10 Fig. Cross-covariance analysis as a measure of directionality of interactions within 

OB–LEC–PIR circuits. 

(A) Left, line plots showing smoothed mean standardized cross-covariance of spike pairs 

recorded from OB and LEC (n = 251), OB and PIR (n = 62), and LEC and PIR (n = 142) that 

have significant coupling at lags between −50 and 50 ms (black dotted lines correspond to 

significance threshold). Right, same plot displayed at higher magnification to highlight the 

cross-covariance peaks for OB–LEC and OB–PIR spike trains. (B) Schematic overview of 

mono- and polysynaptic connectivity between OB, LEC, and PIR as revealed by cross-

covariance analysis of spike trains. (C) Pie charts showing the percentage of monosynaptically 

coupled, polysynaptically coupled, and uncoupled unit pairs. LEC, lateral entorhinal cortex; 

OB, olfactory bulb; PIR, piriform cortex. 
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OB  LEC  

 
Non-

anesthetized 

Urethane-

anesthetized 
p Non-

anesthetized 

Urethane-

anesthetized 

p 

RR area power 

(µV2) 

113.00 

69.88-134.96 

60.21 

44.36-109.41 

0.0771 

105.62 

90.88-126.84 

53.42 

36.38-70.90 

0.0005 

(***) 

Theta burst 

area power 

(µV2) 

110.60 

80.91-148.84 

155.71 

125.65-195.70 

0.0161 

(*) 

88.57 

82.37-102.85 

136.60 

106.63-210.60 

0.0005 

(***) 

Theta burst 

occurrence 

(events/min) 

0.13 

0.07-5.67 

4.20 

3.40-6.60 

0.1024 

3.07 

0.93-3.93 

4.23 

3.80-5.27 

0.0198 

(*) 

Theta burst 

duration (s) 

449.77 

5.12-899.80 

3.62 

2.69-4.38 

0.0002 

(***) 

18.63 

14.27-63.89 

4.34 

3.57-6.17 

0.0002 

(***) 

Time in theta 

burst (%) 

99.95 

77.97-99.98 

26.46 

19.45-35.10 

0.0002 

(***) 

96.14 

93.56-99.42 

30.82 

22.35-59.66 

0.0002 

(***) 

 

 

S1 Table (related to S4 Fig and S7 Fig). Effect of urethane anesthesia on activity patterns 

in neonatal OB and LEC. The values are given as medians and interquartile ranges, and 

significant differences are shown as *p < 0.05, ***p < 0.001 (Wilcoxon signed-rank test). LEC, 

lateral entorhinal cortex; OB, olfactory bulb. 
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Supporting Methods 

Experimental model and subject details 

Mice. Timed-pregnant C57Bl/6J and Tbet-cre mice from the animal facility of the University 

Medical Center Hamburg-Eppendorf as well as B6.Cg-Gt(ROSA)26Sortm40.1(CAG-aop3/EGFP)Hze/J 

mice (Ai40(RCL-ArchT-EGFP)-D, Jackson Laboratory, stock no: 02118), and Tbet-cre;ArchT-

EGFP mice (bred by the animal facility of the University Medical Center Hamburg-Eppendorf) 

were housed individually in breeding cages at a 12 h light / 12 h dark cycle and fed ad libitum. 

Mouse lines used for CLARITY experiments (Tbet-cre mice, B6.Cg-Gt(ROSA)26Sortm9(CAG-

tdTomato)Hze/J (Ai9(RCL-tdT), Jackson Laboratory, stock no: 007909 and Tbet-cre;tdT mice) were 

bred in the animal facility at RWTH Aachen University under similar conditions. The day of 

vaginal plug detection was defined E0.5, while the day of birth was assigned as P0. Male mice 

underwent sensory manipulation, light stimulation, pharmacological treatment and multi-site 

electrophysiological recordings at P8-10. For CLARITY experiments, male and female mice 

were used. Genotypes were determined using genomic DNA and following primer sequence 

(Metabion, Planegg/Steinkirchen, Germany: for Cre in Ai40(RCL-ArchT-EGFP)-D mice: PCR 

forward primer 5’-ATCCGAAAAGAAAACGTTGA-3’ and reverse primer 5’-

ATCCAGGTTACGGATATAGT-3’; for ROSA26-wt PCR forward primer 5’-

AAAGTCGCTCTGAGTTGTTAT-3’ and reverse primer 5’-GGAGCGGGAGAAATGGATATG-

3’; for GFP-tg PCR forward primer 5’-CTGGTCGAGCTGGACGGCGACG-3’ and reverse 

primer 5’-GTAGGTCAGGGTGGTCACGAG-3’; for Cre in Ai9(RCL-tdT) mice: forward primer 

5’ CATGTCCATCAGGTTCTTGC 3’ and reverse primer 5’ AGAGAAAGCCCAGGAGCAG 3’; 

for tdTomato forward primer 5’ GGCATTAAAGCAGCGTATCC 3’ and reverse primer 5’ 

CTGTTCCTGTACGGCATGG 3’. The PCR reactions were as follows: 10 min at 95°C, 30 

cycles of 45 s at 95°C, 90 s at 54°C, 90 s at 72°C, followed by a final extension step of 10 min 

at 72°C (Cre-tg and ROSA26-wt), 10 min at 95°C, 30 cycles of 45 s at 95°C, 90 s at 68°C, 90 

s at 72°C, followed by a final extension step of 10 min at 72°C (GFP-tg). In addition to 

genotyping, EGFP expression in OB prior to surgery was detected using a dual fluorescent 

protein flashlight (Electron microscopy sciences, PA, US).  
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Methods details 

Surgical procedures  

Surgical preparation for electrophysiology and light delivery in vitro. For patch-clamp 

recordings, pups were decapitated and brains were sliced with a vibroslicer (Leica, VT1000S) 

in 300 μm-thick coronal sections in ice-cold oxygenated high sucrose-based artificial cerebral 

spinal fluid (ACSF) containing (in mM) 228 sucrose, 2.5 KCl, 1 NaH2PO4, 26.2 NaHCO3, 11 

glucose, 7 MgSO4 (320 mOsm). Slices were incubated in oxygenated ACSF containing (in mM) 

119 NaCl, 2.5 KCl, 1 NaH2PO4, 26.2 NaHCO3, 11 glucose, 1.3 MgSO4 (320 mOsm) at 37 °C. 

Prior to recordings, slices were maintained at room temperature and superfused with 

oxygenated ACSF. 

Surgical preparation for electrophysiology and light delivery in vivo. For recordings in non-

anesthetized state, 0.5% bupivacain / 1% lidocaine was locally applied on the neck muscles. 

For recordings under anesthesia, mice were injected i.p. with urethane (1 mg/g body weight; 

Sigma-Aldrich, MO, USA) prior to surgery. For both groups, under isoflurane anesthesia 

(induction: 5%, maintenance: 2.5%) the head of the pup was fixed into a stereotaxic apparatus 

using two plastic bars mounted on the nasal and occipital bones with dental cement. The bone 

above the right OB (0-5-0.8 mm anterior to fronto-nasal suture, 0.5 mm lateral to inter-nasal 

suture) as well as LEC (0 mm posterior to lambda, 6-6.5 mm lateral from the midline) was 

carefully removed by drilling a hole of <0.5 mm in diameter. Throughout surgery and recording 

session the mice were maintained on a heating blanket at 37°C.  

Virus injection for transfection of MTCs with ChR2.  

For transfection of mitral cells with ChR2 mutant (E123T/T159C), P0-1 pups were fixed into 

stereotaxic apparatus and received unilateral injections of the viral construct (pAAV-Ef1a-DIO 

hChR2(E123T/T159C)-EYFP, 100 µl at titer ≥ 1×10¹³ vg/mL, Addgene, MA, USA) into right 

OB. A total volume of 200-400 nl was slowly (200-400 nl/min) delivered at a depth of around 

0.5 mm into OB using a micropump (Micro4, WPI, Sarasota, FL). Following injection, the 

syringe was left in place for at least 30 s to avoid reflux of fluid. The surgical openings were 
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sealed with fibrin glue (Surgibond, SMI Sutures). Pups were maintained on a heating blanket 

until full recovery and returned to the dam.  

Electrophysiology 

Electrophysiological recordings in vivo. One-shank electrodes (NeuroNexus, MI, USA) with 16 

recording sites (0.4-0.8 MΩ impedance, 50 µm inter-site spacing for OB, 100 µm inter-site 

spacing for LEC) were inserted into dorsal (depth 0.5-1.2 mm, angle 0°) or ventral OB (1.4-1.8 

mm, angle 0°) as well as in LEC (depth: 2 mm, angle: 10° from the vertical plane). Two-shank 

optoelectrodes (Buzsaki16-OA16LP, NeuroNexus, MI, USA) with 8 recordings sites on each 

shank (1-4 MΩ impedance,  20-40 µm inter-site spacing, 200 µm inter-shank spacing) aligned 

with an optical fiber (50/62.5 µm (etched) diameter) ending 40 μm above the top recording site 

were inserted into ventral OB. Before insertion, the electrodes were covered with DiI (1,1’-

Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate, Molecular Probes, Eugene, 

OR). A silver wire was inserted into the cerebellum and served as ground and reference 

electrode. Before data acquisition, a recovery period of 20 min following the insertion of 

electrodes was provided. Extracellular signals were band-pass filtered (0.1 Hz – 9 kHz) and 

digitized (32 kHz) by a multichannel amplifier (Digital Lynx SX; Neuralynx, Bozeman, MO; 

USA) and Cheetah acquisition software (Neuralynx). The signal from the piezo-electric 

movement detector that was used for assessment of respiration was filtered (<48 Hz) online 

to remove noise. Spontaneous (i.e. not induced by manipulation or stimuli) activity was 

recorded for 15 min at the beginning and end of each recording session and considered 

baseline activity. The position of recording electrodes in OB and LEC was confirmed after 

histological assessment post-mortem: For the analysis of LFP in OB, the recording site 

centered in external plexiform layer was used, whereas for the analysis of spiking activity 

recording sites located in the mitral cell layer (50 µm above and below on the linear probe) 

were considered. Spike time overlap between pairs of units from different sites was below 4%. 

When recordings were done with two-shank optoelectrodes, only one recording site per shank 

was used for spike analysis to ensure that detected units stem from different cells. For the 

analysis of LFP and spiking activity in LEC, only recording sites that were histologically 
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confirmed to be located in LEC were used for analysis. The LFP activity was analyzed at 

recording sites located in superficial layers, whereas the spiking activity was quantified at all 

recording sites confined to LEC. 

Electrophysiological recordings in vitro. Whole-cell patch-clamp recordings were performed 

from MTCs identified by their location in the mitral cell layer and visualized by membrane-

bound EGFP. All recordings were performed at room temperature. Recording electrodes (4-9 

MΩ) were filled with K-gluconate based solution containing (in mM): 130 K-gluconate, 10 

HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 8 NaCl (285 mOsm, pH 7.4) and 0.5% biocytin 

for post-hoc morphological identification of recorded cells. Recordings were controlled with the 

Ephus software [1] in the MATLAB environment (The MathWorks, Inc., MA, USA). Capacitance 

artefacts were minimized using the built-in circuitry of the patch-clamp amplifier (Axopatch 

200B; Molecular devices, CA, USA). The signals were low-pass filtered at 10 kHz and recorded 

online. All potentials were corrected for the liquid junction potential of the gluconate-based 

electrode solution, which according to our measurement was -8.65 mV. The resting membrane 

potential (RMP) was measured immediately after obtaining the whole-cell configuration. For 

the determination of input resistance (Rin), membrane time constant (m) and membrane 

capacitance (Cm) hyperpolarizing current pulses (-60 pA) of 600 ms duration were applied from 

resting membrane potential. Spontaneous membrane oscillations were analyzed offline using 

custom-written scripts in the MATLAB environment (Version 9, MathWorks, Natick, MA). Data 

were band-passed (1-48 Hz) filtered using a third-order Butterworth filter before down-

sampling by factor 10 to 1 kHz. Only neurons with firing rate < 0.1 Hz were considered. 

