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1 | Introduction 

 

 

 

The sensory system is mainly composed of the sensory periphery, main sensory neuronal 

pathways and accessory sensory structures. As one of the two chemosensory perceptions, 

olfaction starts once the odor binds to a receptor within the nasal cavity. 

1.1 Overview of the olfactory system 

1.1.1 Structure of the olfactory system 

The mammalian olfactory system consists of the olfactory epithelium (OE), the olfactory 

bulb (OB) and the olfactory cortex. The bipolar olfactory sensory neurons (OSNs) are 

located in the middle layer of the OE, which extend their axons to glomeruli in the OB to 

preprocess a variety of odors. Excitatory mitral and tufted cells (M/TCs) in the OB stretch 

the dendrite branches into glomeruli to form synaptic connections with the OSNs which 

receive odor information (Sakano, 2010; Nishizumi et al., 2019). This is considered a major 

procedure of odor coding, which is responsible for transferring the received olfactory 

information to the olfactory cortex for further processing (Igarashi et al., 2012) that 

bypasses the sensory thalamus (Cleland & Linster, 2003; Neville & Haberly, 2004). Unlike 

the other sensory modalities, this unique relay enables the OB as a “bottleneck” to modulate 

the information flow of peripheral olfactory inputs (Kay & Sherman, 2007). 

Long-range axonal projections of M/TCs directly target the piriform cortex (PIR), 

lateral entorhinal cortex (LEC), anterior olfactory nucleus (AON) and cortical amygdaloid 

nucleus (COA) through the lateral olfactory tract (LOT), where the bundle of afferent fibers 

converges. As the largest portion of the olfactory cortex, PIR, also known as the “primary 

olfactory cortex”, receives major afferent projections from M/TCs (Igarashi et al., 2012). 

Subsequently, the projection neurons in PIR connect to higher-order cortical areas, 

including the prefrontal cortex (PFC) and orbitofrontal cortex (OFC). The secondary center 

of the olfactory cortex LEC collects olfactory inputs directly from M/TCs and indirectly 

via PIR principle neurons (Sosulski et al., 2011). The axons of M/TCs and projection 

neurons in the PIR terminate on LEC layer I, and form synaptic connections with the 

dendrites of fan cells in layer II and the apical dendrites of pyramidal neurons (PYRs) in 
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layer II/III (Wouterlood & Nederlof, 1983; Canto et al., 2008), which in turn project to the 

hippocampal subregions dentate gyrus (DG) and CA1 respectively (Agster & Burwell, 

2009; Bitzenhofer et al., 2022). Although both regions are essential for odor processing, 

PIR has more robust neural representations of odor identity (Bolding et al., 2020; Mena et 

al., 2023), while LEC is believed to be a top-down regulator especially for integrating 

olfactory and environmental information (Leitner et al., 2016; Y. Li et al., 2017). 

The olfactory system is also strongly modulated by the feedback inputs from the 

cortical areas and the local OB network, depending on contextual factors like behavioral 

state and prior knowledge. Centrifugal projections to the OB mainly originate from the 

downstream cortical areas and target inhibitory neurons in the granule cell layer (GCL) and 

glomerular layer (GL) to control odor-evoked responses (Boyd et al., 2012; Padmanabhan 

et al., 2019). Within the OB, the extremely abundant and diverse interneurons (INs) are 

critical for regulating neurotransmitter release from OSNs and controlling lateral inhibition 

in glomeruli (Miyamichi et al., 2013; Borisovska et al., 2013; G. Liu et al., 2019; D. Wang 

et al., 2022), such as granule cells (GCs) and periglomerular cells (PGCs), which are 

differentiated from the neuroblasts migrating to OB (Livneh et al., 2014), and another 

subtype short axon cells exhibiting both dopaminergic (DA) and GABAergic features 

(Batista-Brito et al., 2008; Kiyokage et al., 2010; Vaaga et al., 2017). In addition, the OB 

receives diverse neuromodulatory innervation, such as serotonergic, cholinergic and 

noradrenergic inputs (McLean & Shipley, 1987; Le Jeune & Jourdan, 1991; McLean & 

Shipley, 1991; Geng et al., 2025). 

Figure 1.1 Schematic diagram for the olfactory system. 
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1.1.2 Network activity of the olfactory system 

Sensory processing requires relevant neurons to coordinate the electrical activity with great 

temporal and spatial precision, which is ensured by brain oscillations with the neuronal 

firing set to a specific phase of the oscillatory cycle (Fries, 2005; M. A. Wilson et al., 2015). 

Such rhythmic activity has been commonly reported in a huge amount of brain regions and 

circuits, including the olfactory system.  

Low-frequency oscillations in the olfactory system are shown to be driven by sensory 

and environmental inputs. For example, one of the earliest electrophysiological research 

discovered the olfactory system is largely entrained by nasal breathing even in the absence 

of odors (Adrian, 1942). In the past few years, respiration-related rhythm (RR) typically 

ranging between 2-4 Hz (Verhagen et al., 2007), has been confirmed to coordinate the 

communications between the OB and other distal brain regions (Moberly et al., 2018; 

Karalis & Sirota, 2022). This respiration-coupled activity is also found in both PIR and 

LEC (Fontanini et al., 2003; Tort et al., 2018), indicating respiration has a driving impact 

on the entire olfactory system. On the other hand, 4-12 Hz theta oscillations in the OB and 

olfactory cortex are sometimes overwhelmed within RR, owing to the increasing frequency 

of breathing during sniffing which causes an overlapping with theta frequency range. 

However, some findings implicated that the level of OB theta activity positively results 

from the amounts of OSNs (Gretenkord et al., 2019; M. Chen et al., 2020). 

High-frequency oscillations are considered to be generated from local network 

processing in a shorter temporal scale (Buzsáki & Wang, 2012; Fernandez-Ruiz et al., 

2023). In the OB, both beta (12-30 Hz) and gamma (30-100 Hz) oscillations arise through 

the dendro-dendritic reciprocal synapses between M/TCs and GCs (Neville & Haberly, 

2003; Fourcaud-Trocmé et al., 2014; David et al., 2015). In particular, the emergence of 

beta oscillation also requires feedback projections from the olfactory cortex, while gamma 

oscillation can be locally generated (Neville & Haberly, 2003). On the inter-regional level, 

the synchrony of beta oscillations in olfactory- and cognitive-related brain regions 

facilitates the performance in working memory tasks and decision-making processes 

(Gourévitch et al., 2010; Mori et al., 2013; Rangel et al., 2016; Symanski et al., 2022). On 

the other hand, gamma oscillations spontaneously emerge out of the balanced excitation-

inhibition in awake conditions, with relatively more prominent magnitude compared to that 

in anesthetized status (Lepousez & Lledo, 2013; A. Li et al., 2012). Moreover, endogenous 

and odor-induced gamma activity in the OB as well as olfactory cortex are associated with 

odor perception and discrimination (Beshel et al., 2007; Chapuis et al., 2013; Lepousez & 

Lledo, 2013; Q. Yang et al., 2022). 
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1.1.3 Development of the olfactory system 

In mammals, most sensory systems are still completely immature at birth, but the olfactory 

system already maturates early from the embryonic stage (Humphrey, 1940; Walz et al., 

2006). Prenatal and early postnatal axonal innervation from the OE to the OB critically 

contributes to the formation of the topographic olfactory map in which multiple glomeruli 

get activated with different magnitudes in response to odors (Mori & Sakano, 2011; 

Nakashima et al., 2019), shaping odor-specific spatial trajectories of neuronal activation 

that remain stable and firm until adulthood (Tsai & Barnea, 2014). On the functional level, 

olfactory detection and associated behaviors such as odor discrimination and odor learning 

emerge as soon as the birth (Miller & Spear, 2008; Schaal et al., 2020). More importantly, 

since the pups of various species, such as rodents, felines, canines and ursidae, have closed 

eyelids and ear canals as well as very limited sensorimotor abilities until the later postnatal 

weeks, the sense of smell is mandatory for their mother-infant interactions and harm 

avoidance early in life (Logan et al., 2012). 

Figure 1.2 Developmental milestones of sensory systems in mice during the first three postnatal weeks. 

Although the olfactory system is functional at birth and far more mature than other 

sensory modalities, it undergoes significant development during the postnatal stage. For 

instance, the refinement of the olfactory map and the segregation of glomeruli continue 

postnatally in an activity-dependent manner (H. Zhao & Reed, 2001; C. R. Yu et al., 2004; 

Albeanu et al., 2018). As a consequence, the neonatal OB requires higher concentrations 

of odors to get activated compared to the adult OB (Guthrie & Gall, 2003), with more time-

locking to the inhalation cycle (Mair & Gesteland, 1982), indicating the response pattern 

of olfactory processing is also developing along the growth of the system. In addition, 

OSNs in the OE as well as GCs and PGCs in the OB, are continuously produced throughout 

life (Hahn et al., 2005; Batista-Brito et al., 2008; Lledo & Valley, 2016), supporting the 
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differentiation of diverse olfactory functions in the whole lifespan. 

The olfactory cortex is a sort of evolutionarily conserved paleocortex with similar 

developmental chronology across different species (Neville & Haberly, 2004). While the 

structural formation of the olfactory cortex is well-documented, the postnatal development 

remains largely unclear. Previous studies have demonstrated different critical periods for 

the impacts of olfactory deprivation on long-term plasticity and structural modification of 

synapses in PIR during early days of life (Best & Wilson, 2003; Franks & Isaacson, 2005; 

Poo & Isaacson, 2007). A recent study recording electrophysiological activity in PIR of 

awake rat pups reported that the odor-evoked RR (<5Hz) and faster (10-15Hz) oscillations 

changed rapidly after the first two postnatal weeks (Z. Zhang et al., 2021). Moreover, it has 

been revealed that the patterns of olfactory-activated neurons in the PIR are different in 

stability along development for its anterior and posterior parts respectively (Illig, 2007). In 

terms of LEC, its centrifugal inputs to the OB increase strikingly from the 2nd postnatal 

week (Kostka & Bitzenhofer, 2022). Additionally, chemical-induced olfactory loss early in 

life can lead to disruption in oscillatory activity in LEC and less coherent activity between 

the OB and LEC (Gretenkord et al., 2019). 

1.2 The cortical-hippocampal network: 

architecture, function and development 

In mammals, the cortical-hippocampal network refers to an anatomical and functional 

system formed by many inter-connected brain regions, primarily containing associated 

neocortices and the hippocampal formation. It is an emerging neuronal framework with 

ground evidence for its support for cognitive functions, notably learning and memory. 

1.2.1 Connection and function of cortical-hippocampal network 

The hippocampus (HP) is a seahorse-shaped brain region located in the medial temporal 

lobe as an extension of the paleo- and archicortex along the biological evolution. It includes 

three main subregions: DG, the subiculum, and the cornu ammonis (CA) which is further 

divided into four different portions namely CA1-CA4 (Amaral & Witter, 1989). It is 

organized along a longitudinal septo-temporal axis which extends from an anterior to a 

posterior pole. The entorhinal cortex (EC) is not strictly part of the HP, but is included in 

the broader definition of hippocampal formation. CA1 serves as the main research focus of 

the HP, receiving inputs from PYRs located in LEC layer II/III and from CA3 through 

Schaffer collaterals (Witter et al., 2000). Aside from LEC, there are two other main external 

input sources of the HP: excitatory projections from the medial entorhinal cortex (MEC) 
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upper layers to CA3 and DG (Buzsáki & Moser, 2013; Donato et al., 2017), and long-range 

GABAergic projections from PFC to both CA1 and DG (Rajasethupathy et al., 2015; Malik 

et al., 2022). A yet-to-solve question is whether the functional division of HP simply fits 

the dichotomy that differentiates the HP along the dorsal-ventral axis. The dorsal part of 

HP is widely considered the “compass” in the brain responsible for spatial navigation 

characterized by the place cells (O’Keefe, 1978; Jeffery, 2007), and context memory 

encoding and consolidation (Moser et al., 1995; Maren & Holt, 2000), while the 

intermediated/ventral parts of HP are proposed to account for context representation, 

motivational and emotional regulation, and threat avoidance (Bannerman et al., 2014; 

Strange et al., 2014; Barr et al., 2018; Peng et al., 2024). In general, hippocampal formation, 

especially the coupling between HP and EC, is necessary for diverse forms of learning and 

memory (Suh et al., 2011; Y. Li et al., 2017; Kitamura et al., 2017; Fernández-Ruiz et al., 

2021). 

The PFC covers the front parts of the frontal lobe of neocortex in the mammalian 

brain, including the anterior cingulate, prelimbic and infralimbic subregions (Chini & 

Hanganu-Opatz, 2021). The organization of PFC laminar organization follows the same 

inside-out migration pattern as the other neocortical areas, in which early-born neurons 

form deep layers V/VI, while late-born neurons are located in upper layers II/III (Nadarajah 

& Parnavelas, 2002). Deep layer prefrontal PYRs are found to be the main receivers of the 

hippocampal projections, with intermediate/ventral CA1 providing the glutamatergic 

neuronal innervation (Jay et al., 1989; Brockmann et al., 2011; Bitzenhofer et al., 2015; 

Ahlbeck et al., 2018). In turn, PFC specifically projects to the dorsal portion of HP as 

mentioned above. Besides, PFC is modulated by diverse sensory systems including sensory 

thalamus and sensory cortices. Paticularly for the olfactory system, long-range 

monosynaptic axonal projections of LEC target the deep layer prefrontal neurons mainly 

in the prelimbic subregion (Hartung et al., 2016a; Xu et al., 2021), while PIR, AON and 

olfactory thalamus connect with more ventral parts of the PFC through unidirectional or 

bidirectional interactions (J. L. Price, 1985; Ray & Price, 1992; Vertes, 2004; Illig, 2005; 

Courtiol & Wilson, 2015). As a cortical area involved in top-order cognitive functions, PFC 

is believed to be the central processor in the brain to regulate a wide range of complex 

behaviors, such as reinforce learning (J. X. Wang et al., 2018; Muller et al., 2024), 

emotional and social controls (Volman et al., 2011; Franklin et al., 2017), and decision 

making (Barraclough et al., 2004; Aoi et al., 2020).  

In the last decade, the interactions between the areas within the neocortical-

hippocampal network have been shown to coordinate a broad spectrum of cognitive 

abilities, which are highly dynamic processes requiring precise timing of network activity. 

Impressively, different patterns of long-range coupling between electrical activity in PFC 
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and HP manifest during sensory and memory processing, including identical-frequency 

synchrony (Jones & Wilson, 2005; Sigurdsson et al., 2010; Nardin et al., 2023), cross-

frequency coupling (Tamura et al., 2017; Wirt & Hyman, 2019; W. Yu et al., 2021), and 

intricate interaction of cortical ultra-slow oscillations (e.g., up-down states), hippocampal 

ripples with spiking activity (Staresina et al., 2023). Also, EC and HP mainly communicate 

via theta and gamma oscillations, which contributes to several forms of learning and 

memory, such as the encoding and retrieval of spatial information as well as association 

memory (Colgin et al., 2009; Buzsáki & Moser, 2013; Igarashi et al., 2014). Recently, 

cortical up-down states have been found to regulate hippocampal ripples during sleep 

memory consolidation (Zutshi & Buzsáki, 2023; Shin & Jadhav, 2024). The fundamental 

role of neocortical-hippocampal network architecture especially the inter-regional 

connectivity in adult brains is lately coming more and more into the research focus (Luo et 

al., 2022; Malik et al., 2022; Kim et al., 2023; Elston & Wallis, 2025). 

Figure 1.3 Schematic of main neuronal projections of the olfactory-hippocampal-prefrontal network. 

1.2.2 Functional development of cortical-hippocampal network 

The cortical differentiation starts from the late embryonic period and gets fine-tuned along 

development (Katz & Shatz, 1996; Hanganu-Opatz et al., 2021). Numerous experimental 

and theoretical findings have suggested that the development of sensory cortices, that are 

not responsive to sensory cues (e.g., visual and auditory stimuli) during the neonatal stage, 

critically depends on the endogenously-generated electrical activity of the corresponding 

sensory systems. For example, spontaneous retinal activity is relayed via the thalamus to 

the primary visual cortex (V1), where it drives coordinated burst-like oscillatory discharges 

and neuronal firing (Ackman et al., 2012; Hanganu et al., 2006). Visual deprivation from 

early postnatal days on decelerates synaptic formation and disrupts the maturational 

process in V1 (D. J. Price et al., 1994; Zheng et al., 2014) as well as its connectivity with 

the visual thalamus (Hofer et al., 2009). Similarly, acoustic inputs are necessary for the 

topography and activity in the auditory cortex along development (E. F. Chang & 

Merzenich, 2003; Nakahara et al., 2004; Xue et al., 2022), and whisker trimming impairs 
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both the morphological and functional development of the somatosensory cortex (L.-J. Lee 

et al., 2009; Sieben et al., 2015). The functional properties of the developing higher-order 

cortical regions, such as the PFC, were less well-investigated than the primary sensory 

cortices. This is largely due to their maturation starts only after the sensory cortices are 

functional (Gogtay et al., 2004) and continues into adulthood (Fuster, 2002). Except for the 

influence of sensory peripheries on cortical formation, recent studies showed that the 

functional maturation of PFC relies on coordinated patterns of neuronal activity during 

development, in which manual activation of PFC principle neurons during early postnatal 

development leads to long-lasting excitation/inhibition imbalance of PFC local circuit, and 

declined associated cognitive abilities (Bitzenhofer et al., 2021; Medendorp et al., 2021). 

It is also shown that PFC refinement during late development, together with the 

acceleration of gamma oscillations and maturation of INs, is essential for higher-order 

cognitive functions (Piekarski et al., 2017; Bitzenhofer et al., 2020; Schalbetter et al., 2022; 

Z. Wang et al., 2022; Pöpplau et al., 2024). 

HP is one of the brain regions that have the most active electrical activity (Garaschuk 

et al., 2000; Leinekugel et al., 2002), with several network activity features manifesting in 

the early postnatal days, including transient bursts of low-frequency oscillatory activity 

(Brockmann et al., 2011; Ahlbeck et al., 2018) and early sharp waves (eSPWs) (Leinekugel 

et al., 2002; Karlsson et al., 2006). Both types of activity patterns are largely coordinated 

by the direct anatomical upstream regions, which are developmentally more mature, such 

as EC, medial septum (MS) and thalamus (Janiesch et al., 2011; Valeeva et al., 2019; 

Leprince et al., 2023; Shipkov et al., 2024). Interestingly, although the HP does not directly 

connect to the sensory peripheries, its functional development is also sensitive to diverse 

sensory modalities. For instance, manual eyelid parting earlier than normal eye-opening 

accelerates the development of excitatory synaptic transmission within HP and alters 

spatial working memory later in life (Dumas, 2004), and exposure to structured noise 

during development impairs later hippocampal-related learning (Y. Zhang et al., 2021). On 

the other hand, long-term postnatal whisker deprivation leads to impaired morphology of 

PYRs in HP (Yarmohammadi-Samani et al., 2022), and twitches during early postnatal 

days promote spontaneous HP activity (Leprince et al., 2023), indicating that sensorimotor 

activity also contributes to the development of HP. 

Similar to what was found in the adult brain, the strength of hippocampal-prefrontal 

connections increases along the septo-temporal axis, which is established as a 

unidirectional monosynaptic pathway already within the first postnatal week (Brockmann 

et al., 2011; Ahlbeck et al., 2018). In line with this, the PFC activity, as well as long-range 

HP-PFC coupling, are driven by the direct neuronal innervations and the activity patterns 

in intermediate/ventral HP during early development (Brockmann et al., 2011; Ahlbeck et 
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al., 2018; L. Song et al., 2022; Pochinok et al., 2024). Furthermore, it has been shown that 

neonatal PFC activity is highly dependent on the direct/indirect inputs relayed by HP. For 

example, deactivation of LEC leads to reduced oscillatory power in PFC (Hartung et al., 

2016a; Xu et al., 2021; Kostka & Hanganu-Opatz, 2023), which is comparable to the 

consequence after removing cholinergic inputs from MS (Janiesch et al., 2011). All of these 

suggest that the functional development of cortical–hippocampal network is not an island 

isolated from the broader brain circuits along development. 

 

1.3 The link between olfaction and cognition in 

health and disease 

The nature of the relationship between olfaction and cognition has not been well elucidated. 

However, based on the anatomic proximity of brain regions critical for learning and 

memory with the olfactory system (within 2-3 synapses), as well as their strong attachment 

to neurological conditions, it becomes a fundamental question to understand how they 

interact with each other. 

1.3.1 The involvement of the olfactory network in cognitive 

processing  

The existence of olfactory memory is prominent during developmental period. The 

preference for maternal odors is believed to be the initial olfactory memory of infants, 

which is already formed prenatally (Marlier et al., 1998). Gestational exposure to odors 

significantly influences the preferences for the same odorants, which can last several 

months or even years (Mennella et al., 2001; Wagner et al., 2019). For the contribution of 

postnatal odor experience on behavior, the research focus was mainly restricted to fear 

conditioning (Sullivan et al., 2000; Sevelinges et al., 2008), and emotional and social 

controls (Inoue et al., 2021; Mochizuki-Kawai et al., 2022). In contrast, the correlation 

between olfactory memory and the olfactory system has been well identified. For example, 

specific ensembles of PIR neurons are confirmed as critical contributors to fear memory 

recall induced by olfactory cues (Meissner-Bernard et al., 2019); activation of α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors in PIR impairs olfactory 

learning (Shimshek et al., 2005). LEC is required for odor-associative memory in both odor 

cue–reward association (J. Y. Lee et al., 2021), odor-negative valence association (P. Liu 

et al., 2023) and odor-environmental context association (Persson et al., 2022). As the first 

relay station of olfactory information, the OB is mainly top-down driven by the feedback 

inputs from higher-order brain regions during cognitive processing especially odor learning 
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to enhance odor discrimination in a “gain-control” manner (Boyd et al., 2012; Adams et al., 

2019; Trejo et al., 2023). On the other hand, olfactory learning is shown to correlate with 

the neurogenesis within the OB local circuit (Sultan et al., 2011; Sakamoto et al., 2014), 

which is functionally comparable with that in hippocampal DG (Akers et al., 2014). 

In the context of non-odor related behaviors, earlier studies have documented that 

lesions of the OB in adult animals caused various forms of behavioral dysfunctions, 

including lower levels of social facilitation, depressive-like behavior, and memory deficits 

(Guthman et al., 1979; Q. Li et al., 2023; Yuan et al., 2021). Suppression of OB neurons 

promotes anxiety in rats (Salimi et al., 2019; Q. Li et al., 2023), largely due to the 

involvement of the OB-driving HP-PFC pathway in anxiety-related behaviors (Padilla-

Coreano et al., 2016). A recent study reported the important role of OB in spatial working 

memory by coordinating the oscillatory activity in the EC (Salimi et al., 2021, 2022). In 

humans, the RR which is prominent in the OB and other distal brain regions has been 

identified to coordinate memory retrieval and consolidation (Zelano et al., 2016; Arshamian 

et al., 2018; Nakamura et al., 2018; Sheriff et al., 2024), suggesting the influence of 

olfactory inputs on learning and memory. The olfactory cortical areas also show their 

involvement in non-odor memory. For example, the hyperexcitation of PIR is induced by 

chronic social stress, which further contributes to the impairments in learning and memory 

(H. Wang et al., 2022). In addition, LEC is regularly reported to encode context information 

during memory tasks, which is not restricted to odors but also objects and environments 

(Tsao et al., 2013; D. I. G. Wilson et al., 2013; Vandrey et al., 2020; Tozzi et al., 2024). 

Interestingly, despite HP being proposed to form the memorized information (Lisman & 

Morris, 2001; Teyler & Rudy, 2007), recent research showed that the long-range 

neocortical oscillatory synchrony mediated by LEC can restore the hippocampal-dependent 

memories in HP-lesioned mice (Luo et al., 2022), which indicates the olfactory system is 

tightly coupled to the neocortical-hippocampal networks on the functional level. As for the 

neurodevelopment aspect, it has been previously revealed that activity in OB boosts the 

oscillatory patterns in LEC and drives the synchronization of the neocortical-hippocampal 

network during early postnatal days (Gretenkord et al., 2019; Kostka & Hanganu-Opatz, 

2022). However, it remains completely unknown whether neonatal olfactory inputs exert a 

pivotal influence on cognitive processing which is highly dependent on cortical-

hippocampal networks. 

 

1.3.2 Anosmia and cognitive disorders in neurological diseases: 

coexistence and progression 
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Neurodevelopmental diseases refer to a group of psychiatric disorders characterized by 

atypical brain development. A prominent feature of neurodevelopmental disorders is the 

impairments in sensory processing, which is correlated with altered patterns of coordinated 

network activity and connectivity (Schechter et al., 2003; Y.-S. Chang et al., 2014; Chini 

& Hanganu-Opatz, 2021; Siper et al., 2022). Accumulating evidence has indicated an 

association of olfactory impairment with neuropsychiatric disorders. For example, patients 

diagnosed with schizophrenia (SCZ) exhibit cognitive deficits along with olfactory 

dysfunction and reduced volumes of OB, PIR and EC measured by magnetic resonance 

imaging (MRI) (Turetsky et al., 2000; Corcoran et al., 2005; Nguyen et al., 2011; Kamath 

et al., 2019; K. Yang et al., 2021). A recent study shows a mouse model that mimics 

inflammatory processes in the OE of first-episode psychosis patients, has reduced 

glomerular size, decreased numbers of OSNs and M/TCs, and OB volume reduction (K. 

Yang et al., 2024). Similarly, children with autism spectrum disorder (ASD) are observed 

to have impaired odor identification and reduced odor-evoked activity (Bennetto et al., 

2007; Koehler et al., 2018). Moreover, several susceptibility genes of ASD are highly 

relevant to the olfactory network dysfunction: Shank3 deficiency impairs synaptic 

transmission between the OB and PIR (Mihalj et al., 2024), while Tbr mutation results in 

reduced INs and morphological alteration of MCs in the OB (T.-N. Huang et al., 2019), 

both of which further contribute to impaired olfactory detection and discrimination 

(Drapeau et al., 2018; T.-N. Huang et al., 2019; Ryndych et al., 2023). Thus, in 

neurodevelopmental diseases, olfactory dysfunctions together with neurobiological 

alterations in the olfactory neuronal network are detected simultaneously. 

Coincidentally, although neurodegeneration is primarily affected by aging and 

usually occurs in the later stage of life, the progression of neurodegenerative diseases is 

always accompanied by early onset olfactory deficits, including abnormal behavioral 

phenotypes and impaired neuronal networks. The pathology of Alzheimer’s disease (AD) 

is featured by amyloid plaques formed by amyloid beta (Aβ) deposition and neurofibrillary 

tangles composed of hyperphosphorylated tau proteins which accumulate in age-related 

manners (Ballard et al., 2011; Goedert & Spillantini, 2006; Braak & Del Tredici, 2015). 

Both pathological markers have been shown to significantly impact the olfactory system, 

such as neuronal loss or damage (J. Zhang et al., 2018; S. Li et al., 2019; M. Chen et al., 

2020; Ziegler-Waldkirch et al., 2022), regional volume reductions (Thomann et al., 2009a; 

Thomann et al., 2009b; Steinbart et al., 2023), and aberrant network patterns in olfactory 

circuits (Wesson et al., 2011; M. Chen et al., 2020; W. Li et al., 2019; S. Li et al., 2019). 

Interestingly, these structural and functional alternations often precede the onset of 

cognitive decline associated with the functions of HP and PFC, and the impaired inter-

regional communications of neocortical-hippocampal networks (Attems et al., 2014; 
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Murphy, 2019; M. Chen et al., 2020; Salimi et al., 2022). Likewise, anosmia is an early and 

prevalent non-motor symptom in Parkinson’s disease (PD) (Ross et al., 2008; Doty, 2012, 

2017; Haehner et al., 2009), with impaired dendro-dendritic synaptic interplay in OB and 

long-range connectivity in olfactory circuits (F. Chen et al., 2021; Martin-Lopez et al., 2023; 

S.-S. Wang et al., 2024). In view of these findings, a basic question is whether olfactory 

dysfunction is a cause or consequence of these diseases. 