Morphological investigation 

CLARITY. Neonatal mice of both sexes were sacrificed by decapitation. Brains were sliced 

with a vibroslicer (Leica VT1000S) in 1 mm- (for LEC) and 500 µm-thick (for OB) coronal 

sections. To maintain the structural integrity, the tissue was fixed overnight at 4°C in hydrogel 

fixation solution containing 4% acrylamide, 0.05% bis-acrylamide, 0.25% VA-044 Initiator, 4% 

PFA in PBS-/-. To allow hydrogel formation, oxygen-free conditions were ensured by using a 
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vacuum pump connected to a desiccator and argon environment. After 3 h of incubation at 37 

°C for polymerization, samples were extracted from hydrogel and washed in clearing solution 

containing 200 mM boric acid and 138 mM SDS (pH 8.5) for 24 h at RT. Afterwards, they were 

embedded and maintained in clearing solution at 37 °C for 7 to 10 days. The nuclear marker 

DRAQ5 (1:1000) was added to the samples for at least 2 days before three washing steps with 

PBST (0.1% TritonX in PBS-/-) at RT finished the clearing procedure by removal of SDS. 

Subsequently, the samples were incubated for 24 h in RIMS80 containing 80 g Nycodenz, 20 

mM PS, 0.1% Tween 20, and 0.01% sodium acid.  

Retrograde tracing. For retrograde tracing, anesthetized P3-4 mice were fixed into stereotaxic 

apparatus and received unilateral Fluorogold (FG) (Fluorochrome, LLC, USA) injections into 

OB (0.8 mm anterior from the fronto-nasal suture, 0.8 mm from midline) or LEC (0 mm posterior 

to bregma, 5 mm from midline). A total volume of 50-600 nl for OB and 30-50 nl for LEC was 

slowly (100-800 nl/min) delivered at a depth of 0.5-1 mm (OB) and 0.2 mm (LEC) using a 

micropump (Micro4, WPI, Sarasota, FL). Following injection, the syringe was left in place for 

at least 2 min to avoid reflux of fluid. The surgical openings were sealed with fibrin glue 

(Surgibond, SMI Sutures). Pups were maintained on a heating blanket until full recovery and 

returned to the dam. After 4-5 days, pups were deeply anesthetized and perfused at P8. 

Perfusion. Mice were anesthetized with 10% ketamine (aniMedica, Germany) / 2% xylazine 

(WDT, Germany) in 0.9% NaCl solution (10 µg/g body weight, i.p.) and transcardially perfused 

with Histofix (Carl Roth, Germany) containing 4% paraformaldehyde (PFA). Brains were 

postfixed in 4% paraformaldehyde for 24 h. 

Staining protocols. Mice were terminally anesthetized with an i.p. injection of 10% ketamine 

(aniMedica, Germany) / 2% xylazine (WDT, Germany) in 0.9% NaCl (B. Braun, Melsungen, 

Germany) solution (10 µg/g body weight) and transcardially perfused and post-fixed with 4% 

paraformaldehyde (Carl Roth, Germany). For fluorescent Nissl or bisBenzimide stainings, 

mounted 100 µm-thick sections were rehydrated in PBS and washed in PBST (0.2% Triton) 

and PBS. Sections were incubated for 20 min either with 200 µl of NeuroTrace Fluorescent 
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Nissl stain (1:100 in PBS; Molecular Probes, Eugene, OR, USA) or 200 µl bisBenzimide (5 

µg/ml, Sigma-Aldrich) in a humid chamber. Sections were washed in PBST and PBS and 

mounted with Fluoromount (Sigma-Aldrich). Brain slices used for in vitro recordings were fixed 

in 4% PFA, washed in PBS, blocked and permeabilized (0.8% Triton, Sigma-Aldrich, 5,0% 

normal bovine serum albumin, Jackson Immuno Research, 0.05% sodium azide, Sigma-

Aldrich). Staining with Cyanine dye 2 (Cy2)-conjugated streptavividin (Jackson Immuno 

Research, 1:400 in PBS, with 3% bovine serum albumin, Jackson Immuno Research and 

0.05% sodium azide, Sigma-Aldrich) for 60 min was used to identify biocytin-filled cells. After 

washing in PBS, slices where mounted with Fluoromount. For GABA staining, 50 µm-thick 

coronal brain sections containing the LEC were treated with PBS containing 0.2% Triton-X100 

(Sigma-Aldrich), 10% normal bovine serum (Jackson Immuno Research) and 10% donkey 

serum (Millipore). Sections were incubated overnight at 4°C with rabbit polyclonal primary 

antibody against GABA (gamma-aminobutyric acid) (1:1000, #A2053, Sigma-Aldrich) or 

CamKII (1:200, PA5-38239, Thermo Fisher Scientific, MA, USA) and Alexa Fluor-568 donkey 

anti-rabbit IgG secondary antibody (1:1000, A10042, Invitrogen).  

Microscopy and image acquisition. Wide-field fluorescence images were acquired to 

reconstruct the position of the DiI-labeled recording electrodes in brain slices of investigated 

pups and to take overview images for retrograde tracing experiments. Photographs were taken 

using an Olympus SZX16 microscope and an Olympus DP72 camera. Overlay images were 

created using Olympus cellSens Software, ImageJ or Photoshop. Magnification images of 

fluorogold-labeled cell bodies were acquired using a Zeiss Axio scope 2 MOT and a Zeiss 

AxioXam HRc. Close-up images of EGFP expression in OB and LEC as well as of biocytin-

stained cells were acquired on a confocal microscope (DM IRBE, Leica, Germany). For 

CLARITIY experiments, imaging was performed with Leica DM 6000 CFS microscope, a 

CLARITY-optimized HC FLUOTAR L 25x/1.00 IMM objective, and a cooled CCD camera 

(DFC365 FX; Leica Microsystems). Confocal images of cleared samples were acquired 

sequentially exciting with a 638 nm laser for DRAQ5 and a 552 nm laser for tdTomato using a 

Hybrid detector (Leica Microsystems). 
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Manipulations 

Light stimulation in vitro. Whole-cell current-clamp recordings were performed from ArchT-

EGFP or ChR2-EYFP expressing mitral cells in coronal slices of the neonatal Tbet-cre;ArchT 

mice or Tbet-cre mice transfected with a cre-dependent virus carrying ChR2. Yellow light 

pulses (595 nm) of different light intensities (1.5-19.3 mW mm-2) were applied for 5 s (ramp up 

1 s, 3 s constant light intensity, ramp down 1 s) at resting membrane potential to test the effect 

on the membrane potential. During spontaneous action potential firing light pulses of 0.77 mW 

were repeatedly applied for 5 min (pulse duration 5 s, inter-pulse interval 10 s). Light 

stimulation (intensity: ~0.77 mW) was paired with current injections of 20 to 60 pA. Trains of 

blue light pulses (470 nm, 3 ms, 7.2-50.7 mW mm-2) with different frequencies were applied at 

resting membrane potential to induce action potential firing in ChR2-transfected mitral cells. 

Light stimulation in vivo. Inhibition of MTC activity was achieved by trapezoid light stimulation 

applied using a diode pumped solid state (DPSS) laser (Cobolt Mambo, 594 nm, Omicron, 

Austria). Resulting laser power was 300 mW/mm2 at the fiber tip of optoelectrode. No light 

artifacts were observed. A trapezoid-shaped light stimulus with 1 s rise time, 10 s constant 

period, 1 s fall time, and a 48 s inter-stimulus interval was presented 30 times. For activation 

of MTCs, pulsed (laser on-off) light stimulations (3ms) were performed with a diode laser 

(473 nm; Omicron, Austria). Resulting light power on was in the range of 38.2–103.8 mW mm-

2 at the fibre tip. Both lasers where controlled with an arduino uno (Arduino, Italy). 

Estimation of light propagation. The spatial pattern of light propagation in vivo was estimated 

using a recently developed model [2] based on Monte Carlo simulation (probe parameters: 

light fibre diameter: 50 µm, numerical aperture: 0.22, light parameters: 594 nm, 0.6 mW).  

Naris occlusion. One naris was closed using silicon adhesive (Kwik-Sil, World Precision 

Instruments). After a recovery period of five minutes, the recording was pursued while one 

naris was sealed. 

Pharmacological inactivation. To block the firing of OB neurons, lidocaine hydrochloride 

(Sigma-Aldrich, 4 µl, 4% in 0.9% NaCl, pH 7.0 with NaOH) was slowly (800 nl/min) infused into 
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the OB (1 mm depth) using a 10 µl Hamilton syringe attached to a micropump. The volume of 

lidocaine was calculated to ensure inactivation of 90% of OB neurons according to the 

spherical volume equation [3]. The confinement of lidocaine to OB was confirmed by injection 

of 4 µl methylene blue (Sigma-Aldrich) into OB using the same coordinates. For analysis, LFP 

and MUA during baseline conditions (30 min before injection of lidocaine) were compared with 

the activity recorded during the first 30 min after lidocaine application. 

Lesion of nasal epithelium. Methimazole (Sigma-Aldrich, 100 mg/kg in sterile saline) or saline 

was injected intraperitoneally at P3. Extracellular recordings of LFP and MUA were performed 

in P8-10 controls (i.e. saline-treated) and methimazole-treated pups. Monitoring of weight from 

P3 to P8 showed that methimazole-treated pups (n=11) gained less weight when compared to 

their saline-treated littermates (n=13) (p=6.40 x10-5, Wilcoxon rank-sum test, saline: median: 

108.61, iqr: 89.02-120.04; methimazole: median: 52.51, iqr: 30.64-78.85). This effect might be 

due to the difficulties of pups with a degenerated nasal epithelium to find dam’s nipple for 

feeding. 

Odor stimulation. An eight channel dilution olfactometer (Aurora Scientific) was used for 

stimulus delivery. Clean air was passed through an activated charcoal filter and separated into 

a stream of clean air and a stream passing through one of the odor vials. A continuous stream 

of clean air was delivered to the animal’s nose. During stimulus presentation, odorized air was 

mixed with clean air (40:60) and presented at a flow rate of 200 sccm. Each of the stimuli was 

presented 8-10 times for 2 s with a 30 s gap (randomized order). Vacuum removal of odors 

after stimulus presentation was ensured. 

Quantification and statistical analysis 

Immunohistochemistry quantification. Images were analyzed using ImageJ. To quantify FG-

labeled and double (FG and GABA)-labeled cell bodies, manual cell counting was performed 

using ImageJ (cell counting plug in).  

Detection of respiration frequency. Respiration was monitored using a piezo-electric sensor 

placed under the pup’s chest. Deflections were detected using MATLAB ‘findpeaks’ function 
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on 5 minute long data segments. Large negative peaks marked the transition from inhalation 

to exhalation.  

LFP analysis. Data were analyzed offline using custom-written scripts in the MATLAB 

environment (Version 9, MathWorks, Natick, MA). Data were first low-passed filtered (<100 

Hz) using a third-order Butterworth filter before downsampling by factor 20 to 1.6 kHz to 

analyze LFP. All filtering procedures were performed in a manner preserving phase 

information.  

Detection of oscillatory activity. Discontinuous network oscillations in the LFP recorded from 

OB and LEC were detected using a previously developed unsupervised algorithm [4]. Briefly, 

deflections of the root mean square of band-pass filtered (1-100 Hz) signals exceeding a 

variance-depending threshold (2.5 times the standard-deviation from the mean) were assigned 

as oscillatory periods. Only oscillatory periods lasting at least 1 s were considered for analysis.  

Power spectral density. Power spectral density was calculated using Welch’s method. 

Oscillatory periods (for theta), entire signal (for RR) or periods of light stimulation were divided 

into segments of 3 s length and concatenated. The power spectra of resulting data were 

calculated for an fft length of 213 and were used to determine the area power for specific 

frequency bands using trapezoidal numerical integration. Time-frequency plots of power were 

calculated with a continuous wavelet transform (Morlet wavelet).  

Coherence. The imaginary part of coherence, which is insensitive to volume-conduction-based 

effects [5], was calculated by taking the absolute value of the imaginary component of the 

normalized cross-spectrum: 

𝐶𝑋𝑌(𝑓) = |𝐼𝑚 (
𝑃𝑋𝑌(𝑓)

√𝑃𝑋𝑋(𝑓)𝑃𝑌𝑌(𝑓)
)| 

Frequency domains with significant coherence were determined by Monte Carlo simulation. 

For this, the LFP segments from one region were shuffled with respect to data from the other 

region and the coherence was calculated. Shuffling was performed 1000 times and the 95th 

percentile of the resulting distribution was used as significance threshold.  
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Inter-regional LFP phase difference. Frequency-dependent phase differences between OB 

and LEC were calculated as follows: First, signals from both regions were bandpass filtered 

(2-4 Hz, 4-12 Hz) using a third-order Butterworth filter preserving phase information. 

Subsequently, a Hilbert transform was applied to filtered signals to obtain the instantaneous 

phase. Only phase information extracted during simultaneous theta bursts was used. The LEC 

phase was subtracted from the OB phase, which means that positive values correspond to 

LEC preceding OB signal. 

The optogenetic modulation index (OMI) was calculated as 

𝑃𝑜𝑤𝑒𝑟𝑑𝑢𝑟𝑖𝑛𝑔 − 𝑃𝑜𝑤𝑒𝑟𝑝𝑟𝑒

𝑃𝑜𝑤𝑒𝑟𝑑𝑢𝑟𝑖𝑛𝑔 + 𝑃𝑜𝑤𝑒𝑟𝑝𝑟𝑒
. 

Spike sorting. Spike sorting was performed offline based on waveform shape using spike 

sorting software (Plexon). The raw signal was high-pass filtered (>400 Hz) and the threshold 

for spike detection was set individually at around -6 standard deviations from the mean. A 

group of similar waveforms was considered as being generated from a single neuron if it 

defined a discrete cluster in a 2D/3D space and exhibited a clear refractory period (>1 ms) in 

the interspike interval histogram. The quality of separation between identified clusters was 

assessed by four different statistical measurements: the classical parametric F statistic of 

multivariate analysis of variance (MANOVA), the J3 and PseudoF (Psf) statistics and the 

Davies-Bouldin validity index (DB) [6,7]. The values of statistical testing in OB ranged between 

4.45x10-10 and 0.17 for MANOVA, 0.4 and 14.24 for J3, 360.63 and 61876.9 for PsF, and 0.26 

and 0.69 for DB, whereas in LEC they ranged between 3.70x10-11 and 0.07 for MANOVA, 0.85 

and 6.80 for J3, 401.76 and 9332.15 for PsF, and 0.14 and 0.46 for DB. A total number of 122 

units were clustered in OB and 254 in LEC. One to four units per recording site were identified. 

Spike-LFP coupling. Intra- and inter-regional phase locking of spiking of clustered units to 

network oscillations was assessed using a previously described algorithm [8,9]. For this, the 

raw LFP signal was bandpass filtered (2-4 Hz, 4-12 Hz) using a third-order Butterworth filter 

preserving phase information. Subsequently, a Hilbert transform was applied to the filtered 
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signal to obtain the instantaneous phase. If the firing of a neuron was modulated by oscillations 

within a specific frequency band, then its phase over the oscillatory cycle should be not 

uniformly distributed. Phases of π referred to the trough and phases of 0/2π referred to the 

peak of the cycle. The coupling between spikes and network oscillations was tested for 

significance using the Rayleigh test for non-uniformity. The spike trains were converted into a 

sequence of unit length vectors oriented by the phase of their corresponding spikes. The value 

of Rayleigh’s R statistic indicates strength of phase coupling (or degree of non-uniformity) 

between unit events and field potential and was computed as  

𝑅 = 𝑛𝑟 

Where r denotes the mean resultant vector (MRV) length of the given phase series and n is 

the number of phase values. The probability that the null hypothesis of sample uniformity holds 

is given by 

𝑃 =  𝑒√1+4𝑛+4(𝑛2−𝑅2)−(1+2𝑛) 

Only neurons that showed significant phase locking were considered for analysis of preferred 

phase. To compare distributions of preferred phases, Kuiper’s two-sample test was used. 

Locking strength was calculated as MRV length. When assessing the locking to RR, all 

detected spike were used, where as when assessing the locking to theta band activity, only 

spikes occurring during theta bursts were used. Whenever a comparison between groups with 

different spike numbers was performed, either phase locking was calculated using a fixed spike 

number for both groups, or pair-wise phase consistency, a spike number-independent 

measure [10], was used. For this, pairwise phase consistency was calculated as 

𝑃𝑃𝐶 =
2

𝑁(𝑁 − 1)
∑ ∑ 𝑐𝑜𝑠(𝑑(𝜃𝑗 , 𝜃𝑘))

𝑁

𝑘=𝑗+1

𝑁−1

𝑗=1

 

where, j, k are the phases of LFP samples assigned to the contemporaneous spikes, N is 

the number of spikes, and d(,) is the absolute angular distance defined as the function 

𝑑(𝜑, 𝜔) = |𝜑 −  𝜔| 𝑚𝑜𝑑 𝜋 
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PPC=1 indicates complete phase consistency, whereas PPC=0 indicates lack of phase 

locking.  

For phase-locking analysis during light stimulation of hChR2-transfected neurons, only units 

with at least 25 spikes during the total stimulation time were used. To exclude effects due to 

firing rate differences, a fixed number of 25 spikes was used for all units and phase-locking 

was calculated. This procedure was repeated 1000 times and the median of the resultant 

vector length and of the preferred phase was used. To assess statistical significance of phase-

locking, a unit was considered as being significantly locked if more than 95% of the calculated 

p-values were significant. 

Cross-covariance of spike trains. The analysis of timing between pairs of simultaneously 

recorded spike trains form OB and LEC, PIR and LEC, as well as OB and PIR was performed 

as previously described [9]. For two spike trains 𝑁𝑖 and 𝑁𝑗, the cross-covariance estimate was 

calculated as  

�̂�𝑖𝑗(𝑢) =
𝐽𝑖𝑗

𝑇,𝑏(𝑢)

𝑏𝑇
− �̂�𝑖�̂�𝑗, 

where 𝐽𝑖𝑗
𝑇,𝑏(𝑢) is the cross-correlation histogram with bin size 𝑏 and observation period 𝑇 and  

�̂�𝑖 =
𝑁𝑖(𝑇)

𝑇
, �̂�𝑗 =

𝑁𝑗(𝑇)

𝑇
. The standardized cross-covariance was calculated as  

𝑄𝑖𝑗(𝑢) = √
𝑏𝑇

𝑃𝑖𝑃𝑗
�̂�𝑖𝑗(𝑢), 

with 𝑃𝑖 , 𝑃𝑗  being the mean firing rates. Only pairs of units with firing rates > 0.05 Hz were 

considered. 

Statistics. Statistical analysis was performed using SPSS Statistics 22 (IBM, NY) or MATLAB. 

Gaussian distribution of the data was assessed using the Kolmogorov-Smirnov test for sample 

size >10. None of the data sets were normally distributed. Therefore, data were tested for 

significance using Wilcoxon signed-rank test (2 related samples), Wilcoxon rank-sum test (2 

unrelated samples), Friedman test (>2 related samples; Wilcoxon signed-rank post hoc test 
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with Bonferroni correction) and Kruskal-Wallis test (>2 unrelated samples; Wilcoxon rank-sum 

test post hoc test with Bonferroni correction). Differences in proportions were tested using 2 

test. For classification of single unit responses to light stimulation, significant firing rate 

changes were assessed statistically using Wilcoxon signed-rank test. Data are represented as 

median and inter-quartile range. Outliers were removed when their distance from 25th or 27th 

percentile exceeded 1.5 times the inter-quartile-range. 
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Fig. S1. Urethane anesthesia does not affect spectral features and timing of activity 

in neonatal mice. (A) Line plots displaying the imaginary coherence between PFC-HP 

and LEC-OB in neonatal mice (P8-10) as a function of frequency before (black) and after 

(green) urethane injection. Violin plots displaying the MI of the imaginary coherence in 

delta (2-4 Hz), theta-alpha (4-12 Hz), beta (12-30 Hz) and gamma (30-100 Hz) frequency 

bands. (B) Line plots displaying the PPC of MUA to the oscillatory phase before and after 

urethane injection. (C) Violin plots displaying the MI of PPC in delta, theta, beta and 

gamma frequency bands. (D) Line plots displaying the slope of the 1/f decay for gamma 

frequencies over time. Green lines mark the time point of urethane injection. (E) Line plots 

displaying the sample entropy as a function of frequency before and after urethane 
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injection. (F) Violin plots displaying the MI of the sample entropy in delta, theta, beta and 

gamma frequency bands. 
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Fig. S2. Frequency-specific effects of urethane anesthesia in juvenile mice. (A) 

Schematic representation of experimental paradigm of LFP recordings in PFC of non-

anesthetized and urethane-anesthetized juvenile mice (P24-39). (B) Color-coded MI of 

oscillatory power for full signal before and after urethane injection. Green line corresponds 

to the time point of urethane injection. (C) Violin plots displaying the MI of oscillatory power 

in delta (2-4 Hz), theta-alpha (4-12 Hz), beta (12-30 Hz) and gamma (30-100 Hz) 

frequency bands for full signal. 
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Fig. S3. Machine learning algorithm. Flowchart depicting steps for machine learning 

algorithm. 
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Fig. S4. Median amplitude is most informative for predicting anesthetic 

concentration in neonatal mice. (A) Bar plot displaying the feature ranking for 

anesthesia depth prediction by mutual information between each feature and anesthesia 

depth. (B) Scatter plot displaying predicted isoflurane concentration using features of LFP 

recordings from PFC and HP of urethane-anesthetized mice. Green line marks the time 

point of urethane injection. 
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Fig. S5. EEG data processing. Flowchart depicting analysis steps for EEG data 

processing. 
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Fig. S6. Age-dependent switch from broadband suppression to frequency-specific 

effects of general anesthesia on EEG activity for post conceptual age and frontal 

electrodes. (A) Scatter plot displaying the correlation coefficient of median EEG 

amplitude and anesthetic concentration in relationship to expected birth age for 

sevoflurane (black), isoflurane (red), and desflurane (blue). (B) Scatter plot displaying the 

correlation coefficient of median EEG amplitude of frontal electrodes and anesthetic 

concentration in relationship to birth age for sevoflurane (black), isoflurane (red), and 

desflurane (blue). (C) Line plots displaying normalized EEG amplitude of frontal 

electrodes as a function of anesthetic concentration. (D) Color-coded MI of median EEG 

amplitudes of frontal electrodes in different frequency bands as a function of anesthetic 

concentration for human babies of 0-2 months (left), 2-4 months (middle) and 4-6 months 

(right). 
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Fig. S7. Features predicting anesthetic concentration from EEG recordings in 

human infants. (A) Violin plots displaying mutual information between each feature and 

predicted anesthetic concentration for amplitude-related features (left) and frequency-

related features (right) for human infants of 0-2 months of age. (B) Same as (A) for human 
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infants of 2-4 months of age. (C) Same as (A) for human infants of 4-6 months of age. (D) 

Same as (A) for human infants of 0-6 months of age. 
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Fig. S8. Reduced data set of EEG activity is still predictive for anesthetic 

concentration in human infants. (A) Scatter plots displaying measured anesthetic 

concentration and predicted anesthetic concentration of support vector regression for all 

predictions (left) and absolute difference between measured and predicted anesthetic 

concentration (right) for a reduced training data set of 20%. (B) Scatter plots displaying 

measured anesthetic concentration and predicted anesthetic concentration of support 

vector regression for all predictions (left) and absolute difference between measured and 

predicted anesthetic concentration (right) for reduced EEG data of 4 channels (F4, P4, 

F3, P3). (C) Same as (B) for reduced EEG data of 2 channels (P4, P3). 
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Tab. S1. Demographic information. 