One of the most notable shared clinical manifestations in both neurodevelopmental 

and neurodegenerative diseases is the cognitive decline strongly attributed to HP 

dysfunction (Roy et al., 2016; Hartung et al., 2016b; Dintica et al., 2019; S.-S. Wang et al., 

2024; Rexrode et al., 2024). Lately, some long-term investigations revealed that the 

pandemic Coronavirus disease 2019 (COVID-19), with which nasal inflammation and 

anosmia as the predominant symptoms, result in long-lasting memory impairment and 

early-stage dementia in a large population of recovered patients (LaRovere et al., 2021; 

Méndez et al., 2022; S. Zhao et al., 2022; Hampshire et al., 2024). Also, the HP of COVID-

19 patients is hugely affected by COVID-19 propagation, with neuronal atrophy and 

reduced neurogenesis (Nouraeinejad, 2023). Though the timelines for the occurrence of 

cognitive symptoms and olfactory dysfunction are different in the mentioned categories of 

diseases, the tight anatomical connections between the olfactory system and neocortical-

hippocampal system provide some hints for speculating that the pathological changes of 

neurological disorders originate from the olfactory system.  

 

1.4 Thesis overview and summary of results 

The overarching priority of this thesis is to investigate whether olfactory processing during 

a specific period during neonatal age is crucially involved in the functional development 

of the cortical-hippocampal networks, and the long-term influence of olfactory inputs on 

higher-order cognitive abilities along development. To answer these questions, I mainly 

combined cutting-edge in vivo electrophysiology, odor/optogenetic stimulations, with 

morphological and behavioral assessments, and applied the data analysis of continuous 

time-series and behavioral assays using advanced computational methods, with the aim of 

evaluating the possible contributions of early olfactory inputs to cognitive formation on 

structural, functional and behavioral levels. Based on the inspiring findings, the correlation 

between olfaction and cognition in neurological conditions was examined by reviewing the 

literature and experimentally exploring the olfactory functions in a neuropsychiatric mouse 

model. 

Chapter 2.2.1 identifies the potentially critical role of neonatal olfactory inputs in 

the functional development of entorhinal-hippocampal circuits by selectively silencing the 
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synaptic outputs of M/TCs, the main projection neurons in the OB, during postnatal days 

(P) 8–10 of mice using chemogenetics. Importantly, via monitoring the long-term 

consequences of this early manipulation on the network activity and communications as 

well as on cognitive abilities, it unveils that OB activity during a specific sensitive period 

of neonatal development shapes cognition later in life and its underlying circuitry 

structurally and functionally, with results showing a long-lasting decrease of inter-regional 

coupling and weaker responsiveness to stimuli within developing LEC-HP network, 

accompanied by the impairments in associated behavioral performance and entorhinal 

dendritic complexity after the transient M/TC silencing. Taking advantage of the uniquely 

tight connectivity between the olfactory system and hippocampal formation accounting for 

cognitive abilities throughout life, it fills the longstanding knowledge gap regarding the 

interplay between neonatal sensory and higher cognitive functions in the field.  

Chapter 2.2.2 presents an efficient approach to dissecting functional brain formation 

during early development using optogenetics. By introducing the comprehensive workflow 

to combine time-precise activation of M/TCs mediated by viral tool transduction with in 

vivo acute electrophysiology, it provides a detailed possibility of how to implement in vivo 

optogenetics methods with millisecond-scale temporal precision on developing olfactory 

network, which helps to identify the function of the local and long-range neuronal 

connectivity, and adaptable for other brain circuits or cell types. A range of specific 

parameters of light stimulation are tested here with verifications on the network effect level 

through electrophysiological recordings, which offers a reference for the successful 

application of the method by monitoring light-evoked neuronal and network activity. 

Chapter 2.2.3 is a review that tries to clarify the intricate relationship between 

olfactory deficits and neurodevelopmental/neurodegenerative diseases. Olfactory 

dysfunction has been found to manifest as a hallmark feature shared among diverse 

neurological conditions preceding the typical symptoms, including both 

neurodevelopmental and neurodegenerative disorders which are usually associated with 

impaired cognitive performance. Nonetheless, there is insufficient attention on the link 

between these diseases with common pathophysiological changes especially in the 

olfactory system. It details the olfactory deficiency accompanied by neurodegenerative and 

neurodegenerative disorders on the functional level, brain structural level and neural 

network level. With the existing sound evidence across species, it examines potential 

shared mechanisms underlying olfactory dysfunctions in both categories of neurological 

disorders, such as neuronal loss, reduced neurogenesis, impaired synaptic transmission, and 

altered neurotransmitter signaling, and concludes by highlighting that olfactory deficits are 

an important reflection of the disease propagation which can serve as a pre-clinical 

diagnostic indicator to identify individuals at clinically high risk, instead of simple 
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epiphenomenon. 

Chapter 2.2.4 corroborates the assumption of the previous chapters by measuring 

the possible alternations in the olfactory network and behavior in a mouse model with the 

combination of genetic mutation and environmental stressors for mental disorders. Besides, 

it highlights the driving impact of endogenous OB activity on developing hippocampal-

prefrontal networks in this mouse model with diminished inter-regional coupling and 

reduced directionality from the OB to HP and PFC respectively, which deepens the earlier 

findings for the impaired hippocampal-prefrontal circuitry at the same neonatal age. In a 

call with the last chapter, it points to the potential of olfactory network dysfunction as an 

early marker for neurodevelopmental diseases associated with cognitive deficits. 

Chapter 2.2.5 probes into the statistical distribution of neuronal spiking properties 

by utilizing a large-scale in vivo extracellular recording dataset. Impressively during early 

development, different brain regions maturate at different speeds: basic sensory areas 

become mature relatively early, while areas involved in higher-order cognitive functions 

continue to develop into adolescence and early adulthood. Through the analysis of the 

neuronal firing parameters specifically recorded from OB—the early developed region, and 

PFC—the constantly developing region of mice in an age range of P4-60, it shows that 

firing rates and pairwise correlations of the single-unit spiking have a largely stable 

distribution shape along development, which is similar to what was found in the adult brain. 

The neural network modeling further supports that the extremely distributed synaptic 

parameters are necessary to recapitulate the experimental data, suggesting that functional 

and structural parameters in the developing brain already have an extreme distribution. It 

concludes with a preconfigured framework of the brain and that experience-dependent 

processes do not fundamentally alter this aspect of the organization of the brain. 
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2 | Methods and Results 

 

 

 

 

2.1 Materials and methods 

2.1.1 Animals 

All experiments were performed in compliance with German laws and guidelines of the 

European Community for using animals in research and were approved by the local ethical 

committee (Behörde für Gesundheit und Verbraucherschutz Hamburg, G17/015, N18/015, 

N19/121). Timed-pregnant mice from the University Medical Center Hamburg-Eppendorf 

animal facility 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 vaginal plug detection was considered as 

embryonic day (E) 0.5, and the day of birth was considered as P0. Experiments were carried 

out on wild-type (WT) C57BL/6J (JAX#000664) mice, Tbet-cre (B6; CBATg (Tbx21-cre) 

1Dlc/J, JAX#024507) mice or DISC1 (B6.129S6-Disc1tm1Kara) mice of both sexes. 

Genotypes of Tbet-cre positive (Tbet-cre+) and Tbet-cre negative (Tbet-cre-) mice were 

determined from polymerase chain reaction (PCR) and using genomic deoxyribonucleic 

acid (DNA) and the following primer sequences (Metabion, Planegg/Steinkirchen): 

forward primer 5’-ATCCGAAAAGAAAACGTTGA-3’ and reverse primer 5’-

ATCCAGGTTACGGATATAGT-3’ and visualized with gel electrophoresis. For 

experiments in Chapters 2.2.1 and 2.2.2, Tbet-Cre+ and Tbet-Cre- littermates were used for 

experimental or control groups, respectively. Genotypes of DISC1 mice were determined 

from PCR using genomic DNA and the following primer sequences: forward primer 5’-

TAGCCACTCTCATTGTCAGC-3’ and reverse primer 5’-

CCTCATCCCTTCCACTCAGC-3’ and visualized with gel electrophoresis. For 

experiments in Chapter 2.2.4, pregnant DISC1 mice received intraperitoneal (i.p.) injection 

of viral mimetic polyinosinic:polycytidylic acid (poly(I: C)) to induce maternal immune 

activation (MIA), with heterozygous offspring defined as dual-hit genetic-environmental 

(GE) mice. The offsprings of non-treated WT mice were used as controls. 
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2.1.2 In vivo microinjection and intraperitoneal injection 

a) Virus injection for transfection of M/TCs with hm4Di and ChR2 

On P1, Cre+ and Cre- mice were anesthetized with isoflurane (3 %) and fixed into a 

stereotaxic apparatus (Stoelting) and AAV9-EF1a-DIO-hM4Di-mCherry (Plasmid #50461, 

Addgene) at titer ≥ 1×1013 vg/mL was injected bilaterally into both OBs (200 nL for each 

side) at a rate of 100 nL/min using a syringe infusion microinjector (MICRO4, WPI). 

Following the injections, the syringe was left in the injection place for an additional 2 min 

to avoid reflux of the fluid then slowly withdrawn. For the subset of animals used for 

optogenetics in Chapter 2.2.1, injection of AAV9-EF1a-DIO-hM4Di-mCherry was mixed 

with the simultaneous injection of AAV9-Ef1a-DIO-hChR2(E123T/T159C)-EYFP 

(≥1×1013 vg/mL, Plasmid #35509, Addgene) at a ratio of 1:1. For the animals used for 

optogenetics in Chapter 2.2.2, injection of AAV9-Ef1a-DIO-hChR2(E123T/T159C)-

EYFP was performed in the right OBs (200 nL) at a rate of 100 nL/min. After each injection, 

the tip of the syringe was left in situ for an additional 2 min to avoid leak or reflux of the 

fluid then slowly withdrawn. Next, the pup was maintained on a heating blanket until full 

recovery and returned to the dam. The illustration of the virus injection procedure is 

included in Chapter 2.2.2. Expression of hM4Di-mCherry and ChR2-EYFP were detected 

using a dual fluorescent protein flashlight (Electron Microscopy Sciences) before surgery 

and confirmed post-mortem. Only mice with sufficient expression of fluorescence were 

included in the experiments and analysis for the experimental group.  

b) Virus injection for retrograde tracing in HP  

For the retrograde labeling of CA1-projecting neurons, P3 or P9 hM4Di transfected 

(injected into bilateral OBs on P1) mice were anesthetized with isoflurane (3 %) and head 

fixed in a stereotactic apparatus. Retrograde virus AAVrg-CamKIIa-EYFP (50 ml at titer 

≥ 1×1012 vg/mL, #50469-AAVrg, Addgene) was injected into the dorsal CA1 of HP (1.0 

mm posterior to bregma, 1.2 mm lateral from the midline, 0.8-0.9 mm deep from the skull 

for P3 and 1.1-1.2 mm deep from the skull for P9) at a rate of 50 nL/min. Following the 

injection, the syringe was left in the injection place for an additional 5 min then slowly 

withdrawn. 

c) Intraperitoneal injection 

For chemogenetical inhibition of vesicle release on M/TC axons in Chapter 2.2.1, 

Compound 21 (C21, Hello Bio, 0.3 mg/mL dissolved in 0.9% NaCl) was i.p. injected at P8, 

P9 and P10 (or at P13, P14 and P15) once a day into both Cre+ and Cre- mice at a dose of 

3 mg/kg. Saline-injected Cre+ pups (same dosage as for C21) were used as controls for the 

light-stimulation experiments. For generating GE mice in Chapter 2.2.4, timed-pregnant 
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DISC1 mice received i.p. injection of poly(I:C) at E9.5 at a dose of 25 mg/kg. 

 

2.1.3 In vivo electrophysiology and stimulations 

a) Surgery  

In vivo extracellular recordings were performed on P4-P23 mice. Under isoflurane 

anesthesia (5 % for induction and 2.5 % for maintenance; Braxter), the skin above the skull 

was removed and the neck muscles were administered local anesthetic (0.25% 

bupivacaine/1%lidocaine) for pain relief. Then the neck muscles were cut off to reduce 

muscle artifacts. Two plastic bars for head fixation in the recording setup were mounted on 

the nasal and occipital bones with dental cement (Omin Dent) for tight head fixation during 

the recordings. The bone above the right OB (0.5-0.8 mm anterior to frontonasal suture, 

0.5 mm lateral to inter-nasal suture), LEC (0 mm posterior to lambda, 6-7.5 mm lateral 

from the midline), HP (1.0 mm posterior to bregma, 1.2 mm lateral from the midline) and 

PFC (0.5 mm anterior to bregma, 0.1–0.5 mm lateral from the midline) was carefully 

removed by drilling a hole of <0.5 mm inside diameter. Another hole in the skull over the 

cerebellum was drilled to insert a reference wire. After a recovery period of 20 min, pups 

were transferred to the setup for electrophysiological recording where they were head-fixed 

into a stereotaxic apparatus (Stoelting). The temperature was maintained at 37℃ with a 

heating pad throughout the entire surgery and recording. The illustration of the surgery 

procedure is included in Chapter 2.2.2. 

b) Acute multi-site electrophysiological recordings 

One-shank electrodes (NeuroNexus) with 16 recording sites (50 µm inter-site spacing for 

recordings in OB and PFC, 100 µm inter-site spacing for recordings in LEC and HP), which 

were mounted on the headstages of a multichannel extracellular amplifier (Neuralynx), 

were stereotactically inserted into OB (1.6-2 mm, angle 0°), LEC (depth: 2-2.4mm, P11, 

angle: 90°; P16-23, angle: 15°), HP (1.2-1.7 mm, angle 0°) and PFC (1.8-2.1 mm, angle 0°) 

using micromanipulators. Before the insertion, the electrode tips were rinsed with DiI (1,1’-

Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate, Molecular Probes) to 

visualize the electrode position in post-mortem histological confirmation. For light 

stimulation, one-shank opto-electrodes (NeuroNexus) with the same configuration as the 

electrodes were attached with the optic patch cable and inserted into the OB. A silver wire 

was inserted into the hole over the cerebellum at an approximate depth of 1 mm as ground 

and reference. Pups were allowed to recover for 15 min before data acquisition to maximize 

the stability of the recordings and the quality of spiking activity. Extracellular signals were 

band-pass filtered (0.1-9,000 Hz) and digitized (32000 Hz) with the extracellular amplifier 
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and acquisition software (Neuralynx). The illustration of multi-site electrophysiological 

recordings procedure is included in Chapter 2.2.2. Spontaneous activity was recorded for 

at least 20 min before odor or light stimulation.  

c) Olfactory stimulation 

A custom-made olfactometer with a stream of clean air (900 ml/min) pointed at the mouse 

snout was used in Chapters 2.2.1 and 2.2.4. Odors were applied for 2 s triggered by the 

respiration cycle of the mice to ensure constant odor concentration at the 1st odor inhalation, 

and the odor delivery was controlled by a pre-programmed controller (Arduino). Two 

different odors (vanillin:, 1:100 m/v diluted in distilled water; isoamyl acetate: 1:100 v/v 

diluted in mineral oil) were delivered in a randomized order for 40-60 repetitions. The 

transistor-to-transistor logic (TTL) signals for odor On/Off were recorded together with the 

extracellular recording data. 

d) Light stimulation 

To activate M/TCs expressing ChR2 in Chapters 2.2.1 and 2.2.2, blue light (473 nm) 

stimulation was applied using a diode laser (Omicron) which was controlled by a pre-

programmed controller (Arduino) to deliver 3 ms square pulses of blue light at a rate of 

2/4/8/16/32 Hz (30 repetitions for each frequency), with alternating epochs of 3 s On/3 s 

Off. Laser power (ranging between 0.05–0.4 mW) at the tip of the optical fibers was 

adjusted for every recording to reliably induce neuronal spiking activity as the successful 

activation of M/TCs. The TTL pulse signals for light delivery were recorded together with 

the extracellular recording data. 

 

2.1.4 Behavioral tests 

a) Developmental milestones 

Somatic and reflex development was examined every day in P2-11 mice (for P2-6 the tests 

were performed every 2nd day). Weight, body length and tail length were measured at the 

same time on each testing day. Forelimb grasp was assessed as time hanging on a toothpick 

grasped with the forepaws until falling. Cliff aversion was measured as the time until 

withdrawing after being positioned with forepaws and snout over an elevated edge. Surface 

righting was measured as time to flip over onto its abdomen after being positioned on the 

back. Ear twitch was measured as the pup responded to brushing the ear with the cotton tip 

(the test is terminated if the mouse does not respond within 30 s). Rooting was measured 

as the pup moved its head toward the cotton tip (the test is terminated if the mouse does 

not respond within 30 s). For spontaneous locomotion, the mouse is placed in the center of 

a circular arena (13 cm inside diameter) and allowed to freely explore the arena for 3 min. 



Olfactory Modulation of Cognitive Development 
 

19 
 

The movements of mice were video tracked using a fixed camera (BOSCH).  

b) Neonatal odor preference 

Odor preference of neonatal mice was tested for 3 min using a testing apparatus that 

consisted of a rectangular acrylic chamber (17.5×6.5×6.5 cm) with metal grid flooring, 

divided into two 6.5 cm approach zones located on either end of the chamber, and a 4.5 cm 

neutral zone in the center. Left and right fields were odorized by placing 6.5 cm×6.5 cm 

acrylic trays beneath the grid flooring, each containing 10 g of bedding taken from either 

the homecage of the test pups or fresh bedding soaked with 1% vanillin (w/v, in distilled 

water). For each test, the pup was placed in the center of the arena. All tests were performed 

at room temperature. Between each test, the chamber was cleaned with distilled water 

thoroughly to neutralize all odors, and the positions of the odor field trays were randomized. 

Mice were video-tracked using a fixed camera (BOSCH).  

c) Neonatal odor learning 

Odor learning of neonatal mice was tested at P10 or P11. For one-trial associative odor 

learning, the dam was removed from the home cage for 2 h before the test odor was applied 

to the teats of the dam with a saturated cotton swab. Then the dam was placed back to the 

home cage for 1 h. 1% isoamyl acetate and ethyl butyrate (v/v, in mineral oil) were used 

randomly as test and control odors per litter. The dam was removed again for 2 h before 

the P10 pups were tested in the odor-place preference test with the same testing apparatus 

as above. Left and right fields were odorized by placing acrylic trays beneath the grid 

flooring with 500 μl of either the test odor or a control odor on filter paper. Test and control 

odors were randomized between the two odor zones. For each test, the pup was placed in 

the center of the arena and video-tracked for 3 min using the fixed camera. Between each 

test, the chamber was cleaned with 70% ethanol to eliminate the odors and allowed to dry. 

Odor-place preference tests were performed with pure odors (1% in mineral oil) or odor 

mixtures (90/10, 80/20 test/control odor). To assess long-term neonatal odor memory, the 

dam was removed for 2 h on the following day (P11) and the odor-place preference test 

was repeated with pure test versus control odor (1% in mineral oil). 

d) Open field test 

Mice at P15 were positioned in the center of a circular arena (34 cm inside diameter) and 

allowed to freely explore the arena for 10 min after 30 s adaptation. The test room was 

dimly illuminated. Additionally, the floor area of the arena was digitally subdivided into 8 

zones (4 center zones and 4 border zones) using the zone monitor mode of the VideoMot 2 

software (TSE Systems GmbH). Between each open field test (OFT), the arena was cleaned 

with 0.1% acetic acid. The spontaneous exploration was video-tracked with the fixed 
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camera. 

e) Object recognition tests 

All tests for assessing object recognition memory in pre-juvenile mice consisted of 

familiarization and testing trials. Novel object recognition (NOR, on P16) and object 

location preference (OLP, on P19) tests were performed in the same arena as the OFT. 

Objects used for object recognition tests were six differently shaped, textured and colored 

items with magnets for fixing them to the ground of the arena. Object sizes (height: 3 cm, 

diameter: 1.5-3 cm) were smaller than the size of a mouse and did not resemble living 

stimuli (no eyespots or predator shapes). For the NOR test, each mouse was allowed to 

explore two identical objects for 10 min during the familiarization trial. After a delay period 

of 5 min, the mouse was placed back in the arena for the test trial, where one of the objects 

was replaced by a novel object. In the OLP task, each mouse was allowed to explore two 

different objects for 10 min during the familiarization trial. After the 5 min delay period, 

the mouse was placed back to investigate one old object which was previously presented 

and a copy of the old object for 5 min. After each trail, both the arena and objects were 

cleaned with 0.1% acetic acid to eliminate the odors. Behavior was video-tracked with the 

fixed camera. 

f) Spontaneous alternation 

An elevated Y-maze which consisted of three identical arms with a 120° angle was used to 

test the spontaneous alternation of mice aged P23-24. Each mouse was placed in the start 

arm of the Y-maze and allowed to freely explore the maze for 10 min. To prevent mice 

from jumping out of the maze, the maze was covered by a plexiglass plate during the test. 

After each test, the maze was cleaned with 0.1% acetic acid. The behavior was video-

tracked with the fixed camera. 

 

2.1.5 Histology 

a) Perfusion  

Mice were deeply anesthetized with overdose i.p. injection of an anesthetic cocktail 

consisting of 10% ketamine and 2%xylazine diluted in 0.9% sodium chloride (NaCl) 

solution. After assessment of lack of pain reflexes with toe and tail pinch, mice were 

transcardially perfused with 0.9% NaCl to clean out the blood, followed by Histofix (Carl 

Roth) containing 4% paraformaldehyde (PFA) to preserve the tissue structure and 

morphology. Brains were carefully extracted from the skulls and post-fixed in 4% PFA at 

4℃ for 12–24 h before further cutting.  
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b) Immunohistochemistry  

Brains were sliced using a vibratome (Leica). For brains injected with AAVrg-CamKIIa-

EGFP in CA1, free-floating 50 mm-thick slices containing HP and LEC were 

permeabilized and blocked with phosphate-buffered saline (PBS) containing 0.2% Triton 

X-100 (Sigma-Aldrich), 5% normal bovine serum (BSA, Jackson Immuno Research) and 

0.02% sodium azide (Sigma-Aldrich). Slices were incubated with primary antibody rabbit-

anti-GFP (1:500, #ab6556, Abcam) diluted in 0.2% Triton X-100 and 3% BSA for 48 h at 

4°C, followed by 2 h incubation with secondary antibody goat-anti-rabbit Alexa Fluor 488 

(1:1000, #A11008, Thermo Fisher) at room temperature. Sections were washed 3 times in 

PBS (10 min per time) and covered with Vectorshield containing DAPI (Vector 

Laboratories) on glass slides. 

c) Imaging  

To verify the location of DiI-labeled extracellular electrode and sufficient expression of 

viral vectors, 100 mm-thick slices were mounted with Fluoromount (Thermo Fisher 

Scientific) mixed with Hoechst (Thermo Fisher Scientific) or DAPI (Sigma-Aldrich), then 

the positions of insertion/virus expression were imaged and reconstructed under a wide-

field fluorescence microscope (Olympus) and cellSens software (Olympus) with 

magnification in the range of 2x to 8x. Sections containing LEC from AAVrg-CamKIIa-

EGFP injected brains were imaged using a confocal microscope (Zeiss) and Zen Blue 

software (Zeiss). Image stacks of labeled PYRs were acquired using both 20x (2048×2048 

pixels) and 40x (4096×4096 pixels) objectives.  

 

2.1.6 Data analysis 

a) Dendritic complexity and spine quantification  

Images of LEC neurons were binarized (auto threshold) using the auto threshold function, 

and the dendrites were traced using the semi-automatic simple neurite tracer (SNT) plugin 

in ImageJ software (NIH). The geometric center was identified, and dendritic complexity 

was analyzed with Sholl analysis function of SNT plugin. For spine quantification, spines 

on apical dendrites were manually counted using the point picker tool along a randomly 

selected portion of PYR apical dendrites and measured with “line” tool for length in ImageJ. 

All the analysis was performed blind to the group identity. 

b) Animal behavior analysis  

Tracking videos of animal behaviors were analyzed using DeepLabCut (DLC Team) with 

at least 500000 repetitions of machine learning iteration in Python environment. The 

parameter of interest was quantified using custom-written scripts with MATLAB 
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programming language (MathWorks). The percentage of time spent over the odor fields 

was normalized to the total frames of the tracking video for each animal. For object 

recognition tests, the interaction with an object was defined as the snout being within 1 cm 

distance from the object, and the animals were excluded from the analysis if the total object 

interaction time was less than 20 s during the familiarization trial. Exploration for objects 

was quantified as the discrimination index of time spent interacting with the new and 

familiar object: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖 =
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜2−𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜1
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜1+𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜2

 . 

For Y-maze test, the visited arms during free exploration were quantified, and the 

percentage of spontaneous alternations was calculated as:  
𝑛𝑛𝑛𝑛𝑡𝑡𝑛𝑛𝑡𝑡𝑛𝑛 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑛𝑛𝑎𝑎𝑡𝑡𝑡𝑡𝑜𝑜𝑛𝑛𝑎𝑎

𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑎𝑎 𝑡𝑡𝑛𝑛𝑡𝑡𝑛𝑛𝑡𝑡𝑡𝑡𝑎𝑎−2
 . 

 

c) Time series analysis 

In vivo electrophysiological data were analyzed offline using custom-written scripts in 

MATLAB environment. Data were first band-passed filtered (1-100 Hz for LFP or 500-

9000 Hz for spike analysis) using a 3rd-order Butterworth filter before down-sampling to 

1600 Hz in a manner preserving phase information for LFP analysis.  

i. Power 

Power spectral density (PSD) was computed using Welch’s method (build-in pwelch.m 

function) with non-overlapping 3-s-long windows and 212 fast Fourier transformation (FFT) 

size.  

For odor stimulation experiments power was calculated on 2-s-long periods during odor 

presentation (Stim) and normalized by the power of the 2-s-long period preceding the odor 

stimulation (Pre) using the same FFT size: 
𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑜𝑜

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑜𝑜
 . 

ii. Imaginary coherence 

The imaginary part of complex coherence is insensitive to volume-conduction-based 

effects and is used to measure the functional interaction between two simultaneous time 

series (Nolte et al., 2004). The calculation is by taking the absolute value of the imaginary 

component of the normalized cross-spectral density (using build-in functions: cpds.m and 

pwelch.m) according to the formula: 

𝐶𝐶𝑋𝑋𝑋𝑋(𝑓𝑓) = �𝐼𝐼𝐷𝐷 � 𝑃𝑃𝑋𝑋𝑋𝑋(𝑜𝑜)
�𝑃𝑃𝑋𝑋𝑋𝑋(𝑜𝑜)𝑃𝑃𝑋𝑋𝑋𝑋(𝑜𝑜)

�� , 

where CXY is for the imaginary coherence of signals X and Y over frequency (f), PXX and PYY 

are the respective PSD of signals X and Y, and PXY is the cross-spectral density. Shuffling 
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of the coherence calculation was performed 1000 repetitions. 

iii.  Partial directed coherence  

To investigate the directionality of functional connectivity between brain regions, 

generalized partial directed coherence (gPDC) which is based on a linear Granger causality 

measure in the frequency domain was applied. The method attempts to describe the causal 

relationship between multivariate time-series based on the decomposition of multivariate 

partial coherence computed from multivariate autoregressive models. Before the 

calculation, each LFP signal was divided into 3-s long segments and de-noised using build-

in wavelet toolbox. Then gPDC was computed as previously described (Baccalá & 

Sameshima, 2001). 

iv.  Light-induced field potential 

For accessing the activity in response to light stimulations, raw extracellular recording 

signals were downsampled to 1600 Hz and data recorded during periods around the 3-ms 

light pulse (50 ms before to 100 ms after) were used for analysis. The peaks for the absolute 

value of the signals after the pulses were detected and averaged for each mouse. 

v. Single unit analysis 

Single-unit activity (SUA) was detected and clustered using klusta (kwikteam) and Kilosort 

(MouseLand) based on waveform features, and manually curated using phy (Cortex-lab) in 

Python environment. SUA data were then imported and analyzed using custom-written 

tools in MATLAB. The firing rate was calculated by dividing the total number of SUA by 

the length of the analyzed time window. To assess the firing probability after light 

stimulations with blue light pulses, histograms of spike count using 1 ms bins were 

calculated for periods around the 3-ms light pulse (50 ms before to 100 ms after) and 

normalized to the number of light pulses.  

vi. Spiking correlation 

Spike time tiling coefficient (STTC), a metric that tracks correlations between spike trains 

and is robust to changes in firing rate (Cutts & Eglen, 2014), was calculated on the manually 

curated SUA data according to the formula:  

𝑆𝑇𝑇𝐶 =
1

2
(

𝑃𝐴−𝑇𝐵

1−𝑃𝐴𝑇𝐵
+

𝑃𝐵−𝑇𝐴

1−𝑃𝐵𝑇𝐴
) , 

where PA is the proportion of spikes in spike train A that fall within ±Δt of a spike from 

spike train B. TA is the proportion of time that occurs within ±Δt from the spikes of spike 

train A. The same applies to PB and TB. ±Δt stands for the timescale at which STTC is 

computed, varying from 5 ms to 1000 ms. 

 

2.1.7 Statistics 

Statistical analysis was carried out in MATLAB and R environment (R statistical software, 



Olfactory Modulation of Cognitive Development 
 

24 
 

RStudio). Normally distributed data were tested for significance using paired and unpaired 

t-tests. Non-normally distributed data were tested for significance using Wilcoxon rank-

sum test. Outlier removal was applied to datasets if values were more than 1.5 interquartile 

ranges above the upper quartile (75%) or below the lower quartile (25%). Longitudinal 

data were analyzed with linear mixed-effects models (LMEM; lmer and glmer functions of 

the “lme4” R package). Depending on the experimental designs, different random factors 

were used (e.g. “mouse”, “neuron”). Post-hoc analysis was performed using the “emmeans” 

R package based on the estimated marginal means theory. A significance level of p<0.05 

was considered statistically significant (*, **, *** represent p<0.05, p<0.01, p<0.001 

respectively). Values of corresponding statistics can be found in the results and figure 

legends. All data were expressed as median and interquartile range unless otherwise stated. 
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2.2 Results 

2.2.1 Olfactory Bulb Activity Shapes the Development of 

Entorhinal-Hippocampal Coupling and Associated 

Cognitive Abilities 
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SUMMARY
The interplay between olfaction and higher cognitive processing has been documented in the adult brain;
however, its development is poorly understood. Inmice, shortly after birth, endogenous and stimulus-evoked
activity in the olfactory bulb (OB) boosts the oscillatory entrainment of downstream lateral entorhinal cortex
(LEC) and hippocampus (HP). However, it is unclear whether early OB activity has a long-lasting impact on
entorhinal-hippocampal function and cognitive processing. Here, we chemogenetically silenced the synaptic
outputs of mitral/tufted cells, the main projection neurons in the OB, during postnatal days 8–10. The tran-
sient manipulation leads to a long-lasting reduction of oscillatory coupling and weaker responsiveness to
stimuli within developing entorhinal-hippocampal circuits accompanied by dendritic sparsification of LEC
pyramidal neurons. Moreover, the transient silencing reduces the performance in behavioral tests involving
entorhinal-hippocampal circuits later in life. Thus, neonatal OB activity is critical for the functional LEC-HP
development and maturation of cognitive abilities.
INTRODUCTION

An impressive spectrum of cognitive abilities relies on informa-

tion processing within large-scale neuronal circuits involving

the entorhinal cortex (EC) and hippocampus (HP). The communi-

cation between these cortical areas during cognitive tasks is a

highly dynamic process that relates to precise timing within

neuronal networks. This is ensured by brain oscillations1–3 with

the neuronal firing set to a specific phase of the oscillatory cy-

cle.4,5 Changes in oscillatory activity have been associated

with entorhinal-hippocampal network functions involved in

various cognitive tasks.6,7 The EC has been proposed to act as

the gatekeeper of the cortical memory network.8 Its upper layers

project to HP and PFC,9,10 whereas the deep layers collect pre-

frontal-hippocampal output.11 This connectivity represents the

substrate for the oscillatory entrainment that synchronizes these

dispersed circuits during the encoding and retrieval of declara-

tive memory.12

In addition to interfacing HP and neocortex, the EC appears to

act as a relay station for sensory control of limbic networks. In

particular, the lateral entorhinal cortex (LEC), which together

with the piriform cortex (PIR) belongs to the ‘‘olfactory cortex,’’13

receives direct input from the olfactory bulb (OB).14,15 For this,

long-range axonal projections of OB mitral and tufted cells (M/

TCs) through the lateral olfactory tract (LOT) target directly as

well as indirectly via PIR the LEC.16 Afferent fibers from olfactory

areas are the dominant input to LEC in rodents.17,18 In adult
Current Biology 33, 4353–4366, Octo
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rodents, mitral cell axons terminate in layer I on apical dendrites

of layer II/III pyramidal and fan cells.19 In turn, LEC pyramidal

cells project to the hippocampal CA1 area, whereas fan cells

target the dentate gyrus.20–23 Moreover, LEC, in tight interplay

with HP, has been hypothesized to play a critical role in olfactory

memory, a cognitive ability of particular relevance throughout

life.12,24,25

Olfactory processing and odor learning emerge during early

postnatal development.26 Since rodent pups are blind and deaf

and have limited sensorimotor abilities until the end of the sec-

ond postnatal week, olfaction is mandatory for mother-infant in-

teractions and harm avoidance early in life.27 In light of the sense

of smell’s central role in newborn and juvenile animals, surpris-

ingly few studies, mostly anatomical, have addressed functional

aspects of early network maturation and consolidation in the

postnatal OB and downstream cortical areas, such as PIR and

LEC.28–32 Recently, we showed that OB projections are func-

tional from birth on, since coordinated M/TCs’ activity, such as

that evoked by odors, drives the generation of typical discontin-

uous patterns of oscillatory activity in the neonatal LEC and

HP.33,34 However, a fundamental, yet unresolved question is

whether olfactory processing during neonatal development is

necessary for the maturation of cognitive processing. Early life

events, such as maternal deprivation or handling, have been re-

ported to profoundly affect the limbic system.35,36 The contribu-

tion of early odor exposure/learning to adult behavior is still

poorly explored and mainly restricted to fear conditioning.37,38
ber 23, 2023 ª 2023 The Authors. Published by Elsevier Inc. 4353
C BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. Effects of transient M/TC output

silencing on odor discrimination/detection

of neonatal mice

(A) Experimental timeline of the transient chemo-

genetic silencing of M/TC outputs. Expression of

inhibitory hM4Di receptors in M/TCs was per-

formed by AAV injections into OB of both hemi-

spheres at P1 in Tbet-cre mice. C21 was intra-

peritoneally (i.p.) injected at P8, P9, and P10 once

per day.

(B) Digital photomontages of nuclear Hoechst-

staining and expression of hM4Di-mCherry in both

OBs of a P11 Cre+ mouse (front view of an intact

brain, left) and in a coronal slice of the OB from the

same mouse (right; GL, glomerular layer; EPL,

external plexiform layer; MCL, mitral cell layer;

GCL, granule cell layer).

(C) Photograph of the setup for non-contact odor

preference test for neonatal mice. One field con-

tains homecage beddings as familiar odor,

whereas the other field contains fresh beddings

soaked with 1% vanillin as new odor.

(D) Representative tracking paths merged with

locomotion heatmaps of a Cre� (top) and a Cre+

mouse (bottom) in the odor preference test arena

after the first C21 injection at P8.

(E) Violin plots displaying the relative time spent by

P8 Cre� (blue) and Cre+ (red) mice over each odor

field after the first C21 injection (Cre�, n = 18; Cre+,

n = 16; p < 0.0001 for interaction of genotype and

odor, p < 0.0001 for Cre�-familiar versus Cre�-
new, p = 0.026 for Cre+-familiar versus Cre+-new,

p = 0.0078 for Cre�-new versus Cre+-new,

nonparametric multiple comparisons with Bonfer-

roni’s post hoc test).

(F) Violin plots displaying the relative time spent by P11 Cre� and Cre+ mice over each odor field after 3-day C21 injections from P8 to P10 (Cre�, n = 22; Cre+,

n = 17; p = 0.216 for interaction of genotype and odor, p < 0.0001 for Cre�-familiar versus Cre�-new, p < 0.0001 for Cre+-familiar versus Cre+-new, p = 0.908 for

Cre�-new versus Cre+-new, nonparametric multiple comparisons with Bonferroni’s post hoc test). Data are presented as individual data points, median, and

interquartile range. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S1 and Table S1.
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Even more striking, it is fully unknown, how the coordinated

M/TC activity that is present already at birth33 influences the

development and later function of the downstream networks.

Here, we tested the hypothesis that early activity in the OB is

necessary for the development of entorhinal-hippocampal func-

tion and cognitive processing. For this, we chemogenetically

silenced the synaptic outputs of M/TCs transiently from post-

natal day (P)8 to P10 inmice. Usingmulti-site in vivo electrophys-

iology and optogenetics as well as neuronal tracing, morpholog-

ical assessment, and behavioral testing, we monitored the

long-term consequences of this early manipulation on the activ-

ity and communication within OB-LEC-HP networks as well as

on cognitive abilities.

RESULTS

Silencing of M/TC outputs in neonatal mice transiently
impairs olfactory behavior
To investigate the contribution of early activity in the OB to the

development of entorhinal-hippocampal networks, we set out

to establish a protocol for the transient suppression ofM/TC syn-

aptic outputs at neonatal age. Inhibitory designer receptors

exclusively activated by designer drugs (DREADDs) hM4Di
4354 Current Biology 33, 4353–4366, October 23, 2023
have been successfully used to block the vesicle release from

M/TC axons in neonatal mice, which acutely reduced network

activity within LEC-HP networks.34 To transiently silence the syn-

aptic outputs of M/TCs in the OB during neonatal development,

we injected the adeno-associated viruses (AAVs) encoding for

cre-dependent expression of the inhibitory DREADDs hM4Di

bilaterally into the OB of Tbet-cre mice at P1 (Figure 1A). Cre re-

combinase from Tbet promoter was expressed in M/TCs specif-

ically in the brains of Cre+ mice.39 The fluorescent protein

mCherry in the AAV construct was co-expressed with hM4Di

to confirm that transfection is restricted to M/TCs and stable

expression is achieved at P8 (Figure 1B). To silence the synaptic

outputs via inhibition of synaptic vesicle release of M/TC axons,

we intraperitoneally (i.p.) injected compound 21 (C21), a syn-

thetic activator of DREADDs,40 from P8 to P10 (once per day),

the timewindow during which the OB activation boosts the oscil-

latory entrainment of entorhinal circuits.33,34 Neither somatic

development, reflexes, nor spontaneous locomotion behavior

were affected by this manipulation (Figures S1A and S1B).

First, we assessed the efficacy of the hM4Di-mediated M/TC

output silencing by monitoring the odor discrimination/detection

of P8mice, shortly (30min) after the first injection of C21. For this,

we used a non-contact odor preference test (Figure 1C). Mice
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were presented with a familiar odor (homecage bedding) and an

unfamiliar odor (fresh homecage beddingwith 1%vanillin). In line

with the natural preference of neonatal mice for their homecage

bedding, both Cre+ (i.e., manipulated) and Cre� (i.e., controls)

mice spend significantly more time in the compartment over

the familiar odor when not injected with C21 (Figure S1C). In

contrast, the preference for the familiar odor was significantly

reduced in hM4Di-expressing Cre+ mice treated with C21 at

P8 (Figures 1D and 1E). This acute effect confirms that hM4Di-

mediated silencing of M/TC outputs is sufficient to diminish

odor discrimination/detection already at P8. The fact that the ol-

factory abilities are not completely abolished in Cre+ mice most

likely reflects an incomplete targeting of M/TCs with AAV or C21

injections. When the same test was performed on the same pups

at P11, a day after the last C21 injection, both groups of mice

showed a similar preference for the familiar odor (Figure 1F), indi-

cating that the transient inhibition of M/TC outputs on odor

discrimination/detection is reversible.

Thus, silencing of M/TC outputs from P8 to P10 only tran-

siently impaired the olfactory processing in neonatal mice.

Transient silencing ofM/TCoutputs persistently impairs
the activity and communicationwithin LEC-HPnetworks
Next, we assessed the effects of transient chemogenetic

silencing of M/TC outputs on neuronal activity. To this end, we

performedmulti-site extracellular recordings of the local field po-

tential (LFP) and single-unit activity (SUA) simultaneously from

the OB, LEC, and the CA1 area of the dorsal HP in awake,

head-fixed Cre�, and Cre+ mice at P11 after transient silencing

of M/TC outputs (Figures 2A–2C). Neither the broadband oscilla-

tory power nor the neuronal firing rate in the OB was affected by

transient M/TC output silencing (Figures 2D and 2E). These data

are in line with the intact olfactory preference for familiar odors

that both groups Cre� and Cre+ mice have at P11. In contrast,

at the same age, the activity of downstream areas, LEC, and

HP was impaired after the transient M/TC output silencing. The

broadband power decrease detected in Cre+ mice (Figure 2D)

might result from an overall reduction of SUA or from reduced

neuronal synchronization within local circuits. Although we did

not observe significant changes in the firing rates of single units

recorded from LEC and HP of Cre+ mice (Figure 2E), the spike

time tiling coefficients (STTCs), a measure of the correlation
Figure 2. Effects of transient M/TC output silencing on the neuronal a

(A) Left: experimental timeline of the chemogenetic silencing of M/TC outputs du

and HP at P11. Right: three-dimensional (3D) schematic of the recording sites in O

OB, LEC, and HP.

(B) Digital photomontage reconstructing the location of the DiI-labeled extracellula

Cre+ mouse.

(C) Representative extracellular recordings of the LFPs in the OB, LEC, and HP o

(D) Averaged power spectra of oscillatory activity recorded from P11 Cre� (blue)

linear mixed-effects model [LMEM]), LEC (Cre�, n = 12; Cre+, n = 12; p = 0.001

genotype, LMEM).

(E) Violin plot displaying the SUA firing rates in OB, LEC, and HP for P11 Cre� an

(F) Left: averaged correlation between spike trains quantified by STTC for P11 C

1,000 ms time lag are displayed. Right: violin plot displaying the corresponding ST

rank-sum test), LEC (p < 0.0001, Wilcoxon rank-sum test), and HP (p < 0.0001, W

error of the median. Horizontal black lines indicate p < 0.05. For violin plots, d

***p < 0.001.

See also Table S1.
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between neuronal spike trains and thus a proxy of synchrony

within local circuits,41 was significantly reduced for LEC and

HP, but not OB (Figure 2F). This indicates that the transient

silencing of M/TC outputs, although leaving the OB activity

intact, disrupted the local interactions within LEC and, subse-

quently, hippocampal CA1 area.

The transient chemogeneticmanipulationdid not only affect ac-

tivity in individual areas but also the communication between

areas of P11mice.When assessing the interregional communica-

tion within OB-LEC-HP networks using STTC,we detected signif-

icantly reduced correlations between the spiking activity of OB

and LEC (Figure 3A), aswell as LECandHP (Figure 3D).Moreover,

we assessed oscillatory synchrony between areas by calculating

the imaginary part of coherence of simultaneous recorded LFPs,

which is considered not to be corrupted by volume conductance.

We found that OB-LEC (Figure 3B), LEC-HP (Figure 3B), and OB-

HP coherence values (Figure S2A) were significantly lower in P11

Cre+ mice when compared with Cre� mice. This indicates a

decrease in long-range synchrony within OB-LEC-HP networks.

In particular, the 1–10 Hz coherence between OB and LEC was

strongly reduced in Cre+ mice, suggesting that the LEC is less

responsive to theOB input that covers the slow respiration-related

rhythm (1–4Hz) and the theta rhythm (4–12 Hz), which were previ-

ously shown to reflect the entrainment of the limbic areas.33,42

Moreover, the coupling between LEC and HP was affected not

only in the theta frequency range but also at faster frequencies

(12–40 Hz) that have a critical role in odor processing.12,34

To assess the directionality of the interactions within OB-LEC-

HP networks after chemogenetic manipulation, we calculated

the generalized partial directed coherence (gPDC).43 The previ-

ously identified oscillatory drive from OB to LEC and subse-

quently from LEC to HP33,34 was significantly decreased in

Cre+ mice after transient M/TC output silencing (Figures 3C

and 3F). Although the OB does not directly project to the CA1

subdivision of the HP, Cre+ mice had decreased gPDC values

for OB/HP (Figure S2B), most likely as a result of the weaker

drive from the OB along the downstream pathway OB / LEC

and LEC / HP.

These data show that reduced M/TC outputs during a specific

time window of early development, even if not compromising ol-

factory processing, persistently impair the communication and

directed interactions along the downstream pathways to HP.
nd network activity in OB, LEC, and HP of P11 mice

ring P8–P10 followed by in vivo multi-site extracellular recordings of OB, LEC,

B, LEC, and HP. Black arrows correspond to the axonal projections linking the

r recording electrodes in OB, LEC, andHP of a P11 hM4Di-mCherry expressing

f P11 Cre� (left) and Cre+ (right) mice.

and Cre+ (red) mice in OB (Cre�, n = 16; Cre+, n = 15; p = 0.810 for genotype,

04 for genotype, LMEM), and HP (Cre�, n = 12; Cre+, n = 11; p = 0.0411 for

d Cre+ mice.

re� and Cre+ mice. The significance levels for comparisons at 100, 500, and

TC values for 1,000 ms time lag between spike trains in OB (p = 0.36, Wilcoxon

ilcoxon rank-sum test). For line plots, data are presented as median ± standard

ata are presented as individual data points, median, and interquartile range.



Figure 3. Effects of transient M/TC output

silencing on long-range communication be-

tween OB, LEC, and HP for P11 mice

(A) Left: STTC between spike trains simultaneously

recorded in OB and LEC from P11 Cre� (blue) and

Cre+ (red) mice. The significance levels for com-

parisons at 100, 500, and 1,000 ms time lag are

displayed. Right: violin plot displaying the corre-

sponding STTC values for 1,000 ms time lag

(p < 0.0001, Wilcoxon rank-sum test).

(B) Averaged imaginary coherence for oscillatory

activity simultaneously recorded in OB and LEC for

P11 Cre� andCre+mice (Cre�, n = 12; Cre+, n = 12;

p = 0.00212 for interaction of genotype and fre-

quency, LMEM). The gray lines at the bottom

correspond to the imaginary coherence calculated

for shuffled LFPs of both groups, respectively (light

gray for Cre�; dark gray for Cre+).

(C) Information flow fromOB to LECwithin OB-LEC-HP network quantified by gPDC for simultaneous oscillatory activity of P11 Cre� and Cre+mice (Cre�, n = 12;

Cre+, n = 12; p = 0.0126 for interaction of genotype and frequency, LMEM).

(D) Same as (A) for LEC-HP (p < 0.0001, Wilcoxon rank-sum test).

(E) Same as (B) for LEC-HP (Cre�, n = 9; Cre+, n = 9; p = 0.0043 for interaction of genotype and frequency, LMEM).

(F) Same as (C) for information flow from LEC to HP (Cre�, n = 9; Cre+, n = 9; p = 0.0129 for interaction of genotype and frequency, LMEM). For line plots, data are

presented asmedian ± standard error of themedian. Horizontal black lines indicate p < 0.05. For violin plots, data are presented as individual data points, median,

and interquartile range. *p < 0.05, **p < 0.01.

See also Figure S2 and Table S1.
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Transient silencing of M/TC outputs persistently
decreases the responsiveness to stimuli within the OB-
LEC-HP network
The reduced communication within OB-LEC-HP networks

following the transient M/TC output silencing might cause

weaker responsiveness to incoming stimuli later in life. To test

this hypothesis, we tested the effects of the following two types

of stimulations: odors and direct activation of channelrhodopsin

(ChR2)-transfected M/TCs with light. We previously showed that

odors lead to strong activation of the neonatal OB/ LEC/HP

pathway.33,34 To test whether transient M/TC output silencing al-

ters this downstream activation, P11 Cre� and Cre+ mice were

exposed to neutral odors while simultaneously recording the ac-

tivity in OB, LEC, and HP (Figure 4A). In Cre� mice, all three

investigated areas responded to odor exposure with a strong in-

crease in 4–30 Hz oscillatory activity, as revealed by the normal-

ized power values. In contrast, the odor-evoked response was

smaller in Cre+ mice (Figures 4B–4D and S3A–S3C). The effect

was odor-independent and extended over a broad frequency

range in OB and LEC but was confined to 10–20 Hz in the HP.

The decreased odor-evoked activity in OB might result from

altered local connections betweenM/TCs and inhibitory neurons

or from altered feedback from downstream cortical areas

affected by the transient M/TCs output silencing.

These results suggest that transient M/TC output silencing has

long-lasting effects on the ability of LEC and HP to process in-

puts from the OB. To confirm these findings, we transfected

light-sensitive ChR2 together with hM4Di by bilateral virus injec-

tions into the OB of Tbet-cre mice (Figure 4E). For specific

expression of ChR2 in M/TCs, only Cre+ mice were used. Tran-

sient M/TC output silencing was performed as described above

by daily injection of C21 during P8–P10, whereas control mice

were injected with saline. At P11, we simultaneously recorded

the LFP and spiking activity from OB, LEC, and hippocampal

CA1 area and activated ChR2-expressing M/TCs using blue light
pulses (473 nm, 3 ms). In all investigated mice, direct M/TC acti-

vation by light-evoked field potentials with large amplitude

peaked at �8 ms after stimulus onset in OB. Similar potentials,

yet of smaller amplitude, were detected in LEC after �25 ms

and HP after �58 ms from stimulus onset (Figures 4F, 4H, and

4J). Amplitudes of the evoked peaks were quantified and were

found to be significantly decreased in all three areas of C21-in-

jected Cre+ mice compared with saline-injected controls

(Figures 4F, 4H, and 4J), indicating that information transmission

from the OB to the LEC-HP network was impaired after transient

silencing of M/TC outputs. We next analyzed the neuronal firing

induced by optogenetic M/TC stimulation and found a reduced

firing probability in OB, LEC, and HP with similar delays as the

event-related potentials (Figures 4G, 4I, and 4K). These results

are consistent with weaker odor-evoked responses described

above.

Together, these findings confirm a weaker responsiveness to

stimuli of downstream areas LEC and HP that persists after the

transient M/TC output silencing.

Transient M/TC output silencing compromises the
dendritic structure of LEC pyramidal neurons
Direct axonal projections from M/TCs converge in the LOT and

directly synapse onto the apical dendrites of principal neurons

in the superficial layer of LEC.11,44 During the first two postnatal

weeks, a substantial activity-dependent reorganization of den-

dritic arborization takes place in cortical areas and actively con-

tributes to the emergence of adult patterns of activity.45,46 The

abnormal activity and communication within OB-LEC-HP net-

works after the transient M/TC output silencing might result

from persistent structural deficits induced by the chemogenetic

manipulation. To test this hypothesis, we monitored the struc-

tural development of CA1-projecting pyramidal neurons in LEC

at P11 and P17 by injecting a retrograde virus encoding for green

fluorescent protein (GFP) into hippocampal CA1 area (Figures 5A
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Figure 4. Effects of transient M/TC output

silencing on odor- and M/TC optogeneti-

cally evoked activity in OB, LEC, and HP of

P11 mice

(A) Representative extracellular recordings of the

LFP in OB, LEC, and HP of P11 Cre� (left) and Cre+

(right) mice during odor stimulation with 1% iso-

amyl acetate.

(B) Averaged power during odor stimulation with

1% isoamyl acetate normalized to the power

before stimulation in OB of P11 Cre� (blue) and

Cre+ (red) mice (Cre�, n = 12; Cre+, n = 8; p =

0.0219 for interaction of genotype and frequency,

LMEM).

(C) Same as (B) for LEC (Cre�, n = 7; Cre+, n = 7; p =

0.0308 for interaction of genotype and frequency,

LMEM).

(D) Same as (B) for HP (Cre�, n = 10; Cre+, n = 8; p =

0.0163 for interaction of genotype and frequency,

LMEM). Data are presented as median ± standard

error of the median. Horizontal black lines indicate

p < 0.05.

(E) Left: experimental timeline of acute optogenetic

M/TC activation after transient M/TC output

silencing of Tbet-cre mice. Expression of both

inhibitory hM4Di and light-sensitive hChR2 re-

ceptors inM/TCs was performed by AAV injections

into OBs of both hemispheres at P1 in Tbet-cre+

mice, and C21 or saline was i.p. injected at P8, P9

and P10 once per day. Light stimulations were

performed on M/TCs along with in vivo multi-site

extracellular recordings of OB, LEC, and HP at

P11. Right: digital photomontages of hChR2-

EYFP- and hM4Di-mCherry-transfected OB from a

P11 Cre+ mouse, and transfection pattern over the

OB layers from the same slice when displayed at

larger magnification.

(F) Left: averaged light-induced field potentials

recorded in the OB of P11 Cre+ mice after daily

saline (blue) or C21 (red) injections during P8–P10.

Right: violin plots of the peak amplitude of light-

induced field potentials (Cre+-saline, n = 10; Cre+-

C21, n = 12; p = 0.0161, Wilcoxon rank-sum test).

(G) Averaged probability of SUA firing in OB

induced by light stimulation of P11 Cre+ mice after

daily saline or C21 injections during P8–P10 (Cre+-

saline, n = 63; Cre+-C21, n = 81; p = 0.000378,

Wilcoxon rank-sum test). The 3-ms blue light

square pulses (473 nm) delivered toM/TC layer are

marked by light blue bars.

(H and I) Same as (F) and (G) for LEC (F, Cre+-sa-

line, n = 6; Cre+-C21, n = 7; p = 0.0293, Wilcoxon

rank-sum test; G, Cre+-saline, n = 32; Cre+-C21,

n = 48; p = 0.0149, Wilcoxon rank-sum test).

(J and K) Same as (F) and (G) for HP (J, Cre+-saline,

n = 8; Cre+-C21, n = 10; p = 0.00555, Wilcoxon

rank-sum test; K, Cre+-saline, n = 17; Cre+-C21,

n = 39; p = 0.0144, Wilcoxon rank-sum test). For

line plots, data are presented as mean ± SEM.

Horizontal black lines indicate p < 0.05. For violin

plots, data are presented as individual data points,

median, and interquartile range. *p < 0.05,

**p < 0.01.

See also Figure S3 and Table S1.
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Figure 5. Long-lasting effects of transient M/TC output silencing on the morphology of LEC neurons

(A) Experimental design and timeline for retrograde tracing of CA1-projecting neurons in LEC of P11 mice.

(B) Digital photomontages displaying the injection site of viral construct AAVrg-CaMKIIa-EGFP in the hippocampal CA1, and AAV9-hM4Di-mCherry in OB of a

Cre+ mouse.

(C) GFP-labeled CA1-projecting neurons in LEC of the same Cre+ mouse in (B). Note that the axonal terminals of M/TCs were also labeled by hM4Di-mCherry.

(D) Representative images of labeled pyramidal neurons in LEC of P11 Cre� and Cre+ mice.

(E) Violin plots displaying the soma area of labeled pyramidal neurons in LEC of P11 Cre� (blue) and Cre+ (red) mice.

(F) Dendritic intersections within a 250 mm radius from the soma center of LEC neurons from Cre� (n = 3mice, 13 neurons) and Cre+ (n = 3 mice, 14 neurons) mice

at P11.

(G) Violin plots of spine density on apical dendrites of labeled LEC pyramidal neurons from Cre� and Cre+ mice on P11 (Cre�, n = 13; Cre+, n = 14; p = 0.0404,

Wilcoxon rank-sum test).

(legend continued on next page)
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and 5H). To confirm the position of injection sites, the GFP

expression was enhanced by immunostaining in postmortem

brain slices (Figure 5B). Retrogradely labeled neurons were

found in LEC superficial layers (Figure 5C), confirming that the

direct projection from LEC to CA1 is present shortly after birth.

Morphological characterization of the labeled LEC neurons that

extend their apical dendrites to the LOT (Figure 5C) revealed

no changes in soma size for Cre+ mice when compared with

Cre� control mice (Figures 5D and 5E). However, the complexity

of apical dendrites of these neurons was decreased at P11,

shortly after the transient silencing of M/TC outputs, as shown

by Sholl analysis (Figure 5F). The reduction of dendritic

complexity was restricted to the apical dendrites, whereas the

basal dendrites were not affected (Figure S4A). Furthermore,

the decreased arborization was accompanied by a reduction

of spine density on the apical dendrites of Cre+ mice compared

with Cre� controls (Figure 5G).