  All Subjects Age Groups 

 0-6 months 0-2 months 2-4 months 4-6 months 

  N=35 n=6 n=19 n=10 

Age  at birth (weeks; 
median, IQR) 

38.00 [36.64, 
39.00] 

39.71 [38.25, 
40.53] 

37.00 
[34.00, 
39.00] 

39.00 
[37.44, 
39.00] 

PNA (months; median, 
IQR)) 3.06 [2.64, 4.42] 

1.51 [1.36, 
1.73] 

2.89 [2.74, 
3.52] 

5.54 [5.08, 
5.91] 

Weight (kg, median, 
IQR) 5.97 [4.89, 7.09] 

4.91 [4.80, 
5.01] 

5.76 [4.89, 
6.62] 

7.29 [6.42, 
8.10] 

Male (n, %) 30 (85.7)  5 (83.3)  16 (84.2)  9 (90.0)  

     

Duration of Anesthesia 
(mins; median, IQR) 

114.00 [82.5, 
181.00] 

190.00 
[123.50, 
211.50] 

114.00 
[85.00, 
154.00] 

89.00 [76.5, 
181.75] 

 

ID 
Age at 
birth 
(weeks) 

Postnatal 
age 
(months) 

Weight 
(kg) 

Sex Surgery 
Duration 
Anesthesia 

1 39,0 0,53 3,7 Female Anorectoplasty 217 

2 38,0 1,35 5,7 Male Hernia Repair 103 

3 41,0 1,41 4,8 Male Hernia Repair 93 

4 40,4 1,61 5,0 Male 
Extrophy of 
Bladder Closure, 
Spica Cast 

185 

5 40,6 1,77 4,8 Male 
Colostomy 
Closure 

268 

6 37,5 1,87 5,0 Male 
Hernia Repair, 
Frenulotomy 

195 

7 39,0 2,04 5,0 Male Circumcision 60 

8 42,0 2,60 6,0 Male Hernia Repair 89 

9 34,0 2,60 4,8 Male Hernia Repair 103 

10 29.1 2,69 3,3 Male 
Hernia Repair, 
Circumcision 

152 

11 39,0 2,73 7,2 Male 
Hernia Repair, 
Orchidopexy 

187 

12 30,3 2,76 3,4 Male Hernia Repair 149 

13 35,4 2,79 4,7 Male 
Hernia Repair, 
Meatoplasty 

114 

14 34,0 2,83 5,0 Male Hernia Repair 79 

15 39,0 2,89 6,1 Female Hernia Repair 96 

16 37,0 2,89 6,3 Male Hernia Repair 140 

17 39,0 3,02 5,8 Female Vaginoscopy 156 
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18 29,0 3,06 4,2 Male Hernia Repair 185 

19 38,0 3,45 6,9 Male Hernia Repair 72 

20 39,0 3,52 7,2 Male Fistulotomy 58 

21 37,0 3,52 6,1 Female Nephrectomy 170 

22 37,0 3,58 5,7 Male Hernia Repair 118 

23 41,0 3,71 5,8 Male Hernia Repair 102 

24 39,0 3,81 7,0 Male Pyleoplasty 177 

25 39,0 3,81 7,6 Male Fistulotomy 81 

26 39,0 4,04 7,4 Male Hernia Repair 94 

27 42,0 4,80 6,3 Female Hernia Repair 76 

28 29,1 5,03 7,8 Male Hernia Repair 78 

29 38,0 5,26 6,3 Male 
Hypospadias 
Repair 

22 

30 39,0 5,36 8,5 Male Orchidopexy 76 

31 39,1 5,72 7,2 Male 
Colostomy 
Closure 

310 

32 29,0 5,78 9,1 Male Fistulotomy 62 

33 40,4 5,95 8,2 Male 
Hypospadias 
Repair 

189 

34 39,0 6,01 6,7 Male Chordee Release 160 

35 30,3 6,05 3,2 Male Circumcision 84 

 

 

Tab. S2. Statistics summary. 

Figure 1B Figure 1B Figure 1B Figure 1B 

    
Active periods PFC Active periods HP Active periods LEC Active periods OB 

one-way anova one-way anova one-way anova one-way anova 
Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

    

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Response: art(variable) Response: art(variable) Response: art(variable) Response: art(variable) 
    

       Error Df Df.res F value     
Pr(>F)     

       Error Df Df.res F value    
Pr(>F)     

       Error Df Df.res F value     
Pr(>F)     

       Error Df Df.res F value     
Pr(>F)     

1 time anm:t  3     54  59.792 
< 2.22e-16 *** 

1 time anm:t  3     54   35.13 
9.916e-13 *** 

1 time anm:t  3     60  29.392 
8.1185e-12 *** 

1 time anm:t  3     60  27.283 
2.9636e-11 *** 

--- --- --- --- 

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

 contrast   estimate       SE df 
t.ratio p.value 

 contrast  estimate       SE df 
t.ratio p.value 

 contrast   estimate      SE df 
t.ratio p.value 

 contrast   estimate     SE df 
t.ratio p.value 

 1 - 2     35.000000 3.280084 
54  10.670  <.0001 

 1 - 2    31.894737 3.912163 
54   8.153  <.0001 

 1 - 2     26.285714 3.86664 
60   6.798  <.0001 

 1 - 2    28.4761905 4.2771 60   
6.658  <.0001 

 1 - 3     40.105263 3.280084 
54  12.227  <.0001 

 1 - 3    36.631579 3.912163 
54   9.364  <.0001 

 1 - 3     29.142857 3.86664 
60   7.537  <.0001 

 1 - 3    32.5714286 4.2771 60   
7.615  <.0001 
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 1 - 4     29.000000 3.280084 
54   8.841  <.0001 

 1 - 4    26.947368 3.912163 
54   6.888  <.0001 

 1 - 4      4.666667 3.86664 60   
1.207  0.6249 

 1 - 4    32.9523810 4.2771 60   
7.704  <.0001 

 2 - 3      5.105263 3.280084 
54   1.556  0.4118 

 2 - 3     4.736842 3.912163 
54   1.211  0.6228 

 2 - 3      2.857143 3.86664 60   
0.739  0.8810 

 2 - 3     4.0952381 4.2771 60   
0.957  0.7739 

 2 - 4     -6.000000 3.280084 
54  -1.829  0.2711 

 2 - 4    -4.947368 3.912163 
54  -1.265  0.5891 

 2 - 4    -21.619048 3.86664 
60  -5.591  <.0001 

 2 - 4     4.4761905 4.2771 60   
1.047  0.7229 

 3 - 4    -11.105263 3.280084 
54  -3.386  0.0071 

 3 - 4    -9.684211 3.912163 
54  -2.475  0.0754 

 3 - 4    -24.476190 3.86664 
60  -6.330  <.0001 

 3 - 4     0.3809524 4.2771 60   
0.089  0.9997 

    

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

    
Figure 1D Figure 1D Figure 1D Figure 1D 

    
Power full signal PFC Power full signal HP Power full signal LEC Power full signal OB 

two-way anova two-way anova two-way anova two-way anova 
Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

    

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Response: art(variable) Response: art(variable) Response: art(variable) Response: art(variable) 
    

            Error Df Df.res F value     
Pr(>F)     

            Error Df Df.res F value     
Pr(>F)     

            Error Df Df.res F value     
Pr(>F)     

            Error Df Df.res F value   
Pr(>F)   

1 cond      anm:c  1     18  
69.487 1.3576e-07 *** 

1 cond      anm:c  1     18  
46.382 2.2384e-06 *** 

1 cond      anm:c  1     20  
29.561 2.5383e-05 *** 

1 cond      anm:c  1     20  
4.2525 0.052427 . 

2 cond:freq anm::  3     54  
61.935 < 2.22e-16 *** 

2 cond:freq anm::  3     54  
48.874 2.0854e-15 *** 

2 cond:freq anm::  3     60  
14.028 4.8921e-07 *** 

2 cond:freq anm::  3     60  
3.6152 0.018139 * 

--- --- --- --- 

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

    

Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison 

delta theta beta gamma delta theta beta gamma delta theta beta gamma delta theta beta gamma 
3.051758e-05 1.525879e-05 
1.525879e-05 1.525879e-05 

1.525879e-05 1.525879e-05 
1.525879e-05 1.525879e-05 

0.08628464 4.703522e-03 
3.814697e-06 0.0003356934 

1.00000000 2.883911e-03 
1.171112e-03 0.0171394348 

  
  

Power active periods PFC Power active periods HP Power active periods LEC Power active periods OB 

two-way anova two-way anova two-way anova two-way anova 
Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

    

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Response: art(variable) Response: art(variable) Response: art(variable) Response: art(variable) 
    

            Error Df Df.res F value     
Pr(>F)     

            Error Df Df.res F value    
Pr(>F)    

            Error Df Df.res F value     
Pr(>F)     

            Error Df Df.res F value   
Pr(>F)   

1 cond      anm:c  1     18  
22.274 0.00017099 *** 

1 cond      anm:c  1     18 
13.4602 0.0017565 ** 

1 cond      anm:c  1     20  
17.512 0.00045669 *** 

1 cond      anm:c  1     20  
1.3282 0.262711   

2 cond:freq anm::  3     54  
13.800 8.5004e-07 *** 

2 cond:freq anm::  3     54  
4.4602 0.0071739 ** 

2 cond:freq anm::  3     60  
11.020 7.3369e-06 *** 

2 cond:freq anm::  3     60  
2.5393 0.064904 . 