The effects observed at P11, shortly after the chemogenetic

manipulation, persisted also into later development. At P17, we

found a similar decrease in the apical dendritic complexity for

CA1-projecting LEC pyramidal neurons after transient M/TC

output silencing (Figures 5H, 5I, and 5K). Neither the soma size

of retrogradely labeled LEC neurons nor the basal dendrites of

these neurons were affected (Figures 5J and S4B). The

decreased spine density on the apical dendrites of Cre+ mice

when compared with Cre� control mice also persisted until

P17 (Figure 5L).

These results show that the temporary decrease of inputs as a

result of transient M/TC output silencing causes long-lasting

dendritic and spine sparsification of CA1-projecting pyramidal

neurons in LEC.

Transient M/TC output silencing early in life causes
cognitive impairment at pre-juvenile age
Since the chemogenetic manipulation confined to P8–P10 led to

structural changes that persist until pre-juvenile age, it is likely

that the function of the OB-LEC-HP network and the behavioral

abilities this network accounts for are compromised too. To

assess the long-lasting functional deficits of mice experiencing

transient M/TC output silencing from P8 to P10, we performed

multi-site extracellular recordings of LFP and spiking activity

from OB, LEC, and HP of awake head-fixed P16–P19 mice (Fig-

ure 6A). Similar to P11 mice, Cre+ mice at P16–P19 showed a

significantly decreased LFP power of the oscillatory activity in

LEC and HP, yet not in OB (Figure 6B). The decrease mainly

affected the 25–60 Hz frequency range in both areas. Overall,

SUA in LEC of Cre+ mice significantly decreased (Cre�,
0.610 Hz, n = 164 units; Cre+, 0.427 Hz, n = 135 units; p =

0.0251, Wilcoxon rank-sum test), whereas the firing rates in

OB and HP did not change (OB: Cre�, 0.886 Hz, n = 188 units;

Cre+, 0.801 Hz, n = 170 units; p = 0.781; HP: Cre�, 0.457 Hz,

n = 90 units; Cre+, 0.462 Hz, n = 121 units; p = 0.954; Wilcoxon

rank-sum test). Moreover, local interactions between spike trains
(H) Experimental design and timeline for retrograde tracing of CA1-projecting ne

(I–L) Same as (D)–(G) for P17 mice (K, Cre�, n = 3 mice, 21 neurons; Cre+, n = 3 m

soma, LMEM; L, Cre�, n = 21; Cre+, n = 21; p = 0.0221, Wilcoxon rank-sum test

Horizontal black lines indicate p < 0.05. For violin plots, data are presented as in

See also Figure S4 and Table S1.
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measured by STTC were significantly reduced for both LEC and

HP, and less severely for OB (Figure 6C). Furthermore, we as-

sessed interregional synchronization within the OB-LEC-HP

network by calculating the imaginary coherence for OB-LEC,

LEC-HP, and OB-HP. We found an overall decrease in syn-

chrony within the network that mainly affected the 10–20 Hz fre-

quency range (Figure 6D). As shown for P11 mice, the interre-

gional communication between OB and LEC, as well as

between LEC and HP quantified by STTC, was significantly

reduced in P16–P19 Cre+ mice (Figure 6E). These data confirm

the persistent impairment of the downstream LEC-HP network

as a result of transient M/TC output silencing.

These data indicate that the OB activity during early develop-

ment is critical for later LEC-HP function, but the specificity of the

chosen age window (P8–P10) for manipulation remains to be

tested. To address this question, we performed similar chemo-

genetic silencing of M/TC outputs from P13 to P15, a later devel-

opmental time window that is characterized by important sen-

sory maturation events (e.g., opening of the eyelids and ear

channels) (Figure S5A). Neither the activity patterns nor the syn-

chrony within OB-LEC-HP networks significantly differed be-

tween P20 and P23 Cre+ and Cre� mice after the manipulation

(Figures S5B and S5C). These results indicate that the outcome

of OB output silencing depends on the time window of manipu-

lation, the period before the full maturation of other senses, such

as vision or hearing, being of particular relevance.

Previous studies have shown that both LEC and HP account

for object-place learning and memory tasks.47–49 To investigate

if the impaired LEC-HP network activity after transient M/TC

output silencing ultimately leads to any impairment of memory

functions at pre-juvenile age, we tested object recognition mem-

ory and associative recognition memory in mice with a novel ob-

ject recognition (NOR) test at P16 (Figure 7A) and an object loca-

tion preference (OLP) test at P19 (Figure 7B), respectively. Both

tests are based on the innate curiosity of mice and need no prior

training or deprivation. At this age, mice have well-developed

sensory and motor abilities required for the tests.50,51 In NOR

test, Cre+ mice and Cre� control mice showed similar explora-

tion of the two identical objects during the familiarization trial.

In contrast, during the test trial, Cre� control mice showed a pref-

erence for the novel object, whereas the Cre+ mice did not, as an

indicator that they do not distinguish the novel object from the

familiar one (Figure 7A). The OLP test assesses whether mice

associate an object with its location. Cre� control mice preferred

to interact with the object in the new location, whereas Cre+mice

similarly interacted with both objects (Figure 7B). Poorer perfor-

mance in object recognition tasks might result not only from

dysfunction of LEC-HP network but also from abnormal motor

abilities. To exclude this confounding effect, we analyzed the

spontaneous locomotion of mice in the open field test (OFT).

Cre+ and Cre� control mice at P15 behave similarly in OFT,

and no significant differences were found for the distance trav-

eled (Cre�, 16.026 m, n = 30; Cre+, 11.182 m, n = 25;
urons in LEC of P17 mice.

ice, 21 neurons; p < 0.0001 for interaction of genotype and distance from the

). For line plots, data are presented as median ± standard error of the median.

dividual data points, median, and interquartile range. *p < 0.05.



Figure 6. Effects of transient M/TC output

silencing on neuronal and network activity

in the OB-LEC-HP network of P16–P19 mice

(A) Left: experimental timeline of the chemogenetic

silencing of M/TC outputs during P8–P10 followed

by in vivo multi-site extracellular recordings of OB,

LEC, andHPatP16–P19.Right: 3Dschematic of the

recordingsites inOB,LEC,andHPofP16–P19mice.

(B) Averaged power spectra of oscillatory activity

recorded fromCre� (blue) andCre+ (red)miceduring

P16–P19 inOB (Cre�, n = 16; Cre+, n = 15; p = 0.296

for genotype, LMEM), LEC (Cre�, n = 10; Cre+, n =

12; p = 0.00883 for genotype, LMEM), andHP (Cre�,
n =11;Cre+, n=13;p=0.0472 forgenotype,LMEM).

(C) Averaged correlation between spike trains

quantified by STTC in OB, LEC, and HP recorded

from Cre� and Cre+ mice during P16–P19. The sig-

nificance levels for comparisons at 100, 500, and

1,000 ms time lag are displayed, respectively.

(D) Averaged imaginary coherence for simultaneous

oscillatoryactivity recorded inOBandLEC (Cre�, n=
10; Cre+, n = 12; p = 0.0248 for interaction of geno-

type and frequency, LMEM), LEC, andHP (Cre�, n =
10; Cre+, n = 12; p = 0.0493 for interaction of geno-

type and frequency, LMEM), as well as OB and HP

(Cre�, n=11;Cre+, n=13;p=0.00058 for interaction

of genotype and frequency, LMEM) from Cre� and

Cre+ mice during P16–P19. The gray lines at the

bottom correspond to the imaginary coherence

calculated for shuffledLFPs (light gray for Cre�; dark
gray for Cre+).

(E) Pairwise correlation between spike trains simul-

taneously recorded inOBandLEC (left), LECandHP

(middle), aswellasOBandHP(right) fromP16 toP19

Cre� and Cre+ mice quantified by STTC. The sig-

nificance levels for comparisons at 100, 500, and

1,000ms time lag are displayed. Data are presented

asmedian± standard error of themedian.Horizontal

black lines indicate p < 0.05.

See also Figure S5 and Table S1.
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p = 0.166, Wilcoxon rank-sum test). Thus, transient M/TC output

silencing at P8–P10 impairs both object recognition and associ-

ation recognition memory later in life.

Spatial memory, which is highly dependent on intact HP func-

tion,52 is not observed in developing rodents until the 3rd post-

natal week.53,54 Recently, it has been reported that the OB activ-

ity that boosts the LEC-HP communication is relevant for spatial

working memory evaluated by spontaneous alternations in the

Y-maze test.55 To determine whether the spatial working mem-

ory was altered as a consequence of the transient silencing of

M/TC outputs during P8–P10, we tested spontaneous alterna-

tions of P23 and P24mice that navigated freely in a Y-maze con-

taining 3 identical and equally spacedarmswithwalls (Figure 7C).

Although the overall exploratory activity in the Y-maze quantified

by the total number of entries into the arms was similar in both
Current Biolo
groups, Cre+ mice showed a significantly

lower percentage of spontaneous alterna-

tions compared with Cre� controls (Fig-

ure 7C). These data suggest that transient

M/TC output silencing during P8–P10

impaired spatial memory later in life.
Thus, transient M/TC output silencing during P8–P10 leads to

a long-lasting OB-LEC-HP network dysfunction, which is suffi-

cient to impair the behavioral performance in object-related

and spatial memory tasks.

DISCUSSION

The investigation of the environmental impact on brain develop-

ment is a constant topic in neuroscience research. Abundant

literature documented the role of sensory inputs early in life for

the emergence of cortical topographies (e.g., barrels, ocular

dominance columns, and tonotopic maps) and fine-tuned sen-

sory discrimination.56–58Much less is known about the early sen-

sory influence on brain areas that later account for cognitive pro-

cessing, such as HP and LEC. Being one of the first senses to
gy 33, 4353–4366, October 23, 2023 4361



Figure 7. Effects of transient M/TC output silencing on the behav-

ioral performance of pre-juvenile mice in recognition and spatial

memory tasks

(A) Left: schematic of the protocol for the NOR test. Right: violin plots dis-

playing the discrimination indices in both familiarization and test trials for Cre�

(blue) and Cre+ (red) mice (Cre�, n = 26; Cre+, n = 18; p = 0.0141 for interaction

of genotype and trial, p = 0.0119 for Cre�-familiarization versus Cre�-test, p =

0.828 for Cre+-familiarization versus Cre+-new, p = 0.0301 for Cre�-new
versus Cre+-new, nonparametric multiple comparisons with Bonferroni’s post

hoc test).

(B) Left: schematic of the protocol for OLP test of mice. Right: violin plots

displaying the discrimination indices in both familiarization and test trials for

Cre� and Cre+ mice (Cre�, n = 27; Cre+, n = 23; p = 0.0122 for interaction of

genotype and trial, p < 0.0001 for Cre�-familiarization versus Cre�-test, p =

0.444 for Cre+-familiarization versus Cre+-test, p = 0.00539 for Cre�-test
versus Cre+-test, nonparametric multiple comparisons with Bonferroni’s post

hoc test).

(C) Left: schematic illustrating a correct and an incorrect alternation in the

Y-maze test for mice. Middle: violin plot displaying the total number of arm

entries in the Y-maze for Cre� and Cre+ mice (Cre�, n = 37; Cre+, n = 25; p =

0.511, Wilcoxon rank-sum test). Right: violin plot displaying the percentage of

spontaneous alternations in the Y-maze test for Cre� and Cre+ mice (p =

0.0355, Wilcoxon rank-sum test). Data are presented as individual data points,

median, and interquartile range. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Table S1.
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maturate and by-passing the thalamic relay,14,15 olfaction might

act as a booster of the development of these areas. However,

experimental evidence for this hypothesis was still lacking. In

this study, we investigate the role of early coordinated activity

in the OB, which is either endogenously generated or odor

evoked,33,34 for the activation of downstream LEC-HP networks

and cognitive processing along development. Combining in vivo

electrophysiology, odor, and optogenetic stimulations with
4362 Current Biology 33, 4353–4366, October 23, 2023
morphological and behavioral assessment, we show that tran-

sient chemogenetic silencing of M/TC outputs from P8 to P10

(1) reduces the odor processing only during the time window of

manipulation and has no effects on the endogenous OB activity

at P11; (2) persistently alters the network and spiking activity in

the downstream areas LEC and HP, as well as the interregional

OB-LEC-HP communication; (3) reduces the responsiveness of

LEC and HP to odors and light stimulation of ChR2-transfected

M/TCs; (4) persistently sparsifies the dendritic arborization and

spine densities of HP-projecting LEC neurons; and (5) impairs

LEC-HP-dependent cognitive performance later in life.

Although the broadband oscillatory power and spiking of OB

did not change after chemogenetic M/TC output silencing, the

OB responsiveness to acute stimuli (both odor and light pulses)

was persistently affected. These changes within OB circuits

most likely emerged as a result of disrupted interactions be-

tween M/TCs and local inhibitory neurons that have been re-

ported to modulate the gain of OB output.59–61 In addition, the

reduced OB responsiveness could result from abnormal feed-

back from downstream areas that target the OB via centrifugal

projections and emerge during postnatal development.62,63

The most prominent effect of the transient chemogenetic

silencing of M/TC outputs was the diminished activation and

communication within OB-LEC-HP networks. Correspondingly,

a long-lasting decrease in the dendritic arborization and

complexity of CA1-projecting pyramidal neurons in LEC was de-

tected at both P11 andP17 after transientM/TC output silencing.

The decreased dendritic complexity was confined to the apical

dendrites that receive synaptic inputs from OB and PIR inputs.

It is likely that these morphological alterations are not restricted

to pyramidal neurons but also affect DG-projecting fan cells in

LEC, which are known to receive the strongest inputs from OB

and PIR.23

The lower level of OB-LEC-HP communication as a result of

fewer synaptic inputs throughout development ultimately led to

poorer performance in cognitive tasks that involve LEC and

HP. The strong LEC input to HP provides non-spatial (contextual)

information and facilitates the binding of information related to

objects, places, and contexts. The used behavioral tests, which

capitalized on the preference of mice to explore a novel object

and recognize when an object has been relocated, rely on the

LEC and HP function.49,64 The persistent circuit perturbation

caused by a diminished level of neuronal activity and network

connectivity, which follows the transient chemogenetic manipu-

lation on M/TC outputs, was sufficient to impair the behavioral

performance in tasks involving LEC-HP networks.

The present results highlight the critical role of olfactory activ-

ity during a defined developmental period (P8–P10) for the func-

tional maturation of LEC and HP. They complement previous

findings showing that, in P8–P10 mice, OB activity boosts the

oscillatory entrainment of LEC via mono- and poly-synaptic pro-

jections33 and synchronizes the neonatal hippocampal-prefron-

tal networks in the beta frequency range.34 Moreover, the find-

ings document the long-lasting function of early electrical

activity in the OB. Numerous experimental and theoretical

studies have shown that the development of sensory systems,

which are not responsive to stimuli during the neonatal stage

(e.g., visual and auditory), critically depends on the endoge-

nously generated electrical activity of the corresponding sensory
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periphery. For example, spontaneous retinal activity is relayed

via the thalamus to the primary visual cortex (V1), where it drives

coordinated burst-like oscillatory discharges and neuronal

firing.65,66 Visual deprivation from early Ps decelerates synapse

formation and disrupts the maturational processes in V158,67 as

well as its connectivity with the visual thalamus.68 Likewise,

disruption of acoustic inputs alters the topography and activity

in the auditory cortex along development,69–71 and whisker trim-

ming impairs both the morphological and functional develop-

ment of the somatosensory cortex.72,73 Considering the unique

features of the olfactory system that by-passes the thalamus14,15

and has a functional periphery generating odor-induced, respira-

tion-induced, and endogenous patterns of activity already during

early stages of development,33 the sparsity of knowledge on the

olfactory control of downstream limbic system refinement is very

surprising. The present findings fill this gap and highlight the

long-lasting impact of early OB activity on the downstream

areas, LEC and HP. They complement previously reported

data on early critical periods for long-term plasticity and struc-

tural modification of sensory synapses in olfactory cortex.74,75

It is worth noting that HP development is sensitive not only to

olfactory inputs but also to other sensory modalities. For

instance, manual eyelid parting earlier than normal eye-opening

accelerates the development of excitatory synaptic transmission

within HP and alters spatial workingmemory later in life.76 On the

other hand, exposure to structured noise during development

impairs later HP-related learning.77 Recent research revealed

that twitches during early Ps promote spontaneous HP activity,78

indicating that sensorimotor activity also contributes to the

development of HP. Presumably, the strong impact of M/TC

silencing on the LEC-HP communication and cognitive process-

ing depends on the time window of chemogenetic manipulation.

At P8–P10 mice have limited motor abilities, closed eyelids and

ears, and do not whisker. Indeed, transiently silencing M/TC out-

puts at a later age (P13–P15), when the ears and eyes are

opened, did not affect OB-LEC-HP network activity later in life,

confirming the significance of OB activity during early postnatal

development. Given that cross-modal plasticity might compen-

sate for the missing sensory inputs,79,80 silencing OB activity at

a time window when visual and auditory systems are both func-

tional (i.e., eyes and ears opened) has a much less detrimental

effect on the development of the hippocampal formation and

cognitive abilities.

The decreased activity and functional communication within

developing LEC-HP networks following transient M/TC output

silencing resemble the deficits previously identified in a mouse

model of neuropsychiatric disorders at the same age.64 The

link between respiratory entrainment and limbic function in

cognitive processing in humans as well as the olfactory dysfunc-

tion and disorders is coming more and more into the research

focus. Nasal breathing coordinates neuronal oscillations to sup-

port stimulus processing and memory retrieval.42 Moreover, it

has been shown that the OB of schizophrenia patients has struc-

tural and functional abnormalities, which precede the onset of

abnormal cognitive performance.81,82 Impaired odor perception

was also found in patients with autism spectrum disorder.83,84

Both diseases share developmental abnormalities of the hippo-

campal formation and cortical areas.85–87 The present findings

let us hypothesize that early olfactory dysfunction that causes
long-lasting impairment of electrical activity and sparse connec-

tivity within LEC-HP circuits, contributes to the poor cognitive

abilities reported among patients with neuropsychiatric disor-

ders. Further studies addressing this hypothesis might provide

new mechanistic insights and targets amenable to therapeutic

interventions.
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Rabbit-anti-GFP Abcam Cat# Ab6556, RRID: AB_305564

Alexa Fluor-488 goat anti-rabbit IgG secondary Antibody Thermo Fisher Scientific Cat# A11008, RRID: AB_143165

Bacterial and virus strains

AAV9-EF1a-DIO-hM4Di-mCherry Addgene Cat# 50461, RRID: Addgene_50461

AAV9-Ef1a-DIO-hChR2(E123T/T159C)-EYFP Addgene Cat# 35509, RRID: Addgene_35509

AAVrg-CamKIIa-EGFP Addgene Cat# 50469, RRID: Addgene_50469

Chemicals, peptides, and recombinant proteins

Isoflurane Baxter Cat# HDG9623

Ketamine Richter Pharma AG Ketamidor

Xylazine Bayer Rompun

Compound 21 Hello Bio Cat# HB6124, CAS# 2250025-92-2

Isoamyl acetate Sigma-Aldrich Cat# W205532, CAS# 123-92-2

Vanillin Sigma-Aldrich Cat# W310700, CAS# 121-33-5

Omnifill C Omin Dent Cat# 85182

DiI (1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine

perchlorate)

Molecular Probes Cat# D282, CAS# 41085-99-8

ROTI Histofix Carl Roth Cat# P087.1

Triton X-100 Sigma-Aldrich Cat# T8787, CAS# 9036-19-5

Sodium azide Sigma-Aldrich Cat# 71289, CAS# 26628-22-8

Fluoromount Thermo Fisher Scientific Cat# 00-4958-02

Hoechst Thermo Fisher Scientific Cat# 33342, CAS# 23491-52-3

DAPI Sigma-Aldrich Cat# D9542, CAS# 28718-90-3

VECTASHIELD Antifade Mounting Medium with DAPI Vector Laboratories H-1200-10

Deposited data

Extracellular recording data and sorted single unit data This paper N/A

Experimental models: Organisms/strains

Mouse: Tbet-cre (B6; CBA-Tg(Tbx21-cre) 1Dlc/J) Jackson Laboratory RRID: IMSR_JAX: 024507

Software and algorithms

Cheetah 6 Neuralynx http://neuralynx.com/

Video Mot2 TSE Systems https://www.tsesystems.com/

productdetails/videomot

Zen Blue 3.4 Zeiss RRID: SCR_021725

MATLAB R2018b MathWorks RRID: SCR_001622

Anaconda 1.9.12 Conda RRID: SCR_018317

Python 3.8 Python RRID: SCR_008394

R Statistical Software 4.2.2 RStudio RRID: SCR_001905

ImageJ NIH RRID: SCR_002285

Klusta kwikteam https://github.com/kwikteam/klusta

Phy Cortex-lab https://github.com/cortex-lab/phy

DeepLabCut DLC Team RRID: SCR_021391

Custom-written MATLAB code This paper https://github.com/OpatzLab/

HanganuOpatzToolbox

Other

Multichannel extracellular amplifier Neuralynx Digital Lynx SX

Arduino Uno SMD Arduino A000073
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Diode laser (473 nm) Omicron LuxX 473-100

Recording electrode (1 shank, 16 channels,

50 mm inter-site spacing)

Neuronexus A1x16-5mm-50-703-A16

Recording electrode (1 shank, 16 channels,

100 mm inter-site spacing)

Neuronexus A1x16-5mm-100-703-A16

Recording optrode (1 shank, 16 channels,

50 mm inter-site spacing)

Neuronexus A1x16-5mm-50-703-OA16LP

Vibratome Leica VT1000S

Confocal microscope Zeiss LSM 700, RRID: SCR_017377
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ileana L.

Hanganu-Opatz (hangop@zmnh.uni-hamburg.de).

Materials availability
The study did not generate new unique reagents.

Data and code availability

d All data needed to evaluate the conclusions are available in the main manuscript or the supplementary materials.

d The original analysis code to generate the results is described in the STARMethods section or is available at the following open-

access repository: https://github.com/OpatzLab/HanganuOpatzToolbox.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All experiments were performed in compliance with German laws and the guidelines of the European Community for the use of an-

imals in research and were approved by the local ethical committee (G17/015). Experiments were carried out on Tbet-cre (B6; CBA-

Tg (Tbx21-cre) 1Dlc/J, JAX#024507) mice of both sexes. Timed-pregnant Tbet-cre mice from the animal facility of the University

Medical Center Hamburg-Eppendorf were housed individually in breeding cages at a 12-h light/dark cycle and fed ad libitum. The

day of vaginal plug detection was considered E0.5 and the day of birth was considered P0. These transgenic mice express Cre re-

combinase from the mouse T-box 21 (also called Tbet) promoter in mitral cells of the main and accessory olfactory bulbs.39 Geno-

types were determined using genomic DNA and the following primer sequences (Metabion, Planegg/Steinkirchen): PCR forward

primer 5’-ATCCGAAAAGAAAACGTTGA-3’ and reverse primer 5’-ATCCAGGTTACGGATATAGT-3’. Cre+ and Cre- littermates were

used for experimental or control groups, respectively.

METHOD DETAILS

Microinjection and intraperitoneal injection
Virus injection for transfection of M/TCs with hm4Di and ChR2

P1 pups were anesthetized with isoflurane (3 %) and fixed into a stereotaxic apparatus and AAV9-EF1a-DIO-hM4Di-mCherry

(Plasmid #50461, Addgene) at titer R 131013 vg/mL was injected bilaterally into both OBs (200 nL for each side) at a rate of 100

nL/min using a syringe infusion microinjector (MICRO4, WPI). Following the injections, the syringe was left in the injection place

for an additional 2 min to avoid reflux of the fluid then slowly withdrawn. For the subset of animals used for optogenetics, injection

of AAV9-EF1a-DIO-hM4Di-mCherry was mixed with the simultaneous injection of AAV9-Ef1a-DIO-hChR2(E123T/T159C)-EYFP (R

131013 vg/mL, Plasmid #35509, Addgene) at a ratio of 1:1. After injections, pups were maintained on a heating blanket until full re-

covery and returned to the dam. Expression of hM4Di-mCherry andChR2-EYFPwere detected using a dual fluorescent protein flash-

light (Electron Microscopy Sciences) before surgery and confirmed post-mortem. Only mice with sufficient bilateral expression of

fluorescence were included in the experiments and analysis for the experimental group.
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Virus injection in HP for retrograde tracing

For the retrograde labelingofCA1-projectingneurons,P3orP9hM4Di transfected (injected intoOBsonP1)micewereanesthetizedwith

isoflurane (3 %) and head fixed in a stereotactic apparatus. Retrograde virus AAVrg-CamKIIa-EYFP (50 ml at titer R 131012 vg/mL,

#50469-AAVrg, Addgene) was injected into the dorsal CA1 of HP (1.0 mm posterior to bregma, 1.2 mm lateral from the midline,

0.8-0.9 mm deep from the skull for P3 and 1.1-1.2 mm deep from the skull for P9) at a rate of 50 nL/min. Following the injections, the

syringe was left in the injection place for an additional 5 min to avoid reflux of the fluid then slowly withdrawn.

Compound 21 injection

For chemogenetic inhibition of vesicle release on M/TC axons, Compound 21 (C21, Hello Bio, 0.3 mg$mL-1 dissolved in 0.9% NaCl)

was injected intraperitoneally (IP) at P8, P9 and P10 (or at P13, P14 and P15) once a day into both Cre+ and Cre- mice.

In vivo electrophysiology
Acute multi-site electrophysiological recordings

In vivo acute extracellular recordings were conducted as described previously.34,64 Multi-site extracellular recordings were per-

formed in the OB, LEC and dorsal HP of P11 or P16-23 mice. Under isoflurane anesthesia (5 % for induction and 2.5 % for mainte-

nance; Braxter), the skin above the skull was removed and 0.25%bupivacaine/1% lidocaine was locally applied to the neckmuscles

for pain relief. Two plastic bars for head fixation in the recording setup were mounted on the nasal and occipital bones with dental

cement (Omnifill C, Omin Dent). The bone above the right OB (0.5-0.8 mm anterior to frontonasal suture, 0.5 mm lateral to inter-nasal

suture), LEC (0 mm posterior to lambda, 6-7.5 mm lateral from the midline) and HP (1.0 mm posterior to bregma, 1.2 mm lateral from

the midline) was carefully removed by drilling a hole of <0.5 mm inside diameter. After a recovery period of 20 min, pups were trans-

ferred to the setup for electrophysiological recordingwhere they were head-fixed into a stereotaxic apparatus. One-shank electrodes

(NeuroNexus) with 16 recording sites (50 mm inter-site spacing for recordings in OB, 100 mm inter-site spacing for recordings in LEC

and HP) were stereotactically inserted into OB (1.8-2 mm, angle 0�), LEC (depth: 2-2.4mm, P11: angle: 90�; P16-23, angle: 15�), HP
(1.2-1.7 mm, angle 0�) usingmicromanipulators. For light stimulation, one-shank optrodes (NeuroNexus) with the same configuration

as the electrodes were inserted in the OB. A silver wire was inserted into the cerebellum as ground and reference. Pups were allowed

to recover for 15min before data acquisition. Extracellular signals were band-pass filtered (0.1-9,000 Hz) and digitized (32 kHz) with a

multichannel extracellular amplifier (Digital Lynx SX; Neuralynx) and acquisition software (Cheetah, Neuralynx). Spontaneous activity

was recorded for at least 20 min before odor or light stimulation. Electrode position was confirmed in brain slices post-mortem with

DiI (Molecular Probes).

Olfactory stimulation

For olfactory stimulation, a custom-made olfactometer was used and odors were applied for 2 s triggered by the respiration of the

mice and controlled by a pre-programmed controller (Arduino). Two different odors (Vanillin and isoamyl acetate, 1:100 diluted in

distilled water and mineral oil respectively) were delivered in a randomized order for 40-60 repetitions. A stream of clean air was

pointed at the snout of the mice at 900 ml/min controlled by mass flow controllers.