--- --- --- --- 

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison 

delta theta beta gamma delta theta beta gamma delta theta beta gamma delta theta beta gamma 
2.471924e-02 9.650116e-01 
1.000000e+00 2.857971e-02 

9.012909e-01 7.232666e-02 
4.943848e-02 6.256104e-01 

1.00000000 1.907349e-05 
4.703522e-03 0.0862846375 

0.11605835 9.713669e-01 
2.840424e-02 0.0862846375 

    
Figure 1E Figure 1E Figure 1E Figure 1E 

    
Log firing rate full signal 
PFC Log firing rate full signal HP 

Log firing rate full signal 
LEC Log firing rate full signal OB 

one-way anova one-way anova one-way anova one-way anova 
Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

    

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Response: art(variable) Response: art(variable) Response: art(variable) Response: art(variable) 
    

       Error Df Df.res F value     
Pr(>F)     

       Error Df Df.res F value     
Pr(>F)     

       Error Df Df.res F value    
Pr(>F)     

       Error Df Df.res F value    
Pr(>F)    

1 time anm:t  3     54  27.752 
5.3925e-11 *** 

1 time anm:t  3     54  13.869 
8.0251e-07 *** 

1 time anm:t  3     60  12.998 
1.204e-06 *** 

1 time anm:t  3     60  5.1927 
0.0029577 ** 

--- --- --- --- 

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

 contrast   estimate       SE df 
t.ratio p.value 

 contrast   estimate      SE df 
t.ratio p.value 

 contrast      estimate       SE 
df t.ratio p.value 

 contrast   estimate       SE df 
t.ratio p.value 

 1 - 2    18.3684211 2.347886 
54   7.823  <.0001 

 1 - 2     9.3684211 1.71104 
54   5.475  <.0001 

 1 - 2     1.123810e+01 
2.139859 60   5.252  <.0001 

 1 - 2     6.3333333 2.434027 
60   2.602  0.0551 

 1 - 3    18.5263158 2.347886 
54   7.891  <.0001 

 1 - 3     9.7105263 1.71104 
54   5.675  <.0001 

 1 - 3     1.123810e+01 
2.139859 60   5.252  <.0001 

 1 - 3     9.4047619 2.434027 
60   3.864  0.0015 

 1 - 4    14.1578947 2.347886 
54   6.030  <.0001 

 1 - 4     5.8684211 1.71104 
54   3.430  0.0062 

 1 - 4     1.009524e+01 
2.139859 60   4.718  0.0001 

 1 - 4     5.6904762 2.434027 
60   2.338  0.1009 

 2 - 3     0.1578947 2.347886 
54   0.067  0.9999 

 2 - 3     0.3421053 1.71104 
54   0.200  0.9971 

 2 - 3     1.421085e-14 
2.139859 60   0.000  1.0000 

 2 - 3     3.0714286 2.434027 
60   1.262  0.5905 

 2 - 4    -4.2105263 2.347886 
54  -1.793  0.2877 

 2 - 4    -3.5000000 1.71104 
54  -2.046  0.1844 

 2 - 4    -1.142857e+00 
2.139859 60  -0.534  0.9504 

 2 - 4    -0.6428571 2.434027 
60  -0.264  0.9935 

 3 - 4    -4.3684211 2.347886 
54  -1.861  0.2571 

 3 - 4    -3.8421053 1.71104 
54  -2.245  0.1241 

 3 - 4    -1.142857e+00 
2.139859 60  -0.534  0.9504 

 3 - 4    -3.7142857 2.434027 
60  -1.526  0.4286 

    

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

P value adjustment: tukey 
method for comparing a family 
of 4 estimates  

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

    
Log firing rate active 
periods PFC 

Log firing rate active 
periods HP 

Log firing rate active 
periods LEC 

Log firing rate active 
periods OB 

one-way anova one-way anova one-way anova one-way anova 
Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

    

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Response: art(variable) Response: art(variable) Response: art(variable) Response: art(variable) 
    

       Error Df Df.res F value    
Pr(>F)    

       Error Df Df.res F value  
Pr(>F)   

       Error Df Df.res F value     
Pr(>F)     

       Error Df Df.res F value  
Pr(>F)   

1 time anm:t  3     54  4.7319 
0.0052906 ** 

1 time anm:t  3     54  1.9002 
0.14053   

1 time anm:t  3     60  11.826 
3.4682e-06 *** 

1 time anm:t  3     60  1.0235 
0.38868   

--- --- --- --- 
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Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

 contrast   estimate       SE df 
t.ratio p.value 

 contrast estimate       SE df 
t.ratio p.value 

 contrast  estimate       SE df 
t.ratio p.value 

 contrast   estimate       SE df 
t.ratio p.value 

 1 - 2     7.3684211 2.394314 
54   3.077  0.0168 

 1 - 2    2.052632 1.936114 54   
1.060  0.7149 

 1 - 2    -3.761905 2.429108 
60  -1.549  0.4155 

 1 - 2    -3.2380952 2.486221 
60  -1.302  0.5650 

 1 - 3     7.7368421 2.394314 
54   3.231  0.0110 

 1 - 3    3.368421 1.936114 54   
1.740  0.3136 

 1 - 3    -4.761905 2.429108 
60  -1.960  0.2145 

 1 - 3    -2.4285714 2.486221 
60  -0.977  0.7631 

 1 - 4     6.8947368 2.394314 
54   2.880  0.0283 

 1 - 4    4.368421 1.936114 54   
2.256  0.1214 

 1 - 4     8.238095 2.429108 
60   3.391  0.0066 

 1 - 4    -4.1428571 2.486221 
60  -1.666  0.3503 

 2 - 3     0.3684211 2.394314 
54   0.154  0.9987 

 2 - 3    1.315789 1.936114 54   
0.680  0.9044 

 2 - 3    -1.000000 2.429108 
60  -0.412  0.9763 

 2 - 3     0.8095238 2.486221 
60   0.326  0.9880 

 2 - 4    -0.4736842 2.394314 
54  -0.198  0.9972 

 2 - 4    2.315789 1.936114 54   
1.196  0.6319 

 2 - 4    12.000000 2.429108 
60   4.940  <.0001 

 2 - 4    -0.9047619 2.486221 
60  -0.364  0.9834 

 3 - 4    -0.8421053 2.394314 
54  -0.352  0.9849 

 3 - 4    1.000000 1.936114 54   
0.516  0.9548 

 3 - 4    13.000000 2.429108 
60   5.352  <.0001 

 3 - 4    -1.7142857 2.486221 
60  -0.690  0.9007 

  
 

 

P value adjustment: tukey 
method for comparing a family 
of 4 estimates  

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

P value adjustment: tukey 
method for comparing a family 
of 4 estimates  

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

    
Figure 2B Figure 2B   

    
Active periods PFC Active periods HP   
one-way anova one-way anova   
Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data   

  
  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated Measures Analysis of Variance Table 
(Type I)  

 
Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov)   

Response: art(variable) Response: art(variable)   
  

  
       Error Df Df.res F value     
Pr(>F)     

       Error Df Df.res F value     
Pr(>F)       

1 time anm:t  3     48  52.546 
3.3847e-15 *** 

1 time anm:t  3     48  59.575 
3.2938e-16 ***   

--- ---   
Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1    

 contrast estimate       SE df 
t.ratio p.value 

 contrast  estimate       SE df 
t.ratio p.value   

 1 - 2    10.41176 2.962703 48   
3.514  0.0052 

 1 - 2    11.235294 2.538526 
48   4.426  0.0003   

 1 - 3    21.29412 2.962703 48   
7.187  <.0001 

 1 - 3    23.382353 2.538526 
48   9.211  <.0001   

 1 - 4    35.47059 2.962703 48  
11.972  <.0001 

 1 - 4    31.617647 2.538526 
48  12.455  <.0001   

 2 - 3    10.88235 2.962703 48   
3.673  0.0033 

 2 - 3    12.147059 2.538526 
48   4.785  0.0001   

 2 - 4    25.05882 2.962703 48   
8.458  <.0001 

 2 - 4    20.382353 2.538526 
48   8.029  <.0001   

 3 - 4    14.17647 2.962703 48   
4.785  0.0001 

 3 - 4     8.235294 2.538526 
48   3.244  0.0112   

  
  

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

P value adjustment: tukey method for comparing a family of 4 
estimate 

 

    
Figure 2D Figure 2D   

    
Power full signal PFC Power full signal HP   
two-way anova two-way anova   
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Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data   

  
  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated Measures Analysis of Variance Table 
(Type I)  

 
Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov)   

Response: art(variable) Response: art(variable)   
  

  
            Error Df Df.res F value     
Pr(>F)     

            Error Df Df.res F value     
Pr(>F)       

1 cond      anm:c  1     16  
34.631 2.3047e-05 *** 

1 cond      anm:c  1     16  
21.758 0.00025899 ***   

2 cond:freq anm::  3     48  
13.074 2.2956e-06 *** 

2 cond:freq anm::  3     48  
17.300 9.4437e-08 ***   

--- ---   
Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   

    
Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison   

delta theta beta gamma delta theta beta gamma   
0.01538086 0.05145264 
0.0033569336 0.0001220703 

0.31872559 0.04394531 
0.0006103516 0.0003051758   

    
Power active periods PFC Power active periods HP   
two-way anova two-way anova   
Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data   

  
  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated Measures Analysis of Variance Table 
(Type I)  

 
Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov)   

Response: art(variable) Response: art(variable)   
  

  
            Error Df Df.res F value     
Pr(>F)     

            Error Df Df.res F value    
Pr(>F)      

1 cond      anm:c  1     16  
19.642 0.00041858 *** 

1 cond      anm:c  1     16  
2.8510 0.1107108      

2 cond:freq anm::  3     48  
13.957 1.1375e-06 *** 

2 cond:freq anm::  3     48  
5.6962 0.0020285 **   

--- ---   
Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   

    
Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison   

delta theta beta gamma delta theta beta gamma   
0.28564453 0.35461426 
1.0000000000 1.0000000000 

0.12207031 1.00000000 
1.0000000000 0.4355468750   

    
Figure 2E Figure 2E   

    
Log firing rate full signal 
PFC Log firing rate full signal HP   
one-way anova one-way anova   
Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data   
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Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated Measures Analysis of Variance Table 
(Type I)  

 
Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov)   

Response: art(variable) Response: art(variable)   
  

  
       Error Df Df.res F value    
Pr(>F)    

       Error Df Df.res F value     
Pr(>F)       

1 time anm:t  3     48  5.0897 
0.0038626 ** 

1 time anm:t  3     48  21.092 
7.4021e-09 ***   

--- ---   
Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1    

 contrast  estimate       SE df 
t.ratio p.value 

 contrast  estimate       SE df 
t.ratio p.value   

 1 - 2     2.735294 3.186585 
48   0.858  0.8261 

 1 - 2     4.911765 3.228287 
48   1.521  0.4329   

 1 - 3    10.441176 3.186585 
48   3.277  0.0102 

 1 - 3    14.352941 3.228287 
48   4.446  0.0003   

 1 - 4     9.411765 3.186585 
48   2.954  0.0242 

 1 - 4    23.676471 3.228287 
48   7.334  <.0001   

 2 - 3     7.705882 3.186585 
48   2.418  0.0872 

 2 - 3     9.441176 3.228287 
48   2.925  0.0261   

 2 - 4     6.676471 3.186585 
48   2.095  0.1693 

 2 - 4    18.764706 3.228287 
48   5.813  <.0001   

 3 - 4    -1.029412 3.186585 
48  -0.323  0.9882 

 3 - 4     9.323529 3.228287 
48   2.888  0.0286   

  
  

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

P value adjustment: tukey method for comparing a family of 4 
estimates  

 

    
Log firing rate active 
periods PFC 

Log firing rate active 
periods HP   

one-way anova one-way anova   
Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data   

  
  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated Measures Analysis of Variance Table 
(Type I)  

 
Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov)   

Response: art(variable) Response: art(variable)   
  

  
       Error Df Df.res F value     
Pr(>F)     

       Error Df Df.res F value   
Pr(>F)     

1 time anm:t  3     48  11.305 
9.9724e-06 *** 

1 time anm:t  3     48  2.6759 
0.057595 .   