Light stimulation

To stimulate ChR2-expressingM/TCs, light stimulation was applied using a diode laser (Omicron) which was controlled by a pre-pro-

grammed controller (Arduino) to deliver 3 ms square pulses of blue light (473 nm, 90 repetitions). Laser power at the tip of the optical

fibers was adjusted for every recording to reliably induce neuronal firing.

Histology
Immunohistochemistry

Mice were deeply anesthetized with 10 % ketamine (Ketamidor, Richter Pharma AG)/2 % xylazine (Rompun, Bayer) diluted in 0.9 %

NaCl solution (10 mg/g body weight, intraperitoneal injection) and transcardially perfused with 4 % paraformaldehyde (PFA, Histofix,

Carl Roth). Brains were extracted from the skulls and post-fixed in 4%PFA at 4 �Covernight, then sliced using a vibratome (VT1000S,

Leica). Slices (100 mm-thick) were mounted with Fluoromount (Thermo Fisher Scientific) and Hoechst (Thermo Fisher Scientific) or

DAPI (Sigma-Aldrich). The positions of the DiI-labeled extracellular electrodes were reconstructed to confirm the location of insertion.

For brains injected with AAVrg-CamKIIa-EGFP in CA1, free-floating 50 mm-thick slices containing HP and LECwere permeabilized

and blocked with PBS containing 0.2% Triton X-100 (Sigma-Aldrich), 5% normal bovine serum (BSA, Jackson Immuno Research)

and 0.02% sodium azide (Sigma-Aldrich). Slices were incubated with primary antibody rabbit-anti-GFP (1:500, #ab6556, Abcam)

for 48 h, followed by 2 h incubation with secondary antibody goat-anti-rabbit Alexa Fluor 488 (1:1000, #A11008, Thermo Fisher). Sec-

tions were washed three times in PBS (10min per time) and coveredwith Vectorshield containing DAPI (Vector Laboratories) on glass

slides.

Dendritic complexity and spine quantification

Sections containing LEC were imaged using a confocal microscope (LSM700, Zeiss) and Zen Blue software (Zeiss). Image stacks of

GFP-labeled neurons were acquired using both 20x (2048x2048 pixel) and 40x (4096x4096 pixel) objectives. Images were binarized

(auto threshold) using the auto threshold function, and the dendriteswere traced using the semi-automatic simple neurite tracer (SNT)

plugin in ImageJ environment. The geometric center was identified, and dendritic complexity was analyzed with Sholl analysis func-

tion of SNT plugin. For spine quantification, spines on apical dendrites were manually counted using the point picker tool and

measured with line tool for length in ImageJ.
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Behavior
Developmental milestones

Somatic and reflex development was examined every day in P2-11 mice (for P2-6 the tests were performed every second day) as

previously described.46,88 Weight, body length and tail length were measured at the same time on each testing day. Forelimb grasp

was assessed as time hanging on a toothpick grasped with the forepaws until falling. Cliff aversion was measured as the time until

withdrawing after being positioned with forepaws and snout over an elevated edge. Surface righting was measured as time to flip

over onto its abdomen after being positioned on the back. Ear twitch was measured as the pup responds to brushing the ear with

the cotton tip (the test is terminated if the mouse does not respond within 30 s). Rooting was measured as the pup moves its

head toward the cotton tip (the test is terminated if the mouse does not respondwithin 30 s). For spontaneous locomotion, themouse

is placed in the center of a circular arena (13 cm inside diameter) and allowed to freely explore the arena for 3 min. Mice were video

tracked using a fixed camera (BOSCH) with the zone monitor mode of the VideoMot 2 software (TSE Systems GmbH). The moving

distance was quantified in MATLAB environment.

Odor preference test

Odor preference of neonatal mice was tested for 3 min using a testing apparatus similar as described.89 The testing apparatus con-

sists of a rectangular acrylic chamber (17.53 6.53 6.5 cm) with metal grid flooring, divided into two 6.5 cm approach zones, located

on either end of the chamber and a 4.5 cm neutral zone in the center. Left and right fields were odorized by placing 6.5 cm3 6.5 cm

acrylic trays beneath the grid flooring, each containing 10 g of bedding taken from either the homecage of the test pups or fresh

bedding soaked with 1% vanillin (w/v, in distilled water). For each test, the pup was placed in the center of the arena (i.e., neutral

zone). All tests were performed at room temperature. Between each test, the chamber was cleaned with distilled water thoroughly

and the positions of the odor field trays were reorganized. Mice were video-tracked using a fixed camera (BOSCH) with the zone

monitor mode of the VideoMot 2 software. The percentage of time spent over the different odor fields was quantified in MATLAB

environment. Analysis was performed blind to the group identity of mice.

Open Field Test (OFT)

Mice at P15were positioned in the center of a circular arena (34 cm inside diameter) and allowed to freely explore the arena for 10min

after 30 s adaptation. The test room was dimly illuminated. Additionally, the floor area of the arena was digitally subdivided into 8

zones (4 center zones and 4 border zones) using the zonemonitor mode of the VideoMot 2 software (TSE SystemsGmbH). The spon-

taneous exploration was video-tracked, and the moving distance was quantified.

Object recognition tests

All protocols for assessing object recognition memory in pre-juvenile mice consisted of familiarization and testing trials. Novel object

recognition (NOR, on P16) and object location preference (OLP, on P19) tests were performed in the same arena as the OFT.50,64,90

For the NOR test, each mouse was allowed to explore two identical objects for 10 min during the familiarization trial. After a delay

period of 5 min, the mouse was placed back in the arena for the test trial, where one of the objects was replaced by a novel object.

In the OLP task, each mouse was allowed to explore two different objects for 10 min during the familiarization trial. After the 5 min

delay period, the mouse was placed back to investigate one old object which was previously presented and a copy of the old object

for 5 min. After each trail, both the arena and objects were cleaned with 0.1% acetic acid to eliminate the odors. Behavior was video-

tracked and analyzed using DeepLabCut in Python environment. Object interaction was defined as the snout being within < 1 cm

distance from an object and the animals were excluded from the analysis if the total object exploration time was less than 20 s during

the familiarization trial. Exploration for objects was quantified as the discrimination index of time spent interacting with the new and

familiar object:

Discrimination index =
timeobject2 � timeobject1

timeobject1 + timeobject1

:

Spontaneous alternation

An elevated Y-maze was used to test the spontaneous alternation of mice at P23-24. Each mouse was positioned in the start arm of

the Y-maze and allowed to freely explore the maze for 10 min.46 Visited arms during free exploration were quantified using MATLAB

environment. The percentage of alternations was calculated as (number of alterations/(entries - 2)).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed offline using custom-written scripts in MATLAB environment (MathWorks). Data were first band-passed filtered

(1-100 Hz for LFP or 500-9000 Hz for spike analysis) using a third-order Butterworth filter before down-sampling to 1.6 kHz in a

manner preserving phase information for LFP.

Power
Power spectral density (PSD) was computed using Welch’s method (MATLAB build-in pwelch.m function) with non-overlapping 3-s-

long windows.

For odor stimulation experiments power was calculated on 2-s-long periods during odor presentation (Stim) and normalized by the

power of the 2-s-long period preceding the odor stimulation (Pre):
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PSDStim � PSDPre

PSDPre

:

Imaginary coherence
The imaginary part of complex coherence, which is insensitive to volume-conduction-based effects,91 was calculated by taking the

absolute value of the imaginary component of the normalized cross-spectral density (using MATLAB build-in functions: cpds.m and

pwelch.m) according to the formula:

CXY ðfÞ =

�����Im
 

PXY ðfÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PXXðfÞPYYðfÞ

p
!�����;

where CXY is for the imaginary coherence of signals X and Y over frequency (f), PXX and PYY are their PSD respectively, and PXY is the

cross-spectral density. Shuffling of the coherence calculation was performed 1000 times.

Partial directed coherence
To investigate the directionality of functional connectivity between brain regions, generalized partial directed coherence (gPDC)

which is based on a linear Granger causality measure in the frequency domain was calculated using a previously described algo-

rithm.43 The method attempts to describe the causal relationship between multivariate time series based on the decomposition of

multivariate partial coherence computed from multivariate autoregressive models. The LFP signal was divided into 3-s long seg-

ments and de-noising was applied using MATLAB build-in wavelet toolbox (ddencmp.m and wdencmp.m) before the calculation.

Single unit analysis
Single unit activity (SUA) was detected and clustered using klusta (https://github.com/kwikteam/klusta) based on waveform features

and manually curated using phy (https://github.com/cortex-lab/phy)92 in Python environment. SUA data were then imported and

analyzed using custom-written tools in MATLAB. The firing rate was calculated by dividing the total number of spikes by the duration

of the analyzed time window. To assess the spike probability after blue light pulses, histograms of spike count using 1 ms bins were

calculated for periods around the 3-ms light pulse (50 ms before to 100 ms after) and normalized to the number of light pulses.

Light-induced field potential
For accessing the light-induced response, unfiltered extracellular recording signals were downsampled to 1600 Hz and data re-

corded during periods around the 3-ms light pulse (50 ms before to 100 ms after) were used for analysis. The peaks for the absolute

value of the signals after the pulses were detected and averaged for each mouse.

Spiking correlation
Spike time tiling coefficient (STTC), ametric that tracks correlations between spike trains and is robust to changes in firing rate,41 was

calculated as previously described according to the formula:

STTC =
1

2

�
PA � TB

1 � PATB

+
PB � TA

1 � PBTA

�
;

where PA is the proportion of spikes in spike train A that falls within ±Dt of a spike from spike train B. TA is the proportion of time that

occurs within ±Dt from the spikes of spike train A. The same applies for PB and TB. ±Dt stands for the timescale at which STTC is

computed, variying from 5 ms to 1000 ms.

Statistics
Statistical analysis was performed in MATLAB and R statistical software. Non-normally distributed data were tested for significance

using Wilcoxon rank-sum test. Outlier removal was applied to datasets if values are more than 1.5 interquartile ranges above the up-

per quartile (75%) or below the lower quartile (25%). Longitudinal data were analyzed with linear mixed-effects models (LMEM; lmer

and glmer functions of the ‘‘lme4’’ R package)93 with ‘mouse’ as a random effect. Post-hoc analysis was carried out using the ‘‘em-

means’’ R package based on the estimated marginal means theory.94 C21-injected Cre- littermates were used as controls except for

saline-injected Cre+ pups (same injections as for C21) served as controls for the light-stimulation dataset. All data were expressed as

median and interquartile range unless otherwise stated. A significance level of p < 0.05 was considered statistically significant. If not

included in the text, values of corresponding statistics can be found in the supplementary information.
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SUMMARY

Optogenetic manipulation has proven a powerful tool for investigating the mecha-
nisms underlying the function of neuronal networks, but implementing the tech-
nique onmammals during early development remains challenging. Here,wepresent
a comprehensive workflow to specificallymanipulatemitral/tufted cells (M/TCs), the
output neurons in the olfactory circuit, mediated by adeno-associated virus (AAV)
transduction and light stimulation in neonatal mice and monitor neuronal and
network activity with in vivo electrophysiology. This method represents an efficient
approach to elucidate functional brain development.
For complete details on the use and execution of this protocol, please refer to
Chen et al.1–3

BEFORE YOU BEGIN

How sensory perception interplays with cognitive functions is a fascinating topic in the field of neuro-

science. In mammals, olfaction is one of the first senses that maturates.4,5 While previous studies

have identified the tight anatomical connections between olfactory system and higher-order cortical

regions,6,7 their role is still largely unknown. Until recently, the impact of olfactory outputs on cogni-

tive processing along development represented an open question, mainly due to technical chal-

lenges. For example, the neonatal stage is characterized by rapid and dynamic changes in the struc-

ture and function of the brain, therefore dissecting the developmental trajectory of the circuits

linking olfaction with cognition requires complex and longitudinal experimental designs. During

the last decade, optogenetics has become the tool of choice for dissecting brain circuits and iden-

tifying their function, since it allows precise manipulation of distinct neuronal populations by light.8,9

Recently, we adapted this method for developing olfactory circuit and revealed the critical role of

neonatal olfactory bulb (OB) activity in the development of the entorhinal-hippocampal system ac-

counting for cognitive abilities.1–3 We provide here a detailed description of how to implement

in vivo optogenetics to M/TCs of neonatal mice, which can be also applied to other brain regions

or cell types with simple experimental modifications.

Institutional permissions

All experiments described in this protocol were carried out on transgenic mice of both sexes which

express Cre recombinase controlled by the mouse T-box 21 (also called Tbet) promoter in M/TCs of

the OB. These mice together with their mothers were housed in the animal facility of the University

Medical Center Hamburg-Eppendorf at a 12-h light/12-h dark cycle and the mothers were fed ad
STAR Protocols 5, 103164, September 20, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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libitum. The viral vector (AAV9) used in our experiments is listed as a biosafety level 1 agent in Ger-

many. All procedures were performed in accordance with German laws and the guidelines of the

European Community for the use of animals in research and were approved by the local ethical

committee (G17/015). Readers who want to adhere to this protocol for experimental practice will

need to obtain similar permission and guidance from the animal care/biosafety committee at the

relevant institution(s).

Mating and breeding of animals

Timing: 3 weeks

1. Set up a mating cage by putting two healthy adult female mice with a single adult male in a cage

with fresh beddings and nesting materials at a 12-h light/dark cycle as well as ad libitum feeding

and water.

Note: We use male heterozygous Tbet-cre mice to cross with female wild-type C57BL/6J

mice. According to Mendelian inheritance, 50% of the mouse descendants are Tbet-cre pos-

itive and the others are Tbet-cre negative.

2. Perform vaginal plug checking and document the day, to schedule the experiments (the day of

plug detection was considered E0.5 and the day of birth was considered P0).

3. When the pregnancy is confirmed, house the pregnant female mouse individually and place a

small shelter in the home cage.

Acquire viral vectors

Timing: depends on virus production and shipping

4. Choose AAV according to the opsin, desired expression pattern, serotype, promoter, fluoro-

phore and titer.

Note:We use AAV9 encoding cre-dependent channelrhodopsin (ChR2) and enhanced yellow

fluorescent protein (EYFP) to specifically manipulate M/TCs in the OB. The expression of the

virus is controlled by the Ef1a promotor and the transduction performance of AAV9 is rela-

tively more efficient for neonatal mice compared to other AAV serotypes.10 We recommend

a virus at a high titer for adequate ChR2 expression in all M/TCs (e.g., R 131013 vg/mL from

Addgene virus facility).

5. Aliquot the virus on ice and store it at �80�C.

CRITICAL: To prevent the degradation of virus quality, we recommend 3–4 mL aliquots for
single use and avoid repeated freezing-thawing cycles of the virus.
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

AAV9-Ef1a-DIO-hChR2(E123T/T159C)-EYFP (stored at �80�C) Addgene Cat# 35509, RRID: Addgene_35509

Chemicals, peptides, and recombinant proteins

Isoflurane (stored at 20�C–25�C) Baxter Cat# HDG9623

Omnifill C dental cement Omnident Cat# 85182

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Phosphate-buffered saline (PBS; stored at 20�C–25�C) Gibco Cat# 20012027

Isotonic sodium chloride (0.9%; stored at 20�C–25�C) B. Braun Cat# 3570310

Mixture of 0.25% bupivacaine & 1% lidocaine (stored at
20�C–25�C)

University Medical Center
Hamburg-Eppendorf

N/A

Hydrogen peroxide (3%; stored at 20�C–25�C) Carl Roth Cat# 1A8Y.1

Ethanol (stored at 20�C–25�C) Carl Roth Cat# K928.3

Paraformaldehyde (PFA, 4%; stored at 20�C–25�C) Carl Roth Cat# P087.1

DiI (1,10-Dioctadecyl-3,3,30,30-tetramethylindocarbocyanine
perchlorate; stored at 4�C)

Molecular Probes Cat# D282

Ketamine (stored at 20�C–25�C) Richter Pharma AG Ketamidor

Xylazine (stored at 20�C–25�C) Bayer Rompun

MetriZyme detergent (stored at 20�C–25�C) Metrex Cat# SKU 10-4000

Experimental models: Organisms/strains

Mouse: Tbet-cre (B6; CBA-Tg(Tbx21-cre) 1Dlc/J; male/female,
postnatal day (P) 8–11)

Jackson Laboratory RRID: IMSR_JAX: 024507

Mouse: Tbet-cre (B6; CBA-Tg(Tbx21-cre) 1Dlc/J; male,
R2 months)

Jackson Laboratory RRID: IMSR_JAX: 024507

Mouse: C57BL/6J (female, R2 months) Jackson Laboratory RRID: IMSR_JAX: 000664

Software and algorithms

Cheetah 6 NeuraLynx http://neuralynx.com/

OMICRON Control Center Omicron-Laserage v3.6.10

Other

Sterican single-use hypodermic needle (27G) B. Braun N/A

Microdissection scissors Fine Science Tools Cat# 14084-08

Dumont forceps Fine Science Tools Cat# 11270-20

Hot bead sterilizer Fine Science Tools Cat# 18000-50

Microliter syringe (model 701 RN, 33G) Hamilton Cat# 65460-05

Infusion microinjector and pump controller (not substitutable) World Precision Instruments MICRO4

Animal anesthesia system (not substitutable) Harvard Apparatus Cat# 75-0235

Temperature controller (not substitutable) FHC Cat# 40-90-8D

Heating pad (not substitutable) FHC Cat# 40-90-2

Stereomicroscope Olympus SZX10

Cotton bud DM Cat# 724841

Round plastic bar (outer diameter: 2 mm) aero-naut Modellbau Cat# 772831

Silver wire (diameter: 200 mm; not substitutable) Science Products AG-8W

Stereotaxic apparatus Stoelting Cat# 51603

Diode laser (473 nm; not substitutable) Omicron-Laserage LuxX 473-100

Optic patch cable (not substitutable) Thorlabs Cat# FG050UGA

Optical power meter Thorlabs Cat# PM121D

Recording optrode (1 shank, 16 channels, 50 mm
inter-site spacing)

NeuroNexus A1x16-5mm-50-703-OA16LP

Recording electrode (1 shank, 16 channels, 100 mm
inter-site spacing)

NeuroNexus A1x16-5mm-100-703-A16

Multichannel extracellular amplifier NeuraLynx Digital Lynx SX

Arduino Uno SMD Arduino A000073
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STEP-BY-STEP METHOD DETAILS

Virus injection for ChR2 transduction

Timing: 5 min/animal

Here we describe the procedure for microinjection of an AAV construct into the OB of Tbet-Cre mice

at P1 (Figure 1A) to enable the expression of ChR2 in M/TCs. For specifically targeting other types of

neurons or other brain regions, small modifications regarding mouse line, virus type, and injection

volume would be needed.
STAR Protocols 5, 103164, September 20, 2024 3
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Figure 1. Experimental design and setups

(A) Experimental timeline. At P1, transduction of light-gated ChR2 channels in M/TCs was performed by AAV

injections into the right OB of Tbet-cre mice. At P8, P9, P10 or P11, acute in vivo electrophysiological recordings were

performed in the right OB combined with optogenetic activation of ChR2-expressing M/TCs.

(B) The setup for microinjections on neonatal mice (devices corresponding to the numbers: ①infusion pump;

②stereotaxic apparatus; ③heating pad; ④anesthesia mask; ⑤stereomicroscope; ⑥ice box with viral construct;

⑦microliter syringe).

(C) The setup for in vivo surgery (devices corresponding to the numbers:⑧hot bead sterilizer;⑨anesthesia induction

box; ⑩anesthesia flow meter; ⑪isoflurane vaporizer; ⑫gas evacuation unit; ⑬isotonic sodium chloride solution;

⑭dental cement powder (left) and aqueous solution (right); ⑮needle; ⑯scissors; ⑰forceps).
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1. Set up the injection system (Figure 1B).

a. Attach the microliter syringe to the infusion pump fixed on the stereotaxic apparatus.

b. Set the volume of withdrawal via the pump controller according to the number of pups and the

amount of each injection.
Figure 2. Procedure for ChR2 transduction in the OB by virus injection at P1

(A) (i) 3D schematic of the OB position in the brain with the injected area in green (top view).

(B) (i) An anesthetized P1 mouse with injection location for the right OB marked. (ii) A head-fixed P1 mouse in front of

the anesthesia mask and the tip of the microliter syringe positioned into the right OB for viral injection.

(C) Pictures showing hChR2-EYFP expression in the right OB (i: top view; ii: lateral view of the brain) from a P8 Tbet-cre

mouse, and expression pattern across the OB layers on a coronal brain slice (iii).
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c. Withdraw the set amount of ice-cooled virus-containing solution into the syringe.

CRITICAL: Make sure the tip of the syringe is completely embedded in the solution during
withdrawal and no air bubbles are present in the syringe.
Optional: Depending on the experimental design, dilute the virus aliquot in 0.01 M PBS to the

final working concentration if necessary.

2. Take half the pups from the homecage litter and make a temporary shelter for them on the heat-

ing pad at 37�C.

CRITICAL: We recommend taking half of the total number of pups for each round of injec-
tion and keeping the remaining pups with their mother. Taking all pups at once increases

the chance that the mother mouse will neglect them when they are returned.
3. Anesthetize the animal.

a. Tenderly place one pup in the stereotaxic apparatus equipped with an anesthesia mask and

a heating pad. Turn on the anesthesia system and adjust the vaporizer to change the isoflurane

concentration (5% for initial induction for around 3 min then 3% for maintenance of

anesthesia).

b. Gently advance the non-traumatic bars of the stereotaxic apparatus to both sides of the head

to fix the pup.

c. Confirm the depth of anesthesia by assessing the response to a slight tail pinch with forceps.

4. Microinjection into the OB.

a. Set the volume of infusion to 200 nL via the pump controller.

b. Disinfect the skin of the pup with 70% ethanol (or other local disinfectant).

c. Mark the location of the right OB which is in front of the blood vessel over the frontonasal su-

ture and clearly visible through the skin (Figure 2B (i)).

d. Puncture the skin and skull on the marked location with the tip of a sterilized fine needle.
Note: For mice aged at P0-1, no incision or sutures are needed to inject the OB.

e. Slowly lower the attached microliter syringe to advance the tip into the OB at a 1–1.2 mm

depth (Figure 2B (ii)).

f. Start the microinjection under the infusion mode at a rate of 100 nL/min.

CRITICAL: Avoid excessive injection pressure which might cause damage to brain tissue.

g. Following the microinjection, leave the tip of the syringe in situ for an additional 2 min to avoid

leak or reflux of the fluid.

h. Carefully retract the syringe out of the brain.

i. Clean the fluid on the injection site and disinfect the skin of the pup again.

Optional:Obtain tail biopsies for genotyping to identify Tbet-Cre positive animals following

the PCR protocol provided by the Jackson Laboratory.11

Optional: To differentiate the pups, mark them (e.g., by tattooing the paws).

j. Remove the pup from the apparatus and place it into a recovery box on the heating pad with

beddings from the homecage.

CRITICAL: Make sure the pup has regular vital signs after recovery from anesthesia. This
takes 5–10 minutes.
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5. Repeat the anesthesia and microinjection (major steps 3–4) on the other pups.

6. Return the injected pups to their homecage after full recovery.
Surgery for in vivo electrophysiological recordings

Timing: 30 min/animal

Here we describe the procedure for the in vivo surgery preceding electrophysiological recording

simultaneously performed in both OB and lateral entorhinal cortex (LEC) of neonatal mice (P8-11)

expressing ChR2 in M/TCs.

7. Anesthetize the animal.

a. Take one pup out from the homecage.

b. Anesthetize the pup.
i. Weigh the pup and put it in the induction box (Figure 1C).

ii. Turn on the animal anesthesia system and adjust the vaporizer to increase the isoflurane

concentration to 5% for around 5 min.

iii. Confirm deep anesthesia by tail or toe pinch.

c. Transfer the anesthetized pup to the surgery table equipped with anesthesia mask and tem-

perature controller set at 37�C.
d. Adjust the isoflurane concentration to the required range and test the depth of anesthesia

again.

Note: We recommend 2.5%–3% for the maintenance of anesthesia in neonatal mice. It is

necessary to adjust the concentration according to the breathing of the pup.

8. Surgery on the animal under anesthesia.
6

a. Disinfect the skin above the skull with 70% ethanol (or other local disinfectant).

b. Apply the mixture of bupivacaine (0.25%) and lidocaine (1%) by subcutaneous injection for

local anesthesia and pain relief.

Note: Follow your local animal care guidelines regarding pre- and postoperative analgesia.

Pause point: Wait for 5 min for the analgesia to work before the next steps.

c. Cut the fur and make an incision on the skin above the skull with sterilized scissors.

d. Remove the skin above the skull and residual tissue gently (Figure 3A (i)).

e. Clean the skull using 3% hydrogen peroxide-soaked cotton buds.

f. Dry the skull and mark the locations of the target areas and reference site on cerebellum (Fig-

ure 3A (i)).

Note: Stereotaxic coordinates of OB: 0.5–0.8 mm anterior to frontonasal suture, 0.5 mm

lateral to midline; LEC: 0–0.3 mm anterior to lambda, 6.5 mm lateral to the midline. The

mark over cerebellum location is for drilling a hole to insert a silver wire as ground and refer-

ence for the recording.

g. Under a blue light (wavelength 440–514 nm) such as a fluorescent flashlight or microscope,

the hChR2-EYFP expression in the OB can be easily visualized through the surface of the

brain (Figure 3A (iii)).

h. Use dental cement to strengthen the fragile skull of neonatal mice and to fix two round plastic

bars for tight head fixation during the recording (Figure 3A (ii)).

i. Prepare Omnifill C dental cement by appropriately mixing the powder and liquid.
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Figure 3. Procedure for in vivo electrophysiological recording combined with optogenetics

(A) Anesthetized neonatal mouse with recording locations marked (i) and exposed (ii) for multi-site extracellular

recordings. The two plastic bars were mounted on the nasal and occipital bones respectively with the dental cement

for tight head fixation during the recording. (iii) Overlaid photograph (from pictures taken under 440 nm blue light and

neutral white light) showing the expression of hChR2-EYFP in the OB through the surface of the brain.

(B) Schematic reconstruction of extracellular recording electrode tips with 50 mm (left) and 100 mm (right) inter-site

spacing. Scale bars correspond to 750 mm (left) and 1500 mm (right) respectively.

(C) Head-fixed neonatal mouse in the stereotaxic apparatus with optrode inserted in OB and electrode inserted in

LEC. The optrode is attached to the laser delivery system (upper inner photo) for optogenetic stimulation. The silver

wire is positioned into the cerebellum as ground and reference (lower inner photo).

(D) Digital post-mortem photomontage reconstructing the location of the 16 recording channels of optrode in ventral

OB of a P11 hChR2-EYFP expressing mouse (top; GCL: granule cell layer; MCL: mitral cell layer; EPL: external

plexiform layer; GL: glomerular layer), and the laminar spontaneous activity across the corresponding OB layers

(down; raw recording traces in black, 1–12 Hz band-pass filtered LFP traces in orange). Note that the 1–12 Hz LFPs

reverse at the channel below the first MCL recording channel (traces in gray and red).

(E) Representative traces of simultaneous extracellular recordings in OB and LEC with both LFPs and MUA during

blue light (473 nm) pulse stimulation at 8 Hz. The TTL signals indicating 3-ms light square pulses are marked in light

blue.
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Note: The amount can be adjusted to change the viscosity upon preference.

ii. Mount the plastic bars on the nasal and occipital bones with the dental cement.

iii. Add more dental cement between the two bars for tighter connection.

Note: For recording in other regions, adjust the cement amount and position to ensure the

accessibility of the targeted regions. Also, take care that the cement does not adhere to the

nose or eyelids of the pup.
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i. Perform craniotomies under the stereomicroscope (Figure 3A (ii)).

i. Drill two small holes of 0.5 mm radii on the marked locations on the skull (i.e., OB and LEC)

and carefully drip 0.9% sodium chloride to reduce bleeding and heat damage to brain tis-

sue. Also, drill a hole in the skull over the cerebellum for inserting a reference wire.