--- ---   
Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1    

 contrast   estimate      SE df 
t.ratio p.value 

 contrast   estimate      SE df 
t.ratio p.value   

 1 - 2     -4.000000 3.69339 48  
-1.083  0.7015 

 1 - 2    -0.8235294 3.42545 
48  -0.240  0.9950   

 1 - 3     -7.588235 3.69339 48  
-2.055  0.1829 

 1 - 3    -6.4705882 3.42545 
48  -1.889  0.2463   

 1 - 4    -20.294118 3.69339 
48  -5.495  <.0001 

 1 - 4    -7.8823529 3.42545 
48  -2.301  0.1120   

 2 - 3     -3.588235 3.69339 48  
-0.972  0.7662 

 2 - 3    -5.6470588 3.42545 
48  -1.649  0.3619   

 2 - 4    -16.294118 3.69339 
48  -4.412  0.0003 

 2 - 4    -7.0588235 3.42545 
48  -2.061  0.1807   

 3 - 4    -12.705882 3.69339 
48  -3.440  0.0064 

 3 - 4    -1.4117647 3.42545 
48  -0.412  0.9761   
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P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

P value adjustment: tukey method for comparing a family of 4 
estimates 

 
  

  
Figure S1A  Figure S1A  

    
Imaginary coherence PFC-
HP  

Imaginary coherence LEC-
OB  

two-way anova  two-way anova  
Analysis of Variance of 
Aligned Rank Transformed 
Data  

Analysis of Variance of 
Aligned Rank Transformed 
Data  

 
 

 
 

Table Type: Repeated Measures Analysis of Variance Table 
(Type I)  

Table Type: Repeated Measures Analysis of Variance Table 
(Type I)  

Model: Repeated Measures 
(aov)  

Model: Repeated Measures 
(aov)  

Response: art(variable)  Response: art(variable)  
 

 
 

 
            Error Df Df.res  F 
value  Pr(>F)    

            Error Df Df.res F value   
Pr(>F)    

1 cond      anm:c  1     18 
0.274684 0.60660    

1 cond      anm:c  1     20 
0.55076 0.466636    

2 cond:freq anm::  3     54 
0.098025 0.96078    

2 cond:freq anm::  3     60 
2.20480 0.096781 .  

---  ---  
Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   

two-way anova  two-way anova  

    
Bonferroni post-hoc 
comparison  

Bonferroni post-hoc 
comparison  

delta theta beta gamma  delta theta beta gamma  
1.000000e+00 1.000000e+00 
1.000000e+00 1.000000e+00  

0.81166840 1.000000e+00 
1.000000e+00 0.9159431458  

    
Figure S1C Figure S1C Figure S1C Figure S1C 

    
PPC PFC PPC HP PPC LEC PPC OB 

two-way anova two-way anova two-way anova two-way anova 
Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

    

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Response: art(variable) Response: art(variable) Response: art(variable) Response: art(ppcOB) 
    

            Error Df Df.res F value   
Pr(>F)   

            Error Df Df.res F value  
Pr(>F)   

            Error Df Df.res F value   
Pr(>F)   

                            Error Df 
Df.res F value Pr(>F)   

1 cond      anm:c  1     18  
2.5610 0.126930   

1 cond      anm:c  1     18 
0.76678 0.39275   

1 cond      anm:c  1     20  
2.2892 0.145922   

1 cond_ppcOB            
an_OB:_OB  1     11 1.70329 
0.2185   

2 cond:freq anm::  3     54  
2.3506 0.082532 . 

2 cond:freq anm::  3     54 
1.11065 0.35286   

2 cond:freq anm::  3     60  
2.8296 0.045918 * 

2 cond_ppcOB:freq_ppcOB 
a_OB:_OB:  3     33 0.49268 
0.6898   

--- --- --- --- 

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

    
Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison 

delta theta beta gamma delta theta beta gamma delta theta beta gamma delta theta beta gamma 
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1.000000e+00 6.751709e-01 
1.000000e+00 1.000000e+00 

1.000000e+00 2.408295e-01 
1.000000e+00 1.000000e+00 

0.23802948 1.000000e+00 
1.000000e+00 1.0000000000 

1.00000000 1.000000e+00 
1.000000e+00 0.1367187500 

    
Figure S1D Figure S1D Figure S1D Figure S1D 

    
1/f slope PFC 1/f slope HP 1/f slope LEC 1/f slope OB 

one-way anova one-way anova one-way anova one-way anova 
Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

    

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Response: art(variable) Response: art(variable) Response: art(variable) Response: art(variable) 
    

       Error Df Df.res F value  
Pr(>F)   

       Error Df Df.res F value  
Pr(>F)   

       Error Df Df.res F value  
Pr(>F)   

       Error Df Df.res F value  
Pr(>F)   

1 time anm:t  3     54 0.18187 
0.90826   

1 time anm:t  3     54 0.59431 
0.62144   

1 time anm:t  3     60  0.2308 
0.87458   

1 time anm:t  3     60  0.3423 
0.79481   

--- --- --- --- 

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

 contrast   estimate       SE df 
t.ratio p.value 

 contrast  estimate       SE df 
t.ratio p.value 

 contrast   estimate       SE df 
t.ratio p.value 

 contrast   estimate       SE df 
t.ratio p.value 

 1 - 2    -3.0000000 7.083249 
54  -0.424  0.9742 

 1 - 2     3.684211 7.330003 
54   0.503  0.9581 

 1 - 2     3.8095238 6.694838 
60   0.569  0.9409 

 1 - 2    -0.7142857 6.768396 
60  -0.106  0.9996 

 1 - 3    -5.1578947 7.083249 
54  -0.728  0.8854 

 1 - 3     9.263158 7.330003 
54   1.264  0.5897 

 1 - 3    -1.3333333 6.694838 
60  -0.199  0.9972 

 1 - 3    -3.4761905 6.768396 
60  -0.514  0.9555 

 1 - 4    -3.3157895 7.083249 
54  -0.468  0.9657 

 1 - 4     1.894737 7.330003 
54   0.258  0.9939 

 1 - 4    -0.4761905 6.694838 
60  -0.071  0.9999 

 1 - 4     3.3333333 6.768396 
60   0.492  0.9605 

 2 - 3    -2.1578947 7.083249 
54  -0.305  0.9901 

 2 - 3     5.578947 7.330003 
54   0.761  0.8715 

 2 - 3    -5.1428571 6.694838 
60  -0.768  0.8685 

 2 - 3    -2.7619048 6.768396 
60  -0.408  0.9768 

 2 - 4    -0.3157895 7.083249 
54  -0.045  1.0000 

 2 - 4    -1.789474 7.330003 
54  -0.244  0.9948 

 2 - 4    -4.2857143 6.694838 
60  -0.640  0.9186 

 2 - 4     4.0476190 6.768396 
60   0.598  0.9323 

 3 - 4     1.8421053 7.083249 
54   0.260  0.9938 

 3 - 4    -7.368421 7.330003 
54  -1.005  0.7470 

 3 - 4     0.8571429 6.694838 
60   0.128  0.9992 

 3 - 4     6.8095238 6.768396 
60   1.006  0.7465 

    

P value adjustment: tukey 
method for comparing a family 
of 4 estimates  

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

P value adjustment: tukey 
method for comparing a family 
of 4 estimates  

P value adjustment: tukey 
method for comparing a family 
of 4 estimates 

    
Figure S1F Figure S1F Figure S1F Figure S1F 

    
Sample entropy PFC Sample entropy HP Sample entropy LEC entropy OB 

two-way anova two-way anova two-way anova two-way anova 
Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

Analysis of Variance of 
Aligned Rank Transformed 
Data 

    

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Table Type: Repeated 
Measures Analysis of 
Variance Table (Type I)  

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Model: Repeated Measures 
(aov) 

Response: art(variable) Response: art(variable) Response: art(variable) Response: art(variable) 
    

            Error Df Df.res  F 
value  Pr(>F)   

            Error Df Df.res  F 
value  Pr(>F)   

            Error Df Df.res F value  
Pr(>F)   

            Error Df Df.res  F 
value  Pr(>F)   

1 cond      anm:c  1     18 
0.043354 0.83740   

1 cond      anm:c  1     18 
0.051911 0.82234   

1 cond      anm:c  1     20  
0.4563 0.50709   

1 cond      anm:c  1     20 
0.092223 0.76451   

2 cond:freq anm::  3     54 
0.721699 0.54341   

2 cond:freq anm::  3     54 
1.105389 0.35498   

2 cond:freq anm::  3     60  
1.4887 0.22671   

2 cond:freq anm::  3     60 
0.134148 0.93933   

--- --- --- --- 
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Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  

    
Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison 

Bonferroni post-hoc 
comparison 

delta theta beta gamma delta theta beta gamma delta theta beta gamma delta theta beta gamma 
1.000000e+00 1.000000e+00 
1.000000e+00 1.000000e+00 

1.000000e+00 5.787506e-01 
1.000000e+00 1.000000e+00 

1.00000000 1.000000e+00 
1.000000e+00 1.0000000000 

1.00000000 1.000000e+00 
1.000000e+00 1.0000000000 

    

    

    
Figure S2C    

    
Power full signal PFC    

two-way anova    
Analysis of Variance of 
Aligned Rank Transformed 
Data    
 

   
Table Type: Repeated Measures Analysis of Variance Table 
(Type I)    
Model: Repeated Measures 
(aov)    
Response: art(variable)    
 

   
            Error Df Df.res F value     
Pr(>F)        
1 cond      anm:c  1      9  
28.661 0.00046016 ***    
2 cond:freq anm::  3     27  
12.890 2.0587e-05 ***    

---    
Signif. codes:   0 ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1     
 

   
Bonferroni post-hoc 
comparison    

delta theta beta gamma    
0.03710938     0.3222656       
0.001953125    0.001953125    
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Supplementary Figures 

 

S1 Fig. (related to Fig 2). OB activity in 

response to ramp stimulation 

(A) Plot of MI for LFP power in OB during 

ramp stimulation for cre+ (red) and cre- (black) 

mice. (B) Digital photomontages displaying the 

DiI-labeled electrode track in a coronal slice 

including the ChR2-EYFP-expressing OB. Gray 

dots correspond to the individual recording sites. 

Dashed white lines mark borders between the 

different OB layers. (C) Z-scored firing rate of 

units recorded in the different OB layers in 

response to light stimulation. (D) (i) Polar plots 

displaying phase locking of OB units to RR 

before (Pre, orange) and during ramp stimulation 

(Stim, red) for cre+ mice. The mean resulting 

vectors are displayed as a blue line. (*** p < 

0.001, Rayleigh test for non-uniformity). (ii) Violin 

plots displaying the RVL of OB units before (Pre, 

orange) and during ramp stimulation (Stim, red). 

Gray dots and lines correspond to individual 

units. (***p < 0.001, linear-mixed model). (iii) Bar 

plots displaying the percentage of significantly 

locked units before (Pre, yellow) and during 

(Stim, red) stimulation. (* p < 0.05, Fisher’s exact 

test). (E) (i) Violin plots displaying the RVL of OB 

units locked to RR before stimulation (Pre, gray) 

and during ramp stimulation (Stim, black) for cre- 

mice. Black dots and lines correspond to individual units. (* p < 0.05, linear mixed-effect model). 

(ii) Same as (i) for beta oscillations.  

 

 

 

 

 



 

 

S2 Fig. (related to Figs 2 and 3). Effects of optogenetic manipulation of M/TCs from cre- mice on 

single-unit activity.  

(A) (i) Z-scored firing rate of units recorded in the OB of cre- (black) mice in response to light stimulation. 

(ii) Same as (i) for units recorded in LEC. (iii) Same as (i) for units recorded in HP. (iv) Same as (i) for 

units recorded in PFC. (B) (i) Left, volcano plot displaying the MI of SUA firing rates recorded in the OB 

of cre- mice before (Pre) vs. during (Stim) ramp stimulation (significant activated units are shown in red 

and significant inhibited units in gray, p < 0.01, Wilcoxon signed-rank test). Middle, same as the left 

image but for SUA firing rates before (Pre) vs. after (Post) ramp stimulation. Right, bar plots depicting 

the percentage of activated (red) and inhibited (gray) units during (Stim) and after (Post) ramp 

stimulation. (ii) Same as (i) for units recorded in LEC. (iii) Same as (i) for units recorded in HP. (iv) 

Same as (i) for units recorded in PFC. 