CRITICAL: To ensure the quality of the recordings, avoid impertinent drilling to minimize
the damage to brain tissues, neuronal death and neuroinflammation.
ST
ii. Gently remove the dura mater of the holes with the tip of a sterilized fine needle.
In vivo multi-site electrophysiological recordings and optogenetic stimulation

Timing: 1 h/animal

Here we describe the procedure for in vivo acute electrophysiological recordings performed simul-

taneously in both OB and LEC, as well as the simultaneous light stimulation in P8-11mice withM/TCs

expressing ChR2. Detailed descriptions for post-hoc brain dissection with intact OB for verification

of ChR2 expression after the recordings and stimulations are also provided here. The protocol for

light stimulation is also applicable to other brain regions with the presence of the opsin.

9. Multi-site extracellular recordings on the awake animal.
a. Transfer the pup to the setup for electrophysiological recording and fix it with the plastic bars

in the stereotaxic apparatus.

b. Mount the optrode and electrode (with 16 recording sites, Figures 3B and 3C) on the head-

stages of the extracellular amplifier.

Note: To combine in vivo electrophysiology and light stimulation, the optrode needs to be

attached with the optic patch cable. Also check the connection between the optrode, optic

patch cable and diode laser before inserting the optrode into the OB.

Optional: To better visualize the electrode track in post-mortem histological confirmation,

use a micropipette to drop 1 mL of fluorescent dye (e.g., 1 mg/mL DiI diluted in pure

ethanol) to the tip of the electrode and wait for the dye to dry before mounting it to

the headstage.

c. Turn on the extracellular amplifier and data acquisition software.

d. Insert a silver wire into the hole over the cerebellum as ground and reference for the

recordings.

e. By adjusting the manipulator arms of the stereotaxic apparatus, slowly insert then lower the

mounted optrode and electrode into appropriate coordinates of OB and LEC respectively

(optrode for ventral OB: 1.8–2 mm deep, 0� from the vertical plane; electrode for LEC:

2–2.4 mm deep, 15� from the vertical plane).

f. Confirm the position of the optrode in mitral cell layer (MCL) according to the reversal of low-

frequency (1–12 Hz) oscillations which is prominent and visible in the raw recording traces of

the local field potentials (LFPs) between MCL and granule cell layer (GCL) of ventral OB

(Figure 3D).

Pause point: For stable recording quality, pups should be allowed to recover for 20 min

after the insertion of electrodes.

g. Collect the digitized raw extracellular recording data of spontaneous activity with both LFPs

and multi-unit activity (MUA).
AR Protocols 5, 103164, September 20, 2024



ll
OPEN ACCESSProtocol
Note: In our experiments, the signals were sampled at 32000 Hz and band-pass (0.1–

9000 Hz) filtered by the acquisition software.
10. Prepare the light stimulation system.
a. Turn the 473 nm laser on through the control software.

b. Adjust the optical output to the desired power.

CRITICAL: Avoid tangling the optic patch cable for stable optical output.

c. Give a short light pulse (3 ms duration, intensities ranging between 0.05–0.4 mW measured

at the tip of the optrode) to test the light-induced activity and confirm the successful activa-

tion of M/TCs in the OB.

11. Apply light stimulation on the awake animal.
a. Set the parameters to deliver the desired stimulation sequence using a pulse generator.

Note:We use 3 ms square pulses at a rate of 2/4/8/16/32 Hz, with alternating epochs of 3 s

On/3 s Off and repeating 30 times generated by a custom-written controlling program in

Arduino.

b. Monitor and collect the digitized extracellular recording data as well as the transistor-to-tran-

sistor logic (TTL) pulse signals for light delivery (Figure 3E).

12. Sacrifice the pup after the recording procedure for post-mortem verification of ChR2 expression

and electrode location.
a. Carefully retract the optrode/electrode out of the brain.

Note: For cleaning the optrode/electrode, soak the probe in a detergent containing proteo-

lytic enzyme for 15 min and rinse it with a few drops of distilled water afterward.

b. Remove the pup from the stereotaxic apparatus.

c. Euthanize the pup and perform transcardiac perfusion with 0.9% sodium chloride then 4%

PFA at a constant speed of �0.2 mL/s for 20 min.

Note: We use an overdose intraperitoneal injection of 10% ketamine/2% xylazine. Please

follow your local animal care guidelines regarding animal euthanasia.

d. Remove the brain for post-mortem verifications.
i. Cut off the head from the neck.

ii. Make an incision from the back of the head with the scissors.

iii. Cut along the midline of the skull to the extremity of the nasal bone then cut laterally

across the lambda and the frontal bone over the OB.

iv. Peel back the segments of the skull to expose the underlying brain with the forceps.

CRITICAL: The frontal bone is tougher than the other parts of the skull. Avoid too strong
pressure when cutting and moving the frontal bone to prevent OB damage.
v. Gently resect all the connective tissue and nerves anchoring the brain to the lower skull

cavity with the scissors.

vi. Carefully lift the OBs from the connection with the remaining frontal bone.

vii. Carefully separate the intact brain from the cranial vault.

viii. Transfer the brain to the fixing solution (e.g., 4% PFA with a pH of 7.2) for 12–24 h to pre-

serve the tissue structure and morphology before post-mortem histology.
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EXPECTED OUTCOMES

Optogenetic techniques provide a spatially and temporally precise approach for studying the

function of diverse brain circuits, including the sensory systems. Taking the advantages of a

transgenic cre-recombinase mouse line and cre-dependent expression of an optogenetic tool,

we injected an AAV9 encoding light-gated ChR2 into the right OB of P1 Tbet-cre mice to target

the opsin expression specifically in M/TCs. At P8, the robust co-expression of the fluorophore

EYFP with ChR2 was observed in the OB, labeling both the soma and axonal projections of

M/TCs (Figure 2C). This indicates a stable expression of ChR2 and the feasibility of performing

light stimulation at this developmental time point. Adequate ChR2 expression following virus in-

jection targeting other brain regions was also found at either this time point or even earlier in our

previous research.12,13 Thus, the protocol enables the manipulation of specific neuronal popula-

tions during the neonatal period.

Based on the sufficient ChR2 expression at P8 and the fact that olfaction is already functional in mice

at this age, we activated the ChR2-expressing M/TCs in the OB of head-fixed neonatal (P8-11) mice

using blue light pulses (473 nm, 3 ms). The extracellular neural activity in OB and LEC were simulta-

neously recorded to investigate the influence of light-activatedM/TCs on the neuronal activity within

the olfactory network. In addition to adequate virus expression, the successful activation of the

opsin-expressing neurons is also dependent on the appropriate stimulation parameters (Figure 4).

First, we visualized the LFPs and spiking activity (extracted by spike sorting according to the wave-

form features beforehand) in the OB in response to the first 3-ms light pulse under different light in-

tensities to evaluate the effects of in vivoM/TC activation. The magnitude of the light-induced aver-

aged LFPs (Figure 4A) as well as the numbers of the responding single units (Figure 4B) grew with the

increasing intensities from 0.05 mW to 0.2 mW (1%–10% of the maximal laser power), and the re-

sponses to 0.2 mW are comparable with that to 0.4 mW (20% of the maximal laser power), indicating

sufficient optogenetic activation at light intensities in a range between 0.2-0.4 mW in this experi-

mental setup.

We next measured the LFP responses in the MCL in response to rhythmic light pulse sequences

delivered at different frequencies. Reliable light-evoked field potentials with large amplitude

were found inMCL following each single light pulse (Figures 5A and 5B), which confirms the effective

repetitive activation of M/TCs. Notably, the direct activation of M/TCs causes a reversal of trans-

membrane currents shown by current-source density (CSD) analysis with a sink at the reversal chan-

nel of MCL and time-aligned with the peak amplitude of LFPs (Figure 5A (ii)), which can be used for

the further dissection of the neuronal population involved in generating LFP dynamics in the OB.

Quantification of peak amplitudes of the light-evoked LFPs revealed lower peak amplitudes for

the 2nd pulses at higher frequencies (16 and 32 Hz, i.e., with 62.5 and 31.25 ms inter-pulse interval)

even though the 1st pulses could trigger LFPs with comparable peak amplitudes (Figure 5C (i)). This

correspondingly leads to a lower paired-pulse ratio (given by responses to 2nd pulse/responses to 1st

pulse) at higher frequencies (Figure 5C (ii)), which is in line with our previous findings from in vitro

patch-clamp recordings showing that the M/TC firing follows progressively less in response to the

stimulation at higher frequencies.3 This indicates that the activation of the neuronal population in

the OB triggered by the 2nd pulse is lower when compared with that triggered by the 1st pulse. Simi-

larly, laminar CSD analysis for the light-evoked LFPs following the 2nd pulse in vivo showed progres-

sively weaker magnitude of inversion, which could reflect the decay for excitatory synaptic activation

of neuronal ensemble along the increasing stimulation frequencies. These results together not only

rule out that the evoked activity is induced by a photovoltaic effect of light stimulation,14 but also

suggest that even though ChR2 (E123T/T159C mutant) used here rapidly responds to light stimula-

tion at the millisecond level,15 the repetitive light pulses at a high frequency might cause less effi-

cient synaptic transmission or lower synaptic currents triggered by the light activation, which lead

to a reduction of response amplitude upon the 2nd pulse. Thus, the frequency of the rhythmic light

pulses is also an important parameter to consider for light stimulation design.
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Figure 4. Effects of optogenetic stimulation on ChR2-expressing M/TCs with different light intensities

(A) Averaged MCL field potentials induced by the first blue light (473 nm) pulse delivered to the OB of P8-11 mice with

the light intensity set as 1%, 5% 10% and 20% of the maximal intensity (1.75 mW) of laser power. The corresponding

light intensities measured at the tip of the optrode are indicated following the percentage. The 3-ms light square

pulses are denoted by light blue bars.

(B) Raster plots of OB neuronal firing in response to the first blue light pulse delivered in M/TCs of P8-11 mice at the

corresponding intensity in (A).
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Due to its spatiotemporal precision, optogenetics represents a useful method in dissecting the func-

tion of the large-scale neural network including the olfactory circuits. For example, we simulta-

neously recorded the activity in the LEC, one of the target areas of M/TC axonal projections, and

investigated the light-evoked activity in OB and LEC, in particular the evoked spike timing. Light

stimulation of M/TCs increased neuronal firing in both regions, with the peak of evoked firing activity

in downstream LEC being substantially delayed when compared to the OB (Figure 6; OB peaked at

�8ms after stimulus onset, LEC peaked at�40ms after stimulus onset). This indicates that the direct

activation of M/TCs not only elicits the firing in OB, but also induces neuronal firing in LEC through

long-range functional connections already at neonatal age.

LIMITATIONS

We introduce here a comprehensive protocol for combining in vivo acute electrophysiology with

AAV-mediated optogenetic activation of M/TCs in mice at neonatal age. Special care for the an-

imals is mandatory for the successful application of the methods. Thus, a certain amount of time in

practice should be invested before executing the entire protocol described here. Neonatal pups

require regular interactions and feeding by their mother and therefore, it is almost infeasible to

perform extracellular recordings chronically, given the implantation of recording devices signifi-

cantly interferes with normal maternal care and restricts both the somatic and brain development

of the pups.
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Figure 5. LFP responses to light stimulation of ChR2-expressing M/TCs

(A) (i) Averaged field potentials induced by 2 Hz blue light (473 nm) pulses in the MCL of OB from P8-11 mice. The 3-ms light square pulses are denoted

by light blue bars. (ii) Color map of current source density (CSD) across 16 recording channels in the OB during the same periods as (i).

(B) Averaged field potentials induced by blue light pulses delivered at 4 Hz (i)/8 Hz (ii)/16 Hz (iii)/32 Hz (iv) in the MCL of OB from P8-11 mice. Data are

presented as median G standard error of the median.

(C) (i) Averaged peak amplitude of potentials induced by the first (black solid line) and second (black dashed line) light pulses at different inter-pulse

intervals. (ii) Quantified paired-pulse ratio (2nd peak amplitude/1st peak amplitude). Data are presented as median G standard error of the median.

(D) Color maps of CSD in the OB in response to the first and second blue light pulses at 4 Hz, 8 Hz, 16 Hz and 32 Hz. The 3-ms light square pulses are

denoted by light blue bars.
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Expression of optogenetic actuators can be achieved with different strategies, such as injecting the

viral vector encoding the desired opsin into the brain region of interest,14 crossing a transgenic

mouse line carrying the desired opsin with another line with cre recombinase expressed in specific

neuronal populations,16 or prenatally transfecting the neuronal precursor cells by in utero electropo-

ration (IUE).17 The cre-dependent AAV-driven ChR2 expression described here to manipulate the

principal projection neurons in OB is region and cell-type specific, but it also has relatively low flex-

ibility for the experimental timing, since it requires several days after the injection to achieve

adequate expression. On the other hand, while crossing transgenic mouse lines provides a possibil-

ity for cell type-specific opsin expression without additional experimental operation, it is costly and

time-consuming to generate and maintain the required mouse lines. IUE proves to successfully

target cortical and sub-cortical areas for optogenetic studies shortly after birth with sufficient opsin

expression among the specific neuronal population,17 but there is a potential for off-target opsin

expression in other brain areas. In addition, not all cell populations can be targeted through the la-

beling with IUE. Furthermore, the in utero operation might be technically challenging particularly for

those without expertise in embryonic manipulation techniques and can cause negative stress on the
12 STAR Protocols 5, 103164, September 20, 2024



Figure 6. Neuronal firing responses to light stimulation of ChR2-expressing M/TCs

(A) Averaged probability of neuronal firing in the OB and LEC of P8-11 mice in response to 3-ms blue light (473 nm)

pulses delivered to the OB. The 3-ms light square pulses are denoted by light blue bars. Data are presented as

median G standard error of the median.

(B) Z-scored firing rates of neurons in OB and LEC of P8-11 mice in response to 3-ms blue light pulses delivered to

the OB.
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mother mice. In general, the expression strategy should be designed according to the experimental

aims. Thus, experimenters have to consider, which neuronal type(s), brain areas and layers as well as

which developmental time window to be targeted and manipulated.

TROUBLESHOOTING

Problem 1

Mice do not recover after the anesthesia (refer to steps 3–4 and 7–8).

Potential solution

There are several possibilities.

� The temperature of the heating pad is too high or too low.

� The concentration of the isoflurane is set too high.

� Brain damage during microinjections or craniotomies.

We suggest checking the setup before every injection and making sure the breathing is regular un-

der isoflurane anesthesia. Careful and attentive injection and drilling are also crucial.

Problem 2

The injected region does not express the virus or has inadequate virus expression (refer to step 4).

This is the most common possibility accounting for failed stimulation.

Potential solution

� Optimize the injection site according to the post-mortem histology.

� Avoid using a virus after multiple freeze/thaw cycles.

� Make sure the needle is not clogged (e.g., confirming the outflow of virus from the needle before

and after every injection through the stereoscope, or using a micro-pressure injection system

coupled with a glass micropipette).

� After the injection, leave the needle inserted for a longer time and raise it as slowly as possible.
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� Allow sufficient time for expression before the next step experiment(s).

� Check the appropriate virus-genotype pairing.
Problem 3

The mother of the injected pups does not take care of the pups (refer to step 6).
Potential solution

� Clean up and disinfect the possible bleeding on the injection sites.

� Return the pups only after they fully recover (i.e., breathing normally, adjusting body posture

autonomously and showing healthy pink coloring and body temperature).

� Keep some beddings with the pups when returning them to the homecage to make them have suf-

ficient homecage smell.

� Make sure the homecage has appropriate nesting materials for better maternal care.
Problem 4

The signal-to-noise ratio of the recording is low (refer to step 9).
Potential solution

� Shield the recording table and all noisy power sources (if not possible to remove them).

� Make sure the ground silver wire is fully embedded inside the reference site and securely pinned to

the head stage.

� Confirm the tight head fixation of the pup.

� Clean the recording electrodes after every recording.

� If necessary, use a new electrode.
Problem 5

Low or inadequate effect of the optogenetic stimulation (refer to step 11).
Potential solution

� Make sure the stimulated region has sufficient opsin expression.

� Make sure the connection of the devices for stimulation is correct.

� Adjust the power and frequency of light for reliable firing activity.

� Test the light transition through the optic fiber and optrode to confirm the sufficient light intensity

before every recording.

� Perform careful histological verification for both opsin expression and optrode insertion following

the failed stimulation.
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Ileana L. Hanganu-Opatz (hangop@zmnh.uni-hamburg.de).
Technical contact

Technical questions on executing this protocol should be directed to and will be answered by the

technical contact, Yu-Nan Chen (yunan.chen@zmnh.uni-hamburg.de).
Materials availability

The study did not generate new unique reagents.
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Data and code availability

� The original datasets and analysis code for the current study are available from the corresponding

authors upon request.

� Any additional information required to reanalyze the data reported in this paper is available from

the corresponding authors upon request.
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Beyond anosmia: olfactory 
dysfunction as a common 
denominator in 
neurodegenerative and 
neurodevelopmental disorders
Yu-Nan Chen * and Johanna Katharina Kostka *

Institute of Developmental Neuroscience, Center of Molecular Neurobiology, Hamburg Center of 
Neuroscience, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

Olfactory dysfunction has emerged as a hallmark feature shared among several 
neurological conditions, including both neurodevelopmental and neurodegenerative 
disorders. While diseases of both categories have been extensively studied for decades, 
their association with olfaction has only recently gained attention. Olfactory deficits 
often manifest already during prodromal stages of these diseases, yet it remains 
unclear whether common pathophysiological changes along olfactory pathways 
cause such impairments. Here we probe into the intricate relationship between 
olfactory dysfunction and neurodegenerative and neurodevelopmental disorders, 
shedding light on their commonalities and underlying mechanisms. We begin by 
providing a brief overview of the olfactory circuit and its connections to higher-
associated brain areas. Additionally, we discuss olfactory deficits in these disorders, 
focusing on potential common mechanisms that may contribute to olfactory 
dysfunction across both types of disorders. We further debate whether olfactory 
deficits contribute to the disease propagation or are simply an epiphenomenon. 
We conclude by emphasizing the significance of olfactory function as a potential 
pre-clinical diagnostic tool to identify individuals with neurological disorders that 
offers the opportunity for preventive intervention before other symptoms manifest.

KEYWORDS

olfaction, olfactory dysfunction, neurodegenerative disorders, neurodevelopmental 
disorders, Alzheimer’s disease, Parkinson’s disease, schizophrenia, autism spectrum 
disorder

Introduction

In humans, the sense of smell is often overlooked due to the dominance of vision and 
hearing in our daily lives. However, olfactory perception plays an important role in 
modulating cognition and emotions in healthy individuals (Richardson and Zucco, 1989; 
Sohrabi et al., 2012; Stevenson, 2013; Yahiaoui-Doktor et al., 2019). Olfactory performance 
decreases with age and correlates with cognitive abilities in the elderly (Attems et al., 2015; 
Murman, 2015; Uchida et al., 2020). Yet, olfactory impairments are also common symptoms 
of various neurodevelopmental and neurodegenerative disorders. Key olfactory functions—
such as odor identification, odor discrimination, odor detection threshold, and odor 
memory processing—are frequently affected. Deficits in those olfactory functions can 
be readily assessed in humans using tests like Sniffin’ Sticks or the University of Pennsylvania 
Smell Identification Test (Doty et al., 1984; Hummel et al., 1997). Similarly, tests such as the 
buried pellet test, olfactory habituation/dishabituation tests, and olfactory preference/
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avoidance assays can be employed to evaluate olfactory impairments 
in mouse models of neurodevelopmental and neurodegenerative 
diseases, providing a valuable link between animal studies and 
human conditions (Yang and Crawley, 2009; Meyer and Alberts, 
2016). The prevalence of olfactory deficits as a symptom of numerous 
neurodevelopmental and neurodegenerative diseases is striking. For 
instance, approximately 90% of patients with Alzheimer’s Disease 
(AD) and Parkinson’s disease (PD) exhibit olfactory impairments 
(Doty et al., 1988; Doty, 2017). Crucially, deficits in odor detection 
and discrimination alongside pathological changes in olfactory brain 
areas, often precede cognitive and/or motor symptoms by years 
(Ross et al., 2008; Devanand et al., 2010). Similarly, a significant 
proportion of individuals with schizophrenia (SCZ) or autism 
spectrum disorder (ASD) experience problems with their sense of 
smell, often without being aware of it (Moberg et al., 1999; Corcoran 
et al., 2005; Bennetto et al., 2007; Koehler et al., 2018). Given the 
early onset of olfactory deficits in a broad spectrum of distinct 
neurological disorders, early damage to the olfactory system could 
play a significant role in the progression of these diseases. Thus, a 
deeper understanding of the mechanisms underlying olfactory 
dysfunction could provide valuable insights into disease progression. 
Additionally, screening for olfactory deficits may offer a means of 
pre-clinical diagnostics and intervention before more severe 
cognitive symptoms emerge.

Tight anatomical and functional 
coupling between olfactory and 
cortical brain areas

Olfactory sensing begins when odor molecules bind to diverse 
olfactory receptors on olfactory sensory neurons (OSNs) located 
within the olfactory epithelium (OE) in the nasal cavity (Zhang and 
Firestein, 2002). Sensory afferents from OSNs transmit excitatory 
signals to the olfactory bulb (OB), the main olfactory processing 
center. Mitral and tufted cells (M/TCs) in the OB relay this 
preprocessed information to various cortical and subcortical regions, 
such as the anterior olfactory nucleus (AON), piriform cortex (PIR), 
amygdala, and lateral entorhinal cortex (LEC; Sosulski et al., 2011; 
Igarashi et al., 2012; Imai, 2014). Olfactory cortical areas such as PIR 
and LEC subsequently project to higher-order brain areas, including 
the prefrontal cortex (PFC), orbitofrontal cortex (OFC), and 
hippocampus (HP), which are critical for cognitive functions (Witter 
et  al., 2017; Figure  1). Unlike other sensory modalities, olfactory 
information bypasses the thalamus and directly connects to these 
higher-order brain regions. These direct connections are crucial for 
the processing of odor information. For instance, direct projections 
from LEC to HP are important for odor discrimination and memory 
(Leitner et al., 2016; Li et al., 2017), while connections from PIR to 
OFC are important for learning odor values (Wang et  al., 2020). 
Moreover, slow respiration-driven oscillations in the OB modulate 
local field potentials in PIR, LEC, HP, and PFC (Zelano et al., 2016; 
Biskamp et al., 2017; Tort et al., 2018; Heck et al., 2022), and beta 
oscillations synchronize across olfactory and cognitive brain areas 
during working memory and decision-making, influencing task 
performance (Gourévitch et al., 2010; Mori et al., 2013; Igarashi et al., 
2014; Rangel et al., 2016; Symanski et al., 2022). Studies have also 

shown that odor-induced fast oscillations in OB and PIR correlate 
with odor perception and discrimination (Beshel et al., 2007; Lepousez 
and Lledo, 2013; Yang et al., 2022).

OB networks are also strongly influenced by neuromodulatory 
inputs such as noradrenergic, serotonergic, and cholinergic inputs, which 
are involved in odor discrimination and odor learning (Linster and 
Fontanini, 2014; Brunert and Rothermel, 2021). Sparse dopaminergic 
(DA) input from the substantia nigra also terminates in the OB 
(Höglinger et al., 2015). A subpopulation of OB interneurons is both DA 
and GABAergic (Borisovska et al., 2013; Pignatelli and Belluzzi, 2017; Liu 
et al., 2019) and undergoes adult neurogenesis (Altman, 1969; Lazarini 
et al., 2014). These neurons modulate neurotransmitter release from 
OSNs and lateral inhibition within glomeruli (Hsia et al., 1999; Liu et al., 
2013a; McGann, 2013) and are important for odor discrimination 
(Tillerson et al., 2006). Moreover, granule (GC) and periglomerular 
(PGC) interneurons in the OB, along with OSNs in the OE, are 
continuously generated throughout life (Murrell et al., 1996; Hahn et al., 
2005; Batista-Brito et al., 2008; Lledo and Valley, 2016).

The olfactory system is anatomically and functionally 
interconnected with brain regions essential for cognitive processing. 
Importantly, pathological changes associated with neurodegenerative 
and neurodevelopmental disorders have been observed throughout 
the olfactory circuitry - from the OE and OB to primary olfactory 
cortices and downstream targets like LEC, HP, and PFC.

Olfactory dysfunction in 
neurodegenerative disorders

Neurodegenerative disorders, like AD and PD, are characterized 
by progressive decline of cognitive and motor functions (Goedert and 
Spillantini, 2006; Wilson et al., 2023). Emerging evidence indicates 

FIGURE 1

Schematic showing the main connectivity between the olfactory 
bulb and higher-order brain regions. The OB projects to primary 
cortical regions, including the anterior olfactory nucleus (AON), 
cortical amygdaloid nucleus (COA), piriform cortex (PIR), and lateral 
entorhinal cortex (LEC). Further, PIR and LEC send projections to 
higher-order cognitive regions, such as the hippocampus (HP), 
prefrontal cortex (PFC), and orbitofrontal cortex (OFC). The PFC also 
receives input from the HP. Gray arrows represent axonal 
projections, and individual areas are highlighted in different colors.
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that olfactory deficits—such as impaired odor detection and 
discrimination—manifest early in these diseases, preceding cognitive 
and motor symptoms by several years (Ross et al., 2008; Doty, 2017).

In AD, olfactory dysfunction correlates closely with the progression 
of cognitive decline (Roberts et al., 2016; Dintica et al., 2019; Papadatos 
and Phillips, 2023). Pathological features of AD include amyloid plaques 
(deposition of amyloid beta (Aβ) protein) and neurofibrillary tangles 
(aggregates of hyperphosphorylated tau proteins; Goedert and 
Spillantini, 2006; Ballard et al., 2011; Braak and Del Tredici, 2015). These 
pathological aggregations affect the OE and brain areas involved in odor 
processing, such as OB, AON, PIR, and LEC, often before clinical 
symptoms occur (Attems and Jellinger, 2006; Arnold et  al., 2010; 
Murphy, 2019). Animal studies suggest that overexpression of the Aβ 
precursor protein causes olfactory deficits by progressive Aβ deposition, 
starting from the OE and expanding to the OB, PIR, entorhinal cortex 
(EC), and HP (Wesson et al., 2010; Wu et al., 2013). Similarly, in humans, 
areas like EC are among the first to be affected by AD pathology (Braak 
and Braak, 1991). Further, higher levels of phosphorylated tau (P-tau) 
in the OBs of AD patients correlate with MC loss, impaired dendro-
dendritic inhibition, and diminished olfactory detection abilities before 
cognitive impairments emerged (Li et al., 2019a). Mouse models of Aβ 
pathology also show early olfactory deficits, alongside a loss of OSNs and 
decreased odor-evoked potentials in the OE, altered dendro-dendritic 
inhibition, and increased gamma oscillations in the OB, PIR, and LEC 
(Wesson et al., 2011; Xu et al., 2015; Li et al., 2019b; Chen et al., 2021b). 
These symptoms occur before Aβ plaque formation, suggesting that 
soluble Aβ might be responsible. In line with this, overexpression of a 
mutated human Aβ precursor protein in OSNs disrupts the glomerular 
axon targeting of those neurons and causes olfactory deficits before Aβ 
deposition forms in the OB (Cao et al., 2012). Similarly, injecting soluble 
Aβ oligomers into the OB damages the olfactory detection abilities of 
rodents (Alvarado-Martínez et al., 2013).

Similarly, olfactory dysfunction is an early and prominent 
non-motor symptom of PD (Ross et  al., 2008; Doty, 2012, 2017; 
Haehner et al., 2019). PD patients score lower on the Sniffin’ Sticks 
Test compared to healthy controls (Haehner et al., 2007, 2009; Trentin 
et al., 2022), and brain areas such as the OB, AON, PIR and EC show 
early volume reductions (Wattendorf et al., 2009; Wang et al., 2011; 
Chen et al., 2014; Lee et al., 2014; Tanik et al., 2016). Characterized by 
α-synuclein aggregation forming Lewy bodies (Mezey et al., 1998), PD 
shows early pathological changes in the OB and AON (Braak et al., 
2003). A transgenic mouse model of α-synuclein pathology confirms 
the prevalence of α-synuclein aggregation in the OB, AON, and PIR 
and shows reduced odor detection and diminished adult neurogenesis 
in the OB (Martin-Lopez et al., 2023). This aggregation is associated 
with increased odor-evoked gamma oscillations and altered neuronal 
firing in the OB (Chen et al., 2021a).

Thus, neurodegenerative disorders like AD and PD exhibit early 
olfactory deficits that coincide with the initial accumulation of 
pathological proteins in olfactory-related brain regions, before 
spreading to other parts of the brain.

Olfactory dysfunction in 
neurodevelopmental disorders

Neurodevelopmental disorders, including SCZ and ASD, are 
characterized by atypical brain development and impaired cognitive, 

social, or motivation-related behaviors (Owen et al., 2016; Thye et al., 
2018; Chini and Hanganu-Opatz, 2021). A prominent feature is 
impaired sensory processing (Schechter et al., 2003; Chang et al., 2014; 
Siper et al., 2021). In particular, reduced odor detection early in life, 
accompanied by anatomical and functional alterations in olfactory 
and higher-order cortical networks, is typical (Crow et al., 2020).

For instance, SCZ patients exhibit olfactory deficits and reduced 
OB, PIR EC, HP, and amygdala volumes, which precede the onset of 
cognitive deficits (Turetsky et al., 2000; Corcoran et al., 2005; Rupp 
et al., 2005; Nguyen et al., 2010, 2011; Kamath et al., 2018; Yang et al., 
2021). Additionally, reduced olfactory-evoked potentials are 
associated with impaired odor identification in SCZ patients (Turetsky 
et al., 2003). Both genetic and environmental factors play a significant 
role in shaping the development of the olfactory system and are 
implicated in neurodevelopmental disorders. One prominent 
susceptibility factor for SCZ is the mutation of the Disrupted-in-
Schizophrenia 1 (DISC1) gene, which is involved in various 
neuropsychiatric disorders (Blackwood et al., 2001; Chubb et al., 2008; 
Brandon et al., 2009) and is highly expressed in M/TCs (Schurov et al., 
2004). DISC1 knockdown, combined with a prenatal environmental 
stressor  - maternal immune activation (MIA)  - leads to impaired 
oscillatory activity in the OB and reduced functional connectivity 
within olfactory-limbic networks of neonatal mice (Parbst et al., 2024; 
Xu et al., 2021).

In ASD, children often exhibit early olfactory deficits, including 
impaired odor identification along with reduced odor-evoked activity 
(Bennetto et al., 2007; Koehler et al., 2018). Like SCZ, both genetic and 
environmental factors contribute to the etiology of ASD. Genetic 
mutations, such as those affecting Shank proteins, involved in 
postsynaptic scaffolding, are prevalent in patients with ASD and are 
associated with olfactory deficits. Shank3 deficiency impairs odor 
detection, reduces odor-evoked potentials, and alters synaptic 
transmission in the OB and PIR (Drapeau et al., 2018; Ryndych et al., 
2023; Mihalj et al., 2024). Moreover, mutation of the autism-related 
gene Tbr leads to smaller OBs, reduced numbers of OB interneurons, 
and abnormal dendritic morphology of MCs (Huang et al., 2019). 
Environmental factors like MIA, which largely increases the risks for 
both ASD and SCZ (Hartung et al., 2016; Schepanski et al., 2022; 
Dutra et  al., 2023; Godavarthi et  al., 2024), can impair adult 
neurogenesis in the OB and contribute to decreased olfactory 
discrimination abilities (Liu et al., 2013b).

Thus, olfactory dysfunctions accompanied by pathophysiological 
changes in brain areas associated with olfaction, are frequently 
observed in neurodevelopmental disorders.

Shared structural and functional 
alterations and their underlying 
mechanisms in neurodegenerative 
and neurodevelopmental disorders

Olfactory deficits in neurodevelopmental and neurodegenerative 
disorders often coincide with structural alterations across brain 
regions involved in olfactory processing. For example, reduced OB 
volume has been documented in AD (Thomann et  al., 2009b; 
Thomann et al., 2009a), PD (Wattendorf et al., 2009; Wang et al., 
2011), and SCZ (Turetsky et al., 2000; Nguyen et al., 2011; Yang et al., 
2021). This reduction in OB volume might be caused by multiple 
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mechanisms, including altered neuronal morphology and neuronal 
loss. For example, postmortem OB tissue of PD patients reveals 
substantial loss of ventral glomerular areas in the OB, correlated with 
phosphorylated α-synuclein load (Zapiec et  al., 2017). This 
α-synuclein accumulation specifically induces apoptosis of DA 
neurons (Xu et al., 2002), likely contributing to the reduced size or 
number of glomeruli in the OB. In AD, the accumulation of P-tau 
and Aβ drives neuronal atrophy throughout the brain, including M/
TCs in the OB (Struble and Clark, 1992; Yao et al., 2017; Li et al., 
2019b). This aligns with studies showing that the MC layer is 
predominantly affected by tau pathology in an AD mouse model 
(Yang et al., 2016). While reduced OB volume is also common in 
SCZ, direct evidence for altered neuronal morphology in OB is 
limited for neurodevelopmental disorders. However, it was recently 
shown that a mouse model of OE inflammation which closely 
mimics inflammatory processes in the OE of first-episode psychosis 
patients shows reduced glomerular size and OB volume, alongside 
decreased numbers of OSNs and M/TCs (Yang et al., 2024). Further, 
animal models of SCZ, such as immune-challenged DISC1 
knockdown mice and 22q11-deletion mice, show reduced soma size 
and dendritic arborization of pyramidal neurons in brain regions 
such as LEC, HP, and PFC (Chini et al., 2020; Kringel et al., 2023; 
Stark et al., 2008; Fénelon et al., 2013). However, so far it is unknown 
whether the same holds for M/TCs, which strongly express DISC 
(Schurov et al., 2004). Impaired neurogenesis might also contribute 
to OB volume reduction in both neurodegenerative and 
neurodevelopmental disorders. Neuroblasts generated in the 
subventricular zone (SVZ) continuously migrate to the OB, where 
they differentiate into GCs and PGCs (Belluzzi et al., 2003; Livneh 
et al., 2014). Impairments of adult SVZ neurogenesis are evident 
early in animal models of AD and PD (Winner et al., 2008, 2011; 
Rodríguez et al., 2009; Scopa et al., 2020; Esteve et al., 2022; Martin-
Lopez et al., 2023). Similarly, disruptions in SVZ neurogenesis are 
seen in neurodevelopmental disorders. DISC1 knockdown leads to 
reduced progenitor cell proliferation in the SVZ during embryonic 
stages (Mao et  al., 2009). Additionally, MIA leads to altered 
proliferation in the SVZ of neonatal mice and further contributes to 
reduced adult neurogenesis in the OB (Liu et  al., 2013b; Loayza 
et al., 2023).

Aside from structural changes, alterations in the neuronal activity 
within olfactory circuits are common in these disorders. OSNs, the 
first neurons to receive odor information, are reduced in numbers and 
show smaller odor-evoked responses in AD, resulting in diminished 
excitatory input to the OB (Chen et al., 2021b). This, combined with 
reduced dendritic spine density in GCs and impaired dendro-dendritic 
inhibition onto MCs, leads to increased gamma-band OB network 
activity (Wesson et al., 2011; Chen et al., 2021b; Li et al., 2019a, 2019b). 
Similarly, overexpression of α-synuclein in the OB, one of the key 
features of PD, leads to reduced GC activity and impaired dendro-
dendritic inhibition onto MCs, along with elevated odor-evoked 
gamma oscillations (Chen et al., 2021a). In neuropsychiatric disorders, 
a broadband reduction of oscillatory power in the OBs of a SCZ mouse 
model was accompanied by reduced firing of M/TCs (Parbst et al., 
2024). Furthermore, compromised functional connectivity between 
brain regions accounting for olfactory and cognitive processing is 
evident in both neurodegenerative and neurodevelopmental disorders. 
For instance, patients with SCZ show reduced functional connectivity 
between PIR, PFC, and nucleus accumbens (Kiparizoska and Ikuta, 

2017) as well as between the HP and PFC (Adams et al., 2020). In AD, 
disruption of functional connectivity between olfactory networks 
(including PIR and OFC) and HP is linked to cognitive decline (Lu 
et  al., 2019a, 2019b). Already during neonatal development, 
desynchronization between LEC, HP, and PFC manifests in an animal 
model of neuropsychiatric disorders such as SCZ (Hartung et al., 2016; 
Xu et al., 2021). A recent study showed that functional connectivity 
between OB and HP, as well as, OB and PFC was significantly reduced 
in the same animal model (Parbst et al., 2024). Similarly, in animal 
models of ASD, reduced OB activity and altered connectivity between 
HP and PFC have been reported (Cheaha et al., 2015; Richter et al., 
2019). During early development, olfactory inputs are critical in 
synchronizing brain regions involved in olfactory and cognitive 
processing (Gretenkord et  al., 2019; Kostka and Hanganu-Opatz, 
2023). Notably, silencing M/TC activity in the OB during early 
development impairs the maturation of olfactory-hippocampal 
networks and cognitive abilities later in life (Chen et al., 2023). These 
findings suggest that altered olfactory activity can disrupt the 
development of functional coupling within neuronal networks, 
potentially contributing to cognitive impairments, seen in many 
neurodegenerative and neurodevelopmental disorders (Bennetto et al., 
1996; Jahn, 2013; Davis and Racette, 2016; Guo et al., 2019).

Alterations in neurotransmitter systems, particularly the DA 
system, also significantly contribute to olfactory deficits in 
neurodegenerative and neurodevelopmental disorders. DA neurons 
in the OB inhibit olfactory transmission in the olfactory glomeruli 
(Wilson and Sullivan, 1995; Hsia et al., 1999) and are important for 
the encoding of innate odor values (Kato et al., 2023). In PD and AD, 
loss of DA neurons in the substantia nigra and ventral tegmental area 
leads to impaired DA outflow to several brain areas, including the OB 
(German et  al., 1989; Nobili et  al., 2017). Interestingly, increased 
numbers of DA neurons have been observed in the OBs of PD and AD 
patients (Huisman et  al., 2004; Mundiñano et  al., 2011). 
Neurodevelopmental disorders, such as ASD, also exhibit altered DA 
signaling and DA receptor abnormalities (Pavăl, 2017; Kosillo and 
Bateup, 2021; Pavăl and Micluția, 2021). Beyond DA, cholinergic 
transmission plays an important role in olfactory processing and is 
frequently altered in these disorders (Doty, 2017). For example, 
acetylcholine dysfunction exacerbates Aβ pathology in AD and 
cholinergic receptor abnormalities are present in ASD (Gil-Bea et al., 
2012; Ovsepian et al., 2019; Vallés and Barrantes, 2021).

Overall, several intertwined mechanisms, such as neuronal 
loss, reduced neurogenesis, impaired synaptic transmission, and 
altered neurotransmitter signaling can lead to structural and 
functional alterations in olfactory circuits, contributing to the 
olfactory deficits characteristic of both neurodevelopmental and 
neurodegenerative diseases.

Conclusion

Olfactory deficits emerge early, often preceding the clinical 
diagnosis of neurodegenerative and neurodevelopmental disorders. 
Whether this relationship is causal or merely an epiphenomenon 
remains an open question. However, the presence of olfactory 
dysfunction and alterations in olfactory-related brain areas well before 
cognitive and motor symptoms suggest a potential causal relationship. 
Notably, individuals at high risk for psychiatric disorders, such as 
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relatives of SCZ patients, often exhibit olfactory impairments, 
indicating that these deficits are unlikely due to secondary effects of 
treatment (Turetsky et al., 2018).

The OE as well as primary olfactory areas such as OB and AON 
often show pathological changes in prodromal disease stages before 
the involvement of other brain areas. In line with the α-synuclein 
transmission hypothesis (McCann et al., 2016) injection of human 
α-synuclein fibrils into the OBs of young mice leads to a spread of 
α-synuclein aggregates across several brain regions, correlating with 
increasing olfactory deficits (Rey et al., 2016). Similarly, the injection 
of soluble Aβ in an AD mouse model shows similar spreading patterns 
(He et al., 2018). This suggests that in neurodegenerative diseases, 
pathological aggregation of proteins originates in olfactory areas and 
spreads in a prion-like manner to higher-order cortical regions, 
contributing to disease progression. Moreover, in both 
neurodegenerative and neurodevelopmental disorders, olfactory 
dysfunction is linked to reduced functional connectivity with 
downstream brain regions, potentially accelerating cognitive decline. 
For example, layer 2 neurons in LEC, which receive direct OB input 
and project to HP, are especially vulnerable, showing functional and 
morphological alterations in AD (Stranahan and Mattson, 2010). Thus 
disrupted inputs from the OB may, cause structural and functional 
changes along olfactory pathways. Supporting this, studies have shown 
that recently acquired sensory loss can alter both morphology and 
functional connectivity between the PIR and higher-order cortical 
brain regions (Bitter et al., 2010; Iravani et al., 2021). Thus, olfactory 
circuits may play a dual role: they could serve as a route for the spread 
of pathogenic proteins to downstream brain areas, and disruptions in 
olfactory processing in the OE and OB could have lasting 
consequences on higher-order cortical regions, potentially 
contributing to cognitive deficits.

On the other hand, olfactory impairments might coincide with 
disease progression or result from secondary effects. For example, 
disruptions in forebrain development and altered neurotransmitter 
signaling can lead to olfactory dysfunctions (Doty, 2017). 
Furthermore, the propagation of tau, from the temporal lobe to 
olfactory circuits was shown to drive the degradation of odor 
perception as individuals get older (Diez et al., 2024). Moreover, while 
many patients with neurodevelopmental and neurodegenerative 
disorders experience impaired olfaction, this is not universal, 
suggesting that olfactory system involvement is not a necessary feature 
of disease progression in all cases.

Regardless of whether olfactory dysfunction is a cause or 
consequence of these diseases, it consistently occurs early, often before 
a clinical diagnosis is made. Testing olfactory abilities for example 
with simple Sniffn’ Sticks tests or the University of Pennsylvania Smell 
Identification Test is an effective and inexpensive way to identify 
individuals with olfactory deficits. Since reliable biomarkers for early 
diagnostics are lacking, monitoring olfactory deficits in individuals at 
risk or incorporating olfactory testing into routine health checks has 

great potential (Dan et al., 2021). In addition, olfactory testing may 
serve as a tool for monitoring disease progression or evaluating 
therapeutic effects (Berendse et  al., 2011). Further research is 
necessary to understand the mechanisms underlying olfactory 
dysfunctions, as this could offer valuable insights into the etiology and 
progression of these diseases.
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Abstract 
Neuronal activity in the olfactory bulb (OB) drives coordinated activity in the hippocampal-
prefrontal network during early development. Inhibiting OB output in neonatal mice disrupts 
functional development of the hippocampal formation as well as cognitive abilities. These 
impairments manifest early in life and resemble dysfunctions of the hippocampus and the 
prefrontal cortex that have been linked to neuropsychiatric disorders. Thus, we investigated a 
disease mouse model and asked whether activity in the OB might be altered, thereby 
contributing to the dysfunctional development of the hippocampal-prefrontal network. We 
addressed this question by combining in vivo electrophysiology with behavioral assessment 
of immune-challenged Disc1+/- mice that mimic the dual genetic-environmental etiology of 
neuropsychiatric disorders. In wildtype mice, we found high DISC1 expression levels in OB 
projection neurons during development. Furthermore, neuronal and network activity in the OB, 
as well as the drive from the bulb to the hippocampal-prefrontal network were reduced in 
immune-challenged Disc1+/- mice during early development. This early deficit did not affect 
odor-evoked activity and odor perception but resulted in impaired long-term odor memory. We 
propose that reduced endogenous activity in the developing OB contributes to altered 
maturation of the hippocampal-prefrontal network, leading to memory impairment in immune-
challenged Disc1+/- mice. 

Introduction 
Functional maturation of the central nervous system is shaped by neuronal activity during 
development [1–4]. This activity can be intrinsically generated within local networks or driven 
by input from the sensory periphery. For example, studies in rodents revealed that activity in 
the visual cortex during early development is critical for the refinement of the network and can 
be generated locally or driven by retinal waves that occur before eye opening [5,6]. Similarly, 
spontaneous activity from the cochlea is required for the maturation of the auditory cortex 
[7,8]. As for sensory areas, the maturation of higher association areas, such as the prefrontal 
cortex (PFC), is influenced by coordinated patterns of neuronal activity during development. 
Their perturbation during early postnatal development causes long-lasting circuit dysfunction, 
as result of an excitation-inhibition imbalance, and impairment of associated cognitive abilities 
[9,10].  

However, what is driving early activity in the PFC is less clear. During development, 
inputs from the mediodorsal thalamus increase the activity level in the PFC and their inhibition 
impairs prefrontal maturation [11]. Monosynaptic projections from the intermediate and ventral 
hippocampus provide another excitatory drive for prefrontal activity during development 
[12,13]. A prominent candidate for the drive of developmental neuronal activity in these areas 
in turn is the olfactory system. From birth on, mouse pups rely on olfactory inputs to find the 
teats of the dam for feeding [14]. In line with this vital function, mitral and tufted cells, the 
projection neurons of the olfactory bulb (OB), as well as their axonal projections develop 
prenatally and their downstream connectivity is largely established at birth [15,16]. 
Consequently, coordinated neuronal activity in the OB emerges early in life and is more 
prominent in comparison to other brain areas during early postnatal development [17,18]. 
Even without a direct connection from the OB to the hippocampus or the PFC, strong 
projections from OB to the piriform cortex and lateral entorhinal cortex provide a short pathway 
by which the olfactory system can influence the hippocampal-prefrontal network [19–21]. In 
line with this, we previously showed that rhythmic activity in the OB entrains activity in the 
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entorhinal cortex, hippocampus, and PFC already during early postnatal development [18,22]. 
Thus, activity in the olfactory system might play a similar role for the development of the 
hippocampal-prefrontal network as neuronal activity in the retina and the cochlea has for the 
maturation of the visual and the auditory system, respectively.  

Indeed, we recently demonstrated that transient inhibition of OB outputs at the start of 
the second postnatal week in mice reduces coordinated activity in the hippocampal formation 
and impairs cognitive abilities later in life [23]. These findings resemble the developmental 
deficits observed in mouse models of neuropsychiatric disorders [24,25]. Accumulating 
evidence suggests an association of olfactory impairment with neuropsychiatric disorders. For 
example, inflammation of the olfactory epithelium, reduced OB volume, and deficits in odor 
perception have been reported for schizophrenia, psychosis, and depression [26–30]. 
However, it is unknown how alterations in the olfactory system might contribute to the 
pathogenesis of neuropsychiatric disorders that involve prefrontal-hippocampal dysfunction 
[24,31]. 

Here, we investigated the interactions of the olfactory system with the hippocampal-
prefrontal network during neonatal development in a mouse model of neuropsychiatric 
disorders. Immune-challenged Disc1+/- mice are a dual-hit mouse model that combines two 
well-established models for neuropsychiatric disorders: a heterozygous mutation in the gene 
disrupted-in-schizophrenia 1 (Disc1+/−) resulting in a truncated DISC1 protein [32,33] and 
maternal immune activation by the viral RNA mimetic poly(I:C) [34]. This dual-hit gene-
environment (GE) mouse model mimics the etiology of neuropsychiatric disorders and shows 
an impairment of coordinated activity in the hippocampal-prefrontal network during early 
development, as well as reduced performance in associated cognitive tasks [35–37]. 

Results 

High developmental DISC1 expression in OB projection neurons 
The DISC1 protein is involved in the regulation of several developmental processes, such as 
progenitor proliferation, neuronal migration, and synapse formation [38–40]. The regulation of 
the formation and maintenance of synaptic connections by DISC1 is considered particularly 
important in the context of its association with neuropsychiatric disorders [33,41]. In adult 
mice, DISC1 is expressed in several brain areas including the OB, the hippocampus, and the 
cerebral cortex [42–44].  

As a first test for a potential role of the olfactory system in the pathophysiology of GE 
mice, we investigated DISC1 expression during postnatal development. Using 
immunohistochemistry, we found high expression levels of DISC1 in the OB of wildtype (WT) 
mice at the beginning of the second postnatal week (Fig 1A,B). DISC1 expression was 
significantly higher in the OB compared to the hippocampal subdivision CA1 (p=4.39x10-4) 
and the PFC (p=5.52x10-4) in WT mice. In GE mice, DISC1 expression was significantly 
reduced compared to WT controls in all areas (OB p=3.50x10-4, CA1 p=9.37x10-5, PFC 
p=1.7x10-3). More detailed examination of the OB revealed increased DISC1 expression in 
the neuronal processes but also in the cell bodies of neurons in the mitral cell layer (MCL) and 
the external plexiform layer (EPL) (Fig 1C).This is indicative for a strong DISC1 expression in 
mitral/tufted cells, the projections neurons of the OB. Immunostaining of OB slices of postnatal 
day (P) 10 WT mice, injected with the retrograde tracer CTB555 into the piriform cortex at P5, 
confirmed the expression of DISC1 in OB projection neurons (Fig 1D).  
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Together, these results support the idea of a potential developmental dysfunction of 
the OB in GE mice. 

Fig 1. Strong expression of DISC1 in OB projection neurons at P10. 
A Coronal sections of OB, CA1, and PFC from P10 WT (top) and GE (bottom) mice immunostained for 
NeuN (blue) and DISC1 (red) at low and high magnification. Slices from different areas were stained in 
parallel and images were acquired with identical settings. 
B Fluorescence intensity of DISC1 immunolabeling in OB, CA1, and PFC in P9-10 WT (n=4) and GE 
(n=4) mice. 
C Top, coronal section of OB from a P10 WT mouse immunostained for DISC1. Bottom, spatially 
resolved DISC1 intensity in P9-10 WT (n=4) and GE (n=4) mice. 
D Coronal section of OB from a P10 WT mouse immunostained for DISC1 with OB projection neurons 
labeled by injection of the retrograde tracer CTB555 into the piriform cortex. 
Shaded areas in C correspond to standard error of the mean (SEM). Significant differences are 
indicated as *, **, *** for p<0.05, 0.01, 0.001, respectively. GL glomerular layer; GCL granule cell layer. 

Reduced OB activity in immune-challenged Disc1+/- mice during development 
To investigate developmental OB activity in GE mice, we performed in vivo 
electrophysiological recordings using multi-site silicon probes. We monitored endogenous and 
odor-evoked activity in the ventral OB of WT and GE mice at P8-10 (Fig 2A,B). The 
extracellular recordings were combined with respiration measurements using a pressure 
sensor. Both, WT and GE mice showed continuous activity in the local field potential (LFP) 
recorded in the OB with the typical dominant respiration rhythm (RR, 2-4 Hz) that reverses 
polarity at the MCL (Fig 2C). However, the power in RR and theta (4-12 Hz) frequency bands 
were significantly reduced in GE mice (RR p=5.1x10-4, theta p=0.004), whereas the power in 
beta (12-30 Hz) was not significantly different (p=0.09) (Fig 2D). Further, the firing rate of 
single units in the OB was reduced in GE mice, particularly for neurons in the MCL (MCL 
p=0.023; GCL p=0.51), indicating a reduction in the activity of OB projection neurons in the 
absence of odor stimulation (Fig 2E).  

Next, we used the respiration measurement for closed-loop respiration-triggered odor 
stimulation to investigate odor-evoked activity in the OB of WT and GE mice. Odor stimulation 



Parbst et al., Developmental OB dysfunction relates to memory deficits in GE mice 

5 

with the pure odorants isoamyl acetate or ethyl butyrate (1% v/v in mineral oil) was triggered 
by exhalations to guarantee for stable odor presentation at the subsequent inhalation. Odor 
presentation induced strong activation of the OB in WT and GE mice (Fig 2F). In contrast to 
endogenous activity, odor-evoked activity was similar for WT and GE mice across all 
frequency bands (Isoamyl acetate: RR p=0.088, theta p=0.36, beta p=0.32; Ethyl butyrate: 
RR p=0.12, theta p=0.29, beta p=0.39) (Fig 2G).  

Notably, mice that only carry the genetic mutation (G) had a similar reduction to GE 
mice in the power of endogenous OB activity (G to WT: RR p=0.015, theta p=0.085, beta 
p=0.58; G to GE: RR p=0.75, theta p=0.82, beta p=0.69), whereas OB activity in mice that 
only received the environmental hit (E) of maternal immune activation was comparable to WT 
controls (E to WT: RR p=0.64, theta p=0.48, beta p=0.060; E to GE: RR p=0.056, theta p=0.82, 
beta p=0.26) (Fig 3). 

Thus, odor stimulation evokes activity in the OB of GE mice that is similar to WT 
controls whereas endogenous activity in the absence of odor stimulation is significantly 
reduced in GE mice. 

Fig 2. Reduced endogenous, but normal odor-evoked activity in the OB of immune-challenged 
Disc1+/- mice at P8-10.  
A Experimental setup for recordings of endogenous and respiration-triggered odor-evoked activity in 
the OB of P8-10 mice. 
B Example coronal section with a reconstruction of the DiI-labeled silicon probe tip in the ventral OB. 
C Example extracellular recording of endogenous activity from the ventral OB of a P10 WT and GE 
mouse using a silicon probe with 16 recording sites spanning across the MCL (gray). Down- and upward 
deflections on the respiration trace from the pressure sensor indicate inhalation and exhalation, 
respectively.  
D Power spectra of endogenous OB activity in P8-10 WT (n=17) and GE (n=14) mice. 
E Firing rate of endogenous OB activity in P8-10 WT and GE mice for units recorded in MCL (WT 
n=172, GE n=49 units) and GCL (WT n=55, GE n=38 units). 
F Same as C for odor-evoked activity. 
G Power spectra of odor-evoked OB activity in P8-10 WT (n=11) and GE (n=11) mice. 
Shaded areas in D,G correspond to SEM. Significant differences are indicated as *, **, *** for p<0.05, 
0.01, 0.001, respectively. 
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Fig 3. Reduced endogenous OB activity in Disc1+/-, but not in immune-challenged mice at P8-
10. 
Power of endogenous OB activity quantified in different frequency bands (left, RR; middle, theta; right, 
beta) in P8-10 WT (n=17), GE (n=14), G (n=5), and E (n=5) mice. 
Significant differences are indicated as *, **, *** for p<0.05, 0.01, 0.001, respectively. 

Reduced OB activity results in weaker drive of the hippocampal-prefrontal 
network 
Does altered activity in the OB of GE mice affect activity in downstream areas? To address 
this question, we performed simultaneous recordings from OB, CA1 of the intermediate 
hippocampus, and the medial PFC of P8-10 WT and GE mice (Fig 4A,B). While OB activity 
was already continuous at this age, CA1 and PFC showed discontinuous patterns of electrical 
activity (Fig 4C) characteristic for this age [12]. As reported in our previous publications 
[35,36],  prefrontal LFP power in theta and beta frequency range was reduced (theta p=8.6x10-

4, beta p=0.0094) in GE mice when compared to WT controls, whereas no differences were 
detected for CA1 (theta p=0.19 , beta p=0.49) (Fig 4D). Of note, the power in RR frequency 
band was reduced in both areas (CA1 p= 0.015, PFC p=0.0016) for GE mice in line with 
reduced RR power in the OB. Firing rates of single units in CA1 (p=0.41) and PFC (p=0.65) 
were similar for WT and GE (Fig 4E). In this study, mostly deep layers of the PFC were 
recorded, which explains the lack of altered firing rates that are characteristic for prefrontal 
layer 2/3 in neonatal GE mice [36]. 

Next, we tested whether there is a difference in the propagation of odor-evoked activity 
to the hippocampal-prefrontal network in GE mice. Odor stimulation evoked pronounced 
activation in CA1 and PFC of WT and GE mice (Fig 4F). As for OB, we found no significant 
differences for odor-evoked activity in CA1 (RR p=0.92, theta p=0.86, beta p= 0.75) and PFC 
(RR p=0.062, theta p=0.28, beta p= 0.55) of P8-10 WT and GE mice (Fig 4G). 