 

 



S3 Fig. (related to Fig 5). Effects of Compound 21 injection in cre- mice and long-lasting effects 

of M/TC silencing by inhibitory DREADDs. 

(A)  Color-coded MI of LFP power before and after C21 injection in OB (left), LEC (middle), and HP 

(right) of cre- mice. The red line corresponds to the C21 injection. (B) Violin plots displaying the 

percentage of time spend in discontinuous oscillatory events before (Baseline, gray) and after C21 

injection (C21, black) for cre- mice. Black dots and lines correspond to individual animals. (* p < 0.05, 

Wilcoxon signed-rank test). (C) Color-coded MI of LFP power before and after (120 min) C21 injection 

in OB (left), LEC (middle) and HP (right) of cre+ mice (n=3). The red line corresponds to the C21 injection.  



 

S4 Fig. (related to Fig 5). STP and phase locking of OB firing to LFP oscillations in OB after 

silencing the MT/C output by inhibitory DREADDs 

(A) (i) Plot of MI of STP for cre+ (red) and cre- (black) mice before and after C21 injection in OB. (black 

line: p < 0.05, Wilcoxon signed-rank test). (ii) Violin plots displaying mean MI for STP for each OB unit 

for different frequency bands for cre+ (red) and cre- (black) mice. Red and black dots correspond to 

individual units. (* p < 0.05, ** p < 0.01, *** p < 0.001, linear mixed-effect model). (B) (i) Right, phase 

locking of OB units to RR oscillations in OB. Left, polar plots displaying phase locking of OB units before 

(Baseline, orange) and after C21 injection (C21, red). The mean resulting vectors are represented as a 

blue line. (*** p < 0.001, Rayleigh test for non-uniformity). Right, violin plots displaying the RVL of OB 

units before (Baseline, orange) and after C21 injection (C21, red). Gray dots and lines correspond to 

individual units. (ii) Same as (i) for beta oscillations in the OB (** p < 0.01, *** p < 0.001, linear mixed-

effect model) 



 

S5 Fig. (related to Fig 6). Effects of Compound 21 injection on oscillatory coupling in cre- mice 

(A) Imaginary coherence calculated for OB - LEC (top), LEC - HP (middle) and OB - HP (bottom) in cre- 

mice, before (Baseline, gray) and after C21 injection (C21, black). (black line: p < 0.05, Wilcoxon rank-

sum test). (B) SDR for OB and LEC (top): SDR values for OB -> LEC and LEC -> OB before (Baseline, 

gray) and after C21 injection (C21, black).  Black dots and lines correspond to individual animals. Middle, 

same for LEC and HP. Bottom, same for OB and HP. (* p < 0.05, Wilcoxon signed-rank test). 

 

 

 

 

 

 



Supplementary Data Tables 

 

 Phase 
(circ. mean ± circ. SEM, % of sig. locked 
units) 

p 
(Rayleigh test for non-
uniformity) 

OB 0.763  ± 0.006  
640/1124 units (56.94 %) 

p=7.6*10-297 

LEC 1.556  ± 0.038  
42/384 units (10.94 %) 

p=4.19*10-11 

HP 0.315  ± 0.047  
 51/384 units (13.28 %) 

p=3.68*10-5 
 

PFC 1.715  ± 0.082  
26/318 units (8.18 %) 

p=0.605 

S1 Table (related to Fig 1D). Phase locking of SUA to OB beta phase. 

 

 

 

 

 

 

 

 

 1. Brain area 
(circ. mean ± circ. 
SEM) 

 2. Brain area 
(circ. mean ± circ. 
SEM) 

p  
(Non-parametric multi-
sample test for equal 
medians) 

OB  0.763  ± 0.006  
 

LEC 1.556  ± 0.038  p=4.58*10-4 

HP 0.315  ± 0.047  p=2.33*10-5 

PFC 1.715  ± 0.082  p=0.689 

LEC 1.556  ± 0.038  
 

HP 0.315  ± 0.047  p=9.44*10-9 

PFC 1.715  ± 0.082  p=0.618 

HP 0.315  ± 0.047  PFC 1.715  ± 0.082  p=0.045 

S2 Table (related to Fig 1D). Phase angles of significant locked SUA to OB beta phase.  

 

 

 

 



 

 Area 1 → Area 2 
(median, interquartile 
range) 

Area 2 → Area 1 
(median, interquartile 
range) 

p  
(Wilcoxon signed-
rank test) 

Area 1: OB 
Area 2: LEC 

2.051 [1.666 – 2.580] 0.407 [0.262 – 0.522] p=5.68*10-8 (n=39) 

Area 1: OB 
Area 2: HP 

1.389 [0.920 – 1.868] 0.518 [0.334 – 0.657] p=2.52*10-5 (n=38) 

Area 1: OB 
Area 2: PFC 

2.809 [1.925 – 3.760] 0.309 [0.226 – 0.399] p=8.39*10-8 (n=38) 

Area 1: LEC 
Area 2: HP 

0.650 [0.509 – 1.019] 1.022 [0.831 – 1.372] p=0.056 (n=28) 

Area 1: LEC 
Area 2: PFC 

1.188 [0.895 – 1.375] 0.762 [0.635 – 1.045] p=0.024 (n=30) 

Area 1: HP 
Area 2: PFC 

1.717 [1.317 – 2.034] 0.481 [0.344 – 0.647] p=0.0006 (n=24) 

S3 Table (related to Fig 1F). SDR for pairs of brain areas 

 

 

 

 

 

 

 

Cre- 
(nunits=100 from 
13 mice) 

Pre 
(median, interquartile 
range) 

Stim 
(median, interquartile 
range) 

p  
(linear fixed-
effect model) 

RR [2–4 Hz] 0.131 [0.083 – 0.196] 0.128 [0.085 – 0.208] p=0.763 

Beta [12-30 Hz] 0.155 [0.088 – 0.222] 0.140 [0.087 – 0.205] p=0.486 

S4 Table (related to S1E Fig). Mean resulting vector length for phase locking of OB firing to RR 
and beta oscillations for cre- mice. 

 

 

 

 

 

 

 



  Cre+  
(median, interquartile 
range, Wilcoxon signed-
rank test) 

Cre- 
(median, interquartile 
range, Wilcoxon signed-
rank test) 

p  
(Wilcoxon 
rank-sum test) 

OB RR [2-4 Hz] -0.055 [-0.202 – 0.039] 
p=0.073 (n=32) 

-0.011 [-0.061 – 0.029]  
p=0.463 (n=14) 

p=0.397 

Theta [4-12 Hz] 0.199 [0.056 – 0.322] 
p=4.96*10-5 (n=32) 

-0.003 [-0.023 – 0.047] 
 p=0.952 (n=14) 

p=0.001 

Beta [12-30 Hz] 0.586 [0.336 – 0.679] 
p=7.95*10-7 (n=32) 

0.004 [-0.036 – 0.018] 
p=1 (n=14) 

p=9.52*10-8 

Gamma [30-100 Hz] 0.555 [0.292 – 0.661] 
p=7.95*10-7 (n=32) 

-0.005 [-0.037 – 0.022] 
p=0.670 (n=14) 

p=9.52*10-8 

LEC RR [2-4 Hz] 0.111 [-0.032 – 0.225] 
p=0.019 (n=22) 

0.096 [0.008 – 0.184] 
p=0.064 (n=10) 

p=0.984 
 

Theta [4-12 Hz] 0.097 [-0.019 – 0.201] 
p=0.004 (n=22) 

0.065 [0.032 – 0.117] 
0.002 (n=10) 

p=0.760 
 

Beta [12-30 Hz] 0.058 [0.021 – 0.118] 
p=0.0005 (n=22) 

0.030 [-0.013 – 0.054] 
 p=0.275 (n=10) 

p=0.044 
 

Gamma [30-100 Hz] 0.044 [0.013 – 0.101] 
p=0.0008 (n=22) 

0.020 [-0.014 – 0.033] 
 p=0.375 (n=10) 

p=0.070 
 

HP RR [2-4 Hz] 0.002 [-0.113 – 0.222] 
p=0.661 (n=22) 

0.073 [-0.052 – 0.110] 
p=0.206 (n=11) 

p=0.580 
 

Theta [4-12 Hz] 0.043 [0.014 – 0.186] 
p=0.002 (n=22) 

0.003 [-0.022 – 0.098] 
p=0.413 (n=11) 

p=0.152 
 

Beta [12-30 Hz] 0.061 [0.038 – 0.105] 
p=0.000983 (n=22) 

0.007 [-0.021 – 0.045] 
p=0.465 (n=11) 

p=0.049 
 

 Gamma [30-100 Hz] 0.067 [0.016 – 0.114] 
p=0.001 (n=22) 

0.042 [-0.028 – 0.057] 
p=0.206 (n=11) 

p=0.089 
 

PFC RR [2-4 Hz] 0.020 [-0.055 – 0.252] 
p=0.211 (n=22) 

0.017 [-0.033 – 0.191] 
p=0.461 (n=8) 

p=0.981 
 

Theta [4-12 Hz] 0.083 [0.014 – 0.172] 
p=0.006 (n=22) 

0.032 [-0.022 – 0.068] 
p=0.25 (n=8) 

p=0.336 
 

Beta [12-30 Hz] 0.080 [0.025 – 0.116] 
p=0.0002 (n=22) 

0.004 [-0.021 – 0.049] 
p=0.641 (n=8) 

p=0.023 

Gamma [30-100 Hz] 0.061 [-0.007 – 0.084] 
p=0.002 (n=22) 

0.010 [-0.011 – 0.064] 
p=0.383 (n=8) 

p=0.336 
 

S5 Table (related to Figs 2D and 4B). MI of power for cre+ and cre- animals during light 

stimulation. 

 

 

 

 

 

 

 



 

  Cre+  
(median, interquartile 
range, Wilcoxon 
signed-rank test) 

Cre- 
(median, interquartile 
range, Wilcoxon signed-
rank test) 

p  
(Wilcoxon 
rank-sum 
test) 

OB-LEC RR [2-4 Hz] 0.010 [-0.130 – 0.304] 
p=0.426 (n=22) 

0.019 [-0.146 – 0.194]  
p=0.695 (n=10) 

p=0.984 

Theta [4-12 Hz] -0.030 [-0.136 – 0.078] 
p=0.426 (n=22) 

0.029 [-0.035 – 0.073] 
 p=0.432 (n=10) 

p=0.281 

Beta [12-30 Hz] 0.109 [-0.013 – 0.208] 
p=0.013 (n=22) 

0.010 [-0.028 – 0.041] 
p=0.922 (n=10) 

p=0.033 

Gamma [30-100 Hz] -0.002 [-0.078 – 0.036] 
p=0.249 (n=22) 

0.010 [-0.025 – 0.033] 
p=0.846 (n=10) 

p=0.529 

OB-HP RR [2-4 Hz] 0.062 [-0.093 – 0.230] 
p=0.223 (n=22) 

0.103 [-0.191 – 0.280] 
p=0.577 (n=11) 

p=0.924 
 

Theta [4-12 Hz] 0.036 [-0.060 – 0.143] 
p= 0.223 (n=22) 

-0.041 [-0.235 – 0.061] 
0.365 (n=11) 

p=0.122 
 

Beta [12-30 Hz] 0.081 [-0.018 – 0.139] 
p=0.042 (n=22) 

-0.048 [-0.149 – 0.067] 
 p=0.519 (n=11) 

p=0.070 
 

Gamma [30-100 Hz] -0.028 [-0.067 – 0.016] 
p=0.082 (n=22) 