Thus, similar to the OB, endogenous activity in CA1 and PFC of P8-10 GE mice is 
decreased, yet odor-induced activity is similar to age-matched WT controls. 
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Fig 4. Reduced activity in the hippocampal-prefrontal network in immune-challenged Disc1+/- 
mice at P8-10.  
A Experimental setup for triple recordings of endogenous and respiration-triggered odor-evoked activity 
in OB, CA1, and PFC of P8-10 mice. 
B Example coronal sections with a reconstruction of the DiI-labelled silicon probe tips in CA1 of the 
intermediate hippocampus (top) and the medial part of the PFC (bottom). 
C Examples of endogenous LFP activity recorded simultaneously from OB, CA1, and PFC of a P10 WT 
and GE mouse and the corresponding wavelet spectra.  
D Power spectra of endogenous CA1 and PFC activity in P8-10 WT (CA1 n=15, PFC n=14) and GE 
(CA1 n=14, PFC n=14) mice. 
E Firing rate of endogenous CA1 and PFC single unit activity in P8-10 WT (CA1 n=270, PFC n=167 
units) and GE (CA1 n=182, PFC n=153 units) mice. 
F Examples of odor-evoked LFP activity recorded simultaneously from OB, CA1, and PFC of a P10 WT 
and GE mouse. 
G Power spectra of odor-evoked CA1 and PFC activity in P8-10 WT (n=11) and GE (n=11) mice. 
Shaded areas in D,G correspond to SEM. Significant differences are indicated as *, **, *** for p<0.05, 
0.01, 0.001, respectively. 

Reduced RR power in OB, CA1, and PFC of GE mice during development suggests a 
possible reduction in the drive from the OB to the hippocampal-prefrontal network. To test this 
hypothesis, we used pairwise analyses of the simultaneously recorded areas to test their 
functional interactions in P8-10 WT and GE mice. First, we calculated the amplitude 
correlation of the LFP between areas as a measure for non-directed interactions that is based 
on the similarity of the amplitude fluctuations at a given frequency. We found a significant 
reduction in the interaction between OB and CA1 (RR p=0.018, theta p=0.012, beta p=0.49), 
OB and PFC (RR p=0.045, theta p=0.023, beta p=0.063), as well as CA1 and PFC (RR 
p=0.011, theta p=0.039, beta p=0.37) in RR and theta frequency but not in beta frequency for 
GE mice (Fig 5A). Next, we tested more directed measures of functional interactions. 
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Generalized partial directed coherence (gPDC), which assesses the directionality of pairwise 
interactions, revealed a strong reduction in the drive from OB to CA1 (RR p=0.011, theta 
p=0.0044 beta p=0.0037) and OB to PFC (RR p=0.011, theta p=0.0051 beta p=0.0016) in all 
frequency bands for GE mice (Fig 5B). The directed interaction from CA1 to PFC was reduced 
in RR (p=0.024) and theta (p=0.018) but not beta (p=0.76) frequency for GE mice, as 
previously reported [37]. Finally, we quantified phase-amplitude coupling (PAC) to evaluate 
the cross-frequency modulation of oscillatory power at fast frequencies (12-50 Hz) in CA1 and 
PFC by the slow RR generated in the OB. The strength of PAC from OB to CA1 and PFC was 
reduced in GE mice, as was the percentage of recordings with significant cross-frequency 
coupling (OB to CA1: WT 11 of 16, GE 5 of 14 mice; OB to PFC: WT 12 of 14, GE 10 of 14 
mice) (Fig 5C,D). 

Together, these findings show that the drive from OB to CA1 and PFC is reduced in 
GE mice. 

Fig 5. Reduced drive of the 
hippocampal-prefrontal network in 
immune-challenged Disc1+/- mice at P8-
10.  
A Frequency-resolved amplitude 
correlation between OB-CA1 (WT n=16, 
GE n=14), OB-PFC (WT n=14, GE n=14), 
and CA1-PFC (WT n=13, GE n=14) for P8-
10 WT and GE mice. 
B Frequency-resolved gPDC from OB to 
CA1 (WT n=16, GE n=14), from OB to PFC 
(WT n=14, GE n=14), and from CA1 to 
PFC (WT n=13, GE n=14) for P8-10 WT 
and GE mice. 
C Color-coded average PAC of CA1 (WT 
n=16, GE n=14) and PFC (WT n=14, GE 
n=14) LFP amplitude at fast frequencies 
(12-50 Hz) to slow frequency oscillations 
(1-4 Hz) in OB for P8-10 WT and GE mice. 
D Z-scored PAC of CA1 and PFC LFP 
amplitude at fast frequencies to slow 
frequencies in the OB for P8-10 WT and 
GE mice. Pie charts show the percentage 
of recordings with significant coupling. 
Dotted lines correspond to a z-score of 
1.96 indicating the significance level. 
Shaded areas in A,B correspond to SEM. 
Significant differences are indicated as *, 
**, *** for p<0.05, 0.01, 0.001, respectively. 

Normal odor detection, but impaired odor memory in immune-challenged 
Disc1+/- mice 
Normal propagation of odor-evoked activity from OB to the hippocampal-prefrontal network 
suggests that GE mice might have normal odor processing during development. To address 
this hypothesis, we recorded ultrasonic vocalizations (USV) of P9 WT and GE mice when 
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exposed to the odorant citral. Citral triggers an innate aversive response and reduces USV 
calls in neonatal mice, similar to the odor of adult males [45]. Pups were placed in a small 
chamber with a continuous flow of clean air for a baseline period after which citral was added 
to the airstream (Fig 6A-C). This procedure was repeated with increasing concentrations of 
citral. While concentrations of 0.0001% (WT p=0.50, GE p=0.17) and 0.01% (WT p=0.37, GE 
p=0.40) of citral (v/v in mineral oil) did not reduce call rates, both, WT and GE mice similarly 
reduced their call rate in response to citral at 1% (WT p=1.1x10-4, GE p=3.4x10-6, WT vs. GE 
p=0.32) (Fig 6D). 

Thus, simple odor detection is not impaired in developing GE mice, consistent with 
normal odor-evoked activity. 

Fig 6. Odor detection is intact in immune-
challenged Disc1+/- mice at P9. 
A Experimental setup for USV recordings 
during odor exposure. 
B Example spectrogram of USVs of a P9 
mouse. 
C Raster plot of USV suppression in response 
to the odorant citral for P9 WT (n=53) and GE 
(n=56) mice. Each line represents one 
mouse. 
D Modulation index of USV numbers in 
response to the odorant citral at different 
concentrations. 
Significant differences are indicated as *, **, 
*** for p<0.05, 0.01, 0.001, respectively. 

We recently reported that transient inhibition of OB outputs from P8 to P10 in WT mice 
perturbs the functional maturation of the hippocampal formation and results in long-lasting 
cognitive deficits [23]. Thus, we hypothesized that the reduced endogenous OB activity and 
drive to the hippocampal-prefrontal network in developing GE mice might cause similar 
impairments. We used neonatal odor learning, a one-trial associative odor learning task for 
mouse pups [46], to test the learning and memory abilities in P10-11 WT and GE mice (Fig 
7A). For this test, the dam was separated from the pups for 2 hours. Subsequently, a novel 
odor was applied to the teats before the dam was returned to the pups. The separation period 
guarantees feeding of the pups soon after odor application such that an association between 
food consumption and the odor can be formed. After a second separation period, pups were 
tested in an odor-place preference test with the learned test odor and a novel control odor (Fig 
7B). Isoamyl acetate and ethyl butyrate (1% in mineral oil) were randomly assigned as test 
and control odor for each litter and the position of the test odor was randomized for each pup. 

Both, WT and GE mice spend more time on the side of the test odor when pure odors 
were presented in the odor-place preference test (WT p=0.0075, GE p=0.021) and no 
difference was found between the groups (p=0.73) (Fig 7C). To increase the difficulty of the 
test, mice were presented with a mixture of test and control odors during the odor-place 
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preference test. Interestingly, only WT controls were able to distinguish the learned test odor 
at a mixture of 90/10% (WT p=0.015, GE p=0.31) but there was no significant group difference 
for WT and GE mice (p=0.39). Neither WT nor GE mice showed a place preference when 
odors were presented at a mixture of 80/20% (WT p=0.48, GE p=0.22). These results indicate 
that odor-learning is not impaired in GE mice at P10. However, when the odor-place 
preference test was done with a 24h delay period after neonatal odor learning, WT pups 
strongly preferred the learned test odor (p=0.012), whereas GE mice did not distinguish 
between test and control odor (p=0.18) and their performance was significantly reduced 
compared to WT mice (p=0.0026) (Fig 7D). 

Together, these data revealed that odor detection and learning are largely normal in 
developing GE mice, whereas their long-term memory is impaired. 

Fig 7. Impaired long-term odor-memory in immune-challenged Disc1+/- mice at P10/11.  
A Timeline of neonatal odor learning and odor-place preference test for P10-11 mice. 
B Left, example image of a P10 mouse in the odor-place preference test chamber. Right, example 
color-coded position of a mouse’s nose traced by DeepLabCut during the odor-place preference test. 
C Discrimination index of test and control odor in the odor-place preference test on the same day of 
neonatal odor learning for P10 WT and GE mice. Test and control odors were presented pure (100/0, 
WT n=40, GE n=38 mice) or mixed (90/10, WT n=42, GE n=41 mice; 80/20, WT n=37, GE n=36 mice). 
D Discrimination index of test and control odor in the odor-place preference test the day after neonatal 
odor learning for P11 WT (n=57) and GE (n=52) mice. 
Significant differences are indicated as *, **, *** for p<0.05, 0.01, 0.001, respectively. 

Discussion 
In this study, we examined early OB activity and its influence on developing hippocampal-
prefrontal networks in GE mice. We found strong DISC1 expression in OB projection neurons 
during development, which was significantly reduced in GE mice. GE pups displayed reduced 
endogenous activity in the OB, whereas odor-evoked activity was comparable to WT controls. 
Correspondingly, the drive from the OB to the hippocampal-prefrontal network was reduced 
for endogenous activity, but the propagation of odor-evoked activity to HP and PFC was not 
altered. Consistent with these findings, odor detection and learning were not affected in GE 
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mouse pups, but their long-term odor memory was impaired. We conclude that reduced 
endogenous activity in the OB contributes to the altered maturation of the hippocampal-
prefrontal network as well as memory deficits in GE mice. 

During development, endogenous and sensory-evoked activity is required for the 
refinement of immature neuronal networks. Neuronal activity influences a range of 
developmental processes such as neuronal survival and dendritic growth, as well as synapse 
formation and pruning [1–3,10]. The endogenous and odor-induced OB activity is a major drive 
for developing hippocampal-prefrontal networks [18,22,47]. Transient inhibition of OB outputs 
at the beginning of the second postnatal week disrupts the functional maturation in the 
hippocampal formation, which causes long-lasting deficits in cognitive abilities [23]. Here, we 
show that the reduction of endogenous activity in the OB of GE mice appears to have similar 
consequences for the maturation of the hippocampal-prefrontal network. We found a 
significant reduction in the activity of OB projection neurons and a concurrent decrease in the 
coordinated activity in slow oscillatory rhythms in GE mice. Particularly, the power in RR, 
oscillatory activity within 2-4 Hz, was significantly reduced in OB, as well as in CA1 and PFC. 
This rhythm is driven by repetitive input to the OB generated by the inhalation-exhalation cycle 
and coordinates activity in downstream areas in neonatal and adult mice [18,22,48–50]. 
Reduced coordination of activity in CA1 and PFC as a result of a reduced coordination of OB 
activity by respiration in GE mice might underlie the detrimental effect on the maturation of the 
hippocampal-prefrontal network. Interestingly, the single-hit mouse model carrying the genetic 
disruption of Disc1+/- without the environmental hit showed a similar reduction of RR power in 
OB, indicating that the genetic deficit alone is sufficient for RR impairment. In contrast, 
oscillatory activity in CA1 and PFC is only affected when the Disc1+/- mutation is combined 
with maternal immune activation [51]. This distinction might be linked to the strong expression 
of DISC1 in the developing OB of WT mice. 

DISC1 is also expressed in CA1 and PFC during development and previous studies 
found that specific knockdown of DISC1 in these areas in combination with maternal immune 
activation suffices to impair hippocampal-prefrontal activity [52,53]. However, strong DISC1 
expression in OB projection neurons and high levels of OB activity during development in WT 
mice indicate a particular role of reduced OB activity in disturbed maturation of the 
hippocampal-prefrontal network in GE mice. The clear directionality in the drive of activity from 
OB to CA1 and PFC is consistent with anatomical data showing that feedback projections to 
the OB develop late and are still sparse at the beginning of the second postnatal week (Kostka 
& Bitzenhofer, 2022). 

The axons of OB projection neurons are bundled in the lateral olfactory tract that 
distributes olfactory information to a range of brain areas [19]. While the OB has no direct 
projections to CA1 and PFC in mice, strong projections through the piriform cortex and the 
lateral entorhinal cortex provide a short pathway from the OB to the hippocampal-prefrontal 
network. This pathway is functional early during development [18,22,47] and, notably,  
impaired activity in the lateral entorhinal cortex has been found in GE mice [37]. In adult mice, 
inhibition of the lateral entorhinal cortex impairs performance in odor discrimination tasks [54] 
and odor-context learning [55]. This is not to say that odor detection or discrimination happens 
in the lateral entorhinal cortex but it shows that this pathway from OB to the hippocampal-
prefrontal network is critical for the execution of odor-related tasks. Parallel pathways, such 
as direct projections from the anterior olfactory nucleus and the lateral entorhinal cortex to the 
PFC [37,56], might provide alternative routes for olfactory information to higher associative 
areas. However, the pathway through the lateral entorhinal cortex might be particularly 
vulnerable to reduced OB activity during early postnatal development as indicated by lasting 
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morphological and functional alterations of entorhinal neurons after transient inhibition of OB 
projection neurons [23], as well as in GE mice [57]. 

For now, we can only speculate how these findings relate to deficits of the olfactory 
system reported for neuropsychiatric disorders. Olfactory impairment has been suggested as 
an early indicator for several neuropsychiatric disorders, such as schizophrenia and psychosis 
[26–28]. Patients with first episode psychosis were shown to display deficits in odor 
identification tasks, and a reduced OB volume and inflammation of the olfactory epithelium 
have been associated with schizophrenia [28,30]. We found largely normal odor detection and 
odor learning in GE mice consistent with normal odor-evoked activity during development, but 
long-term odor memory was impaired. More rigorous behavioral testing might reveal subtle 
olfactory dysfunctions early on but the options for behavioral tests in neonatal mice are limited. 
Alternatively, altered functional maturation of the OB and the feedback projections from higher 
association areas might accumulate throughout development and only result in olfactory 
deficits later in life. Future investigations deepening the present approaches could provide 
valuable insights on how olfactory deficits might act as valuable early diagnostic markers in 
neuropsychiatric disorders. 

Materials and methods 
Ethical approval 
All experiments were performed in compliance with German laws and guidelines of the 
European Union for the use of animals in research (EU Directive 2010/63/EU) and were 
approved by the local ethical committee (Behörde für Gesundheit und Verbraucherschutz 
Hamburg, G17/015, N18/015). 

Animals 
Timed-pregnant mice from the University Medical Center Hamburg-Eppendorf animal facility 
were housed individually in a 12/12 h light/dark cycle and had access to water and food ad 
libitum. The day of vaginal plug detection was defined as gestational day 0.5, and the day of 
birth was defined as postnatal day (P)0. Experiments were performed on pups of both sexes 
during neonatal development (i.e. P8–P11).  
Pregnant Disc1 mice (B6.129S6-Disc1tm1Kara) carrying a mutation resulting in a truncated 
transcript on a C57BL6/J background [32] received viral RNA mimetic poly(I:C) (25 mg/kg) 
injected intraperitoneally (i.p.) at gestational day 9.5 to induce maternal immune activation. 
Immune-challenged Disc1+/− mice (referred to as GE) combine genetic and environmental risk 
factors in the pathogenesis of neuropsychiatric disorders. Offspring of C57BL/6J mice were 
used as wild-type control animals (referred to as WT). 

Histology 
P9-10 mice were anesthetized with 10% ketamine (aniMedica, Germany) / 2% xylazine (WDT, 
Germany) in 0.9% NaCl (10 μg/g body weight, intraperitoneal) and transcardially perfused with 
4% paraformaldehyde (Histofix, Carl Roth, Germany). Brains were removed and postfixed in 
4% paraformaldehyde for 24 h. Brains were sectioned coronally with a vibratome at 100 μm 
for immunostaining. 
Immunostaining. Free-floating slices were permeabilized and unspecific binding sites were 
blocked in PBS containing 0.8% Triton X-100 (Sigma-Aldrich, MO, USA), 5% normal goat 
serum, and 5% normal donkey serum (Jackson Immuno Research, PA, USA) for 1 h. Slices 
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were incubated with primary antibodies in 0.8% Triton X-100, 1% normal goat serum, and 1% 
normal donkey serum for 3d at 4°C. Subsequently, slices were washed in PBS and incubated 
with secondary antibodies for 3 h at room temperature. Slices were washed and transferred 
to glass slides, before being covered with Vectashield(Vectorlabs, CA, USA). Images of 
immunostainings were acquired with a confocal microscope (FV1000, Olympus, Japan). 
Images were processed and analyzed with ImageJ. 
Retrograde tracing. P5 mice were injected with the retrograde tracer CTB555 (200 nl at 100 
nl/min, cholera toxin subunit B, Alexa Fluor 455 conjugate) into the piriform cortex under 
isoflurane anesthesia (induction: 5%, maintenance: 2%). Pups were transcardially perfused 
and brains were removed for immunostaining at P10. 

Surgical procedure for electrophysiology 
For in vivo electrophysiological recordings, P8-10 mice underwent surgery under isoflurane 
anesthesia (induction: 5%, maintenance: 2%). The skin above the skull was removed and 
local anesthetic (0.5% bupivacaine/1% lidocaine) was applied on the neck muscles. Two 
plastic bars were fixed on the nasal and occipital bones with dental cement. Craniotomies of 
about 0.5 mm diameter were performed above the right OB (0.5-0.8 mm anterior to the 
frontonasal suture, 0.5 mm lateral to the internasal suture), the CA1 subdivision of the 
intermediate hippocampus (2.5 mm anterior to lambda, 3.5 mm lateral to the midline), and the 
medial part of the PFC (0.5 mm anterior to bregma, 0.1-0.5 mm lateral to the midline). 
Throughout surgery, recovery, and recording mice were kept on a heating blanket at 37°C. 

Electrophysiological recordings 
Extracellular recordings were performed simultaneously from the ventral OB, hippocampal 
CA1, and PFC in non-anesthetized P8-10 mice. For this, one-shank silicon probes 
(NeuroNexus, MI, USA) with 16 recording sites (50 µm inter-site spacing) were inserted into 
OB (0.5-1.8 mm deep, angle 0°), CA1 (1.3-1.9 mm deep, angle 20°), and PFC (1.8-2.1 mm 
deep, angle 0°). Before insertion, the electrodes were covered with DiI (1,1’-Dioctadecyl-
3,3,3’,3’-tetramethylindocarbocyanine perchlorate, Molecular Probes, Eugene, OR) for 
confirmation of electrode position post mortem. A silver wire was inserted into the cerebellum 
and served as ground and reference electrode. A recovery period of 20 min after the insertion 
of electrodes was provided before data acquisition. Extracellular signals were band-pass 
filtered (0.1–9000 Hz) and digitized (32 kHz) with a multichannel extracellular amplifier (Digital 
Lynx SX; Neuralynx, Bozeman, MO, USA) and the Cheetah acquisition software (Neuralynx). 
After recordings, mice were deeply anesthetized with 10% ketamine/2% xylazine in 0.9% NaCl 
solution (10 µg/g body weight, i.p.) and transcardially perfused with Histofix (Carl Roth, 
Karlsruhe, Germany) containing 4% paraformaldehyde for subsequent identification of  
electrode positions in coronal slices. 

Olfactory stimulation 
A custom-made, Arduino-controlled olfactometer with a constant stream of clean air (0.9 
L/min) to the nose was used to present odors to the animals. Odors were presented for 2 s 
triggered by the respiration cycle of mice to ensure constant odor concentration at the first 
odor inhalation. Two different odors (ethyl butyrate and isoamyl acetate, 1% in mineral oil) 
were delivered in a randomized order for 40 repetitions each. 
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Analysis of electrophysiological data 
Electrophysiological data were analyzed with custom-written algorithms in Matlab R2021a 
environment. For LFP analysis data were band-passfiltered (1-100 Hz) using a phase 
preserving third-order Butterworth filter. For LFP data recorded in the OB, the recording site 
centered in the EPL was used, whereas, for the analysis of spiking activity, recording sites in 
the MCL or GCL were considered. For the analysis of hippocampal LFP, a recording site 
located in CA1 below the pyramidal layer was selected, while for the analysis of spiking 
activity, all recording sites located in CA1 were used. For LFP analysis in the PFC, a recording 
site centered in the prelimbic region was considered and spiking activity from all recording 
sites was included. 
Power spectral density. Power spectral density was calculated using Welch's method with 
non-overlapping windows of 2 s for endogenous activity or for a 2 s window for odor 
stimulation. Time-frequency power plots were calculated with a continuous wavelet transform 
(Morlet wavelet). Frequency bands for statistical comparisons were defined as RR (2-4 Hz), 
theta (4-12 Hz) and beta (12-30 Hz). 
Frequency resolved amplitude correlation. LFP from OB, CA1 and PFC was band-pass filtered 
in frequency bins of 2 Hz from 1 to 30 Hz and Hilbert transformed to extract the absolute 
amplitude. Subsequently, pairwise Pearson correlation coefficients of frequency resolved 
envelopes were calculated for OB, CA1, and PFC. 
Generalized partial directed coherence. gPDC was calculated in the frequency domain to 
investigate the directional interaction between areas. This linear Granger causality measure 
is based on the decomposition of multivariate partial coherence computed from multivariate 
autoregressive models. LFP signals of 1 s length were denoised using the MATLAB wavelet 
toolbox (ddencmp.m and wdencmp.m) before gPDC was calculated with a previously 
described algorithm [58]. 
Phase–amplitude coupling. Cross-frequency coupling was calculated between the phase of 
the slow frequency in OB and the amplitude at fast frequencies (12-80 Hz) in CA1 and PFC 
according to a previously described algorithm [59]. Band-pass filtered LFP was Hilbert 
transformed to extract the phase and amplitude. The amplitude of the 12 to 50 Hz filtered LFP 
in CA1 and PFC was determined at each phase of the filtered OB signal. PAC matrices were 
z-scored and the average was calculated for RR (2–4 Hz) phase to higher frequencies (13-50
Hz) coupling.
Spiking analysis. Single units were automatically detected and clustered using the python-
based software klusta [60] and manually curated using phy (https://github.com/cortex-
lab/phy). For OB recordings, units detected around the channel (+/1 1 channels) where the
RR reverses in polarity were considered for MCL spiking activity, whereas units in channels
>3 channels central from the MCL were considered for GCL spiking activity.

Behavior
Neonatal odor detection. The suppression of ultrasonic vocalizations (USVs) of neonatal mice 
when exposed to the odor citral was used to test for neonatal odor detection. For each test, a 
P9 mouse was removed from the home cage, placed in a soundproof test box, and allowed to 
accommodate for 120 s. Pressurized air was pumped through the box at a rate of 2 L/min. 
USVs were recorded with an ultrasonic microphone (Avisoft UltraSoundGate, Avisoft 
Bioacoustics) at a sampling rate of 250 kHz for 90 s with clean air, 60 s with citral, and 60 s of 
clean air, followed by a 60 s break. Each test consisted of three consecutive trials with 
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increasing concentration of citral at 10-4, 10-2, and 1% diluted in mineral oil. USVs from 25 to 
125 kHz were detected using DeepSqueak [61]. 
Neonatal Odor Learning. Neonatal odor learning of P10 mice was assessed with a modified 
version of a previously established protocol [46]. For one-trial associative odor learning, the 
dam was removed from the home cage for 2 h before the test odor was applied to the teats of 
the dam with a saturated cotton swab and she was placed back to the home cage for 1 h. 
Isoamyl acetate and ethyl butyrate (1% mineral oil) were used randomly as test and control 
odors per litter. The dam was removed again for 2 h before the pups were tested in an odor 
place preference test. The test arena consisted of a rectangular acrylic chamber (17.5 × 6.5 × 
6.5 cm) with metal grid flooring, divided into two 6.5 cm odor zones at the ends and a 4.5 cm 
neutral zone in the center. Odor zones were odorized by placing acrylic trays beneath the grid 
flooring with 500 µl of either the test odor or a control odor on a filter paper. Test and control 
odors were randomized between the two odor zones. For the test, a pup was placed in the 
center of the arena (i.e., neutral zone) and video-taped from above for 3 min using a camera 
(UI 2250-SE-M, IDS GMBH). Between each test, the chamber was cleaned with ethanol and 
allowed to dry. Odor place preference tests were performed with pure odors (1% in mineral 
oil) or odor mixtures (90/10, 80/20 test/control odor). Mice were tracked using DeepLabCut 
[62]. The time spent over the different zones was quantified and analyzed in Matlab. 
To assess long-term neonatal odor memory, the dam was removed for 2 h on the following 
day (P11) and the odor place preference test was repeated with pure test versus control odor 
(1% in mineral oil).  

Statistics 
Statistical analysis was performed in Matlab R2021a environment. Data were tested for 
normal distribution. Paired and unpaired t-tests were used for normally distributed data, 
whereas non-parametric Wilcoxon rank sum and sign rank tests were used for non-normally 
distributed data to test for significant differences. Data are presented as violin plots or as 
mean ± SEM. Significance levels of P < 0.05 (*), P < 0.01 (**) or P < 0.001 (***) were 
considered. 
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SUMMARY

In the adult brain, structural and functional parameters, such as synaptic sizes and neuronal firing rates,
follow right-skewed and heavy-tailed distributions. While this organization is thought to have significant im-
plications, its development is still largely unknown. Here, we address this knowledge gap by investigating a
large-scale dataset recorded from the prefrontal cortex and the olfactory bulb of mice aged 4–60 postnatal
days. We show that firing rates and spike train interactions have a largely stable distribution shape
throughout the first 60 postnatal days and that the prefrontal cortex displays a functional small-world archi-
tecture. Moreover, early brain activity exhibits an oligarchical organization, where high-firing neurons have
hub-like properties. In a neural networkmodel, we show that analogously right-skewed and heavy-tailed syn-
aptic parameters are instrumental to consistently recapitulate the experimental data. Thus, functional and
structural parameters in the developing brain are already extremely distributed, suggesting that this organi-
zation is preconfigured and not experience dependent.

INTRODUCTION

In the adult brain, many structural and functional parameters

follow right-skewed distributions with heavy right tails, such as

the log-normal,1,2 gamma,3 or power law4,5 distribution. A non-

exhaustive list of parameters that is characterized by such distri-

butions includes size and number of synapses6–9; size of post-

synaptic currents10–12; diameter of axons13; density of neurons14;

in vivo single-unit-activity (SUA) firing rates15–17; spike transmis-

sion probability10,17; pairwise correlations among spike trains18;

and power of the local field potential (LFP),19,20 electroencephalo-

gram (EEG),21–23 magnetoencephalogram (MEG),22–24 and blood-

oxygen-level-dependent (BOLD)25 signals.

If a parameter follows such a distribution, it is implied that a

large proportion of the data display small values that fall well

below the mean. Conversely, extremely large values are more

commonly observed than if they followed a narrower distribu-

tion such as the normal (or Gaussian), as is often implicitly

assumed.1,2 Thus, these distributions are characterized by

high levels of inequality. We define such distributions as being

‘‘extreme.’’26 It has been suggested that the extreme distribu-

tion of neural parameters might have several useful proper-

ties.1,2,10,27 For instance, the log-normal distribution of synaptic

sizes might promote the formation and propagation of neuronal

sequences,10,28 while at the same time optimizing storage ca-

pacity.27 Moreover, the extreme distribution of firing rates might

result in an environment with an optimal balance between a

large amount of ‘‘specialist’’ neurons complemented by few

‘‘generalists.’’ The first ones would only fire upon receiving a

highly specific constellation of pre-synaptic inputs, and thereby

have a spiking activity with unique and distinctive ‘‘interpreta-

tion’’ for post-synaptic partners. Conversely, generalist neu-

rons would require less specific pre-synaptic inputs to generate

a spike. This could allow such neurons to generalize over similar

sensory stimuli and might therefore represent the brain’s ‘‘best

guess.’’1,2 Overall, this organization is thought of producing a

system that allows for concomitant specialization and flexibility,

while limiting the number of energy-demanding high-firing-rate

neurons.10

While it is widely accepted that the adult brain is an extreme

environment