0.022 [-0.036 – 0.054] 
 p=0.700 (n=11) 

p=0.113 
 

OB-PFC RR [2-4 Hz] -0.091 [-0.253 – 0.173] 
p=0.322 (n=22) 

-0.187 [-0.244 – 0.013] 
p=0.383 (n=8) 

p=0.439 
 

Theta [4-12 Hz]  -0.006 [-0.096 – 0.107] 
p=0.910 (n=22) 

-0.017 [-0.200 – 0.099] 
p=0.742 (n=8) 

p=0.725 
 

Beta [12-30 Hz] 0.213 [0.040 – 0.256] 
p=0.0004 (n=22) 

-0.022 [-0.112 – 0.068] 
p=0.641 (n=8) 

p=0.011 
 

Gamma [30-100 Hz] 0.038 [0.013 – 0.085] 
p=0.009 (n=22) 

-0.020 [-0.059 – 0.036] 
p=0.641 (n=8) 

p=0.071 
 

S6 Table (related to Fig 4C). MI of coherence for cre+ and cre- animals after C21 injection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
  Cre+  

(median, interquartile 
range, Wilcoxon signed-
rank test) 

Cre- 
(median, interquartile 
range, Wilcoxon signed-
rank test) 

p  
(Wilcoxon 
rank-sum test) 

OB RR [2-4 Hz] -0.032 [-0.160 – 0.157] 
p=0.687 (n=17) 

-0.025 [-0.084 – 0.116]  
p=0.879 (n=18) 

p=0.609 

Theta [4-12 Hz] -0.082 [-0.286 – -0.014] 
p=0.013 (n=17) 

-0.010 [-0.094 – 0.156] 
 p=0.472 (n=18) 

p=0.031 

Beta [12-30 Hz] -0.246 [-0.426 – -0.117] 
p=0.0003 (n=17) 

-0.025 [-0.137 – 0.052] 
p=0.349 (n=18) 

p=0.0003 

Gamma [30-100 Hz] -0.162 [-0.225 – 0.006] 
p=0.006 (n=17) 

-0.009 [-0.083 – 0.040] 
p=0.647 (n=18) 

p=0.028 

LEC RR [2-4 Hz] -0.337 [-0.492 – -0.109] 
p=0.002 (n=13) 

0.246 [-0.096 – 0.488] 
p=0.063 (n=12) 

p=0.000997 
 

Theta [4-12 Hz] -0.293 [-0.435 – -0.10] 
p= 0.001 (n=13) 

0.080 [-0.126 – 0.330] 
0.259 (n=12) 

p=0.0008 
 

Beta [12-30 Hz] -0.195 [-0.424 – -0.115] 
p=0.0002 (n=13) 

-0.043 [-0.106 – 0.025] 
 p=0.226 (n=12) 

p=0.0005 
 

Gamma [30-100 Hz] -0.106 [-0.151 – -0.044] 
p=0.0005 (n=13) 

-0.015 [-0.050 – 0.323] 
 p=0.663 (n=12) 

p=0.004 
 

HP RR [2- 4 Hz] -0.131 [-0.285 – -0.047] 
p=0.049 (n=10) 

-0.074 [-0.160 – 0.036] 
p=0.426 (n=9) 

p=0.243 
 

Theta [4-12 Hz] -0.202 [-0.332 – -0.144] 
p=0.006 (n=10) 

-0.053 [-0.116 – 0.017] 
p=0.359 (n=9) 

p=0.010 
 

Beta [12-30 Hz] -0.221 [-0.288 – -0.150] 
p=0.004 (n=10) 

-0.069 [-0.112 – 0.001] 
p=0.055 (n=9) 

p=0.017 
 

Gamma [30-100 Hz] -0.072 [-0.119 – -0.013] 
p=0.027 (n=10) 

0.003 [-0.043 – 0.033] 
p=1 (n=9) 

p=0.065 
 

S7 Table (related to Fig 5E). MI of power after C21 injection. 
 

 

 

 

 

 
  Baseline 

(median, interquartile 
range, in %) 

Compound 21 
(median, interquartile range, in 
%) 

p  
(Wilcoxon 
signed-rank 
test) 

OB  Cre+ (n=17) 26.131 [20.490 – 32.841]  19.083 [2.638 – 24.127]  p=0.031 

Cre- (n=17) 32.310 [20.032 – 37.206] 31.103 [22.888 – 51.465] p=0.435 

LEC Cre+ (n=13) 48.216 [35.999 – 53.788] 14.889 [6.576 – 28.939] p=0.0005 

Cre- (n=11) 48.294 [29.988 – 59.585] 41.896 [23.372 – 52.576] p=0.147 

HP Cre+ (n=10) 40.596 [36.197 – 53.448] 18.349 [9.143 – 33.924] p=0.002 

 Cre- (n=9) 53.911 [44.874 – 64.950] 43.233 [30.020 – 60.254] p=0.164 

S8 Table (related to Fig 5F and S3B Fig). Time in discontinuous events. 
 



  Cre+  
(median, interquartile 
range) 
nunits=415 from 15 mice 

Cre- 
(median, interquartile 
range) 
nunits=361 from 16 mice 

p  
(linear mixed- 
effect model) 

OB RR [2-4 Hz] 0.230 [0.096 – 0.367] 0.036 [-0.074 – 0.160] p=0.351 

Theta [4-12 Hz] -0.025 [-0.189 – 0.056] -0.014 [-0.098 – 0.093] p=0.017 

Beta [12-30 Hz] -0.184 [-0.368 – -0.075] -0.041 [-0.121 – 0.009] p=0.0002 

Gamma [30-100 Hz] -0.103 [-0.195 – 0.016] -0.020 [-0.071 – 0.044] p=0.005 

S9 Table (related to S4A Fig). STP for OB after C21 injection. 

 

 

 

 

 

 
  Cre+  

(median, interquartile 
range, Wilcoxon signed-
rank test) 

Cre- 
(median, interquartile 
range, Wilcoxon signed-
rank test) 

p  
(Wilcoxon 
rank-sum 
test) 

OB-LEC RR [2-4 Hz] -0.052 [-0.208 – 0.150] 
p=1 (n=13) 

-0.103 [-0.368 – 0.212]  
p=1 (n=11) 

p=0.908 

Theta [4-12 Hz] -0.278 [-0.476 – 0.213] 
p=1 (n=13) 

-0.074 [-0.218 – 0.083] 
 p=0.549 (n=11) 

p=0.862 

Beta [12-30 Hz] -0.239 [-0.346 – -0.051] 
p=0.022 (n=13) 

0.005 [-0.119 – 0.226] 
p=0.549 (n=11) 

p=0.013 

Gamma [30-100 Hz] -0.021 [-0.109 – 0.151] 
p=0.581 (n=13) 

-0.021 [-0.124 – 0.330] 
p =1 (n=11) 

p=0.524 

LEC-HP RR [2-4 Hz] -0.072 [-0.268 – 0.528] 
p=0.727 (n=8) 

0.024 [-0.089 – 0.251] 
p=1 (n=7) 

p=0.867 
 

Theta [4-12 Hz] -0.082 [-0.436 – 0.092] 
p= 0.727 (n=8) 

-0.176 [-0.304 – -0.056] 
0.125 (n=7) 

p=0.955 
 

Beta [12-30 Hz] -0.095 [-0.214 – -0.026] 
p=0.070 (n=8) 

-0.147 [-0.211 – -0.024] 
 p=0.125 (n=7) 

p=0.779 
 

Gamma [30-100 Hz] -0.079 [-0.183 – 0.133] 
p=0.727 (n=8) 

-0.022 [-0.053 – 0.090] 
 p=1 (n=7) 

p=0.536 
 

OB-HP RR [2-4 Hz] 0.311 [0.214 – 0.501] 
p=0.109 (n=10) 

0.169 [-0.303 – 0.212] 
p=1 (n=9) 

p=0.182 
 

Theta [4-12 Hz] 0.045 [-0.174 – 0.341] 
p=0.754 (n=10) 

-0.047 [-0.204 – -0.006] 
p=0.180 (n=9) 

p=0.356 
 

Beta [12-30 Hz] -0.318 [-0.397 – -0.124] 
p=0.021 (n=10) 

-0.178 [-0.306 – -0.058] 
p=0.039 (n=9) 

p=0.278 
 

Gamma [30-100 Hz] 0.036 [-0.067 – 0.161] 
p=1 (n=10) 

-0.074 [-0.096 – 0.060] 
p=0.508 (n=9) 

p=0.095 
 

S10 Table (related to Fig 6B). MI coherence for cre+ and cre- mice. 

 

 



 
  Area 1 → Area 2 

(median, interquartile 
range) 

Area 2 → Area 1 
(median, interquartile 
range) 

p  
(Wilcoxon 
signed-rank test) 

Area1: 
OB 

Area2: 
LEC 

Baseline Cre+ (n=13) 2.164 [1.769 – 2.777] 0.366 [0.249 – 0.433]  p=0.0002 

C21 Cre+ (n=13) 1.211 [0.871 – 1.666] 0.600 [0.378 – 0.855] p=0.080 

Baseline Cre- (n=11) 1.616 [ 0.738 - 2.474] 0.494 [0.345 – 1.228] p=0.102 

C21 Cre- (n=11) 1.628 [1.062 – 2.802] 0.487 [0.271 – 0.673] p=0.042 

Area1: 
LEC 

Area2: 
HP 

Baseline Cre+ (n=8) 0.705 [0.531 – 0.986] 1.064 [0.709 – 1.507] p=0.195 

C21 Cre+ (n=8) 0.683 [0.534 – 0.896] 1.202 [0.806 – 1.271] p=0.383 

Baseline Cre- (n=7) 0.607 [0.597 – 0.773] 0.928 [0.563 – 1.171] p=0.469 

C21 Cre- (n=7) 0.634 [0.436 –0.841] 1.072 [0.510 – 1.528] p=0.469 

Area1: 
OB 

Area2: 
HP 

Baseline Cre+ (n=10) 1.422 [1.257 – 2.076] 0.492 [0.367 – 0.618] p=0.002 

C21 Cre+ (n=10) 1.107 [0.709 – 1.605]        0.531 [0.430 – 1.012] p=0.625 

Baseline Cre- (n=9) 1.703 [1.181 – 1.752] 0.349 [0.322 – 0.623] p=0.012 

C21 Cre- (n=9) 1.469 [1.145 – 2.010] 0.304 [0.292 – 0.624] p=0.012 

S11 Table (related to Fig 6D and S5B Fig). SDR before and after C21 injection. 
 
 
 
 
 
 
 
 
 
 
 
  Baseline 

(median, interquartile 
range) 

Compound 21 
(median, interquartile 
range) 

p  
(Wilcoxon 
signed-rank 
test) 

Area1: OB 
Area2: LEC 

Difference 
Cre+ (n=13) 

1.792 [1.300 – 2.512] 0.619 [0.087 – 1.160] p=0.001 

Difference 
Cre- (n=11) 

1.192 [-0.490 – 2.130] 1.045 [0.479 – 2.531] p=0.175 

Area1: LEC 
Area2: HP 

Difference 
Cre+ (n=8) 

-0.357 [-0.929 – 0.254] -0.471 [-0.746 – 0.041] p=0.641 

Difference 
Cre- (n=7) 

-0.326 [-0.582 – 0.210] -0.438 [-1.092 – 0.331] p=0.813 

Area1: OB 
Area2: HP 

Difference 
Cre+ (n=10) 

0.891 [ 0.601 – 1.709] 0.627 [-0.303 – 1.175] p=0.004 

Difference 
Cre- (n=9) 

1.347 [0.557 – 1.413] 1.167 [0.553 – 1.708] p=0.496 

S12 Table (related to Fig 6D and S5B Fig). SDR difference for before and after C21 injection. 
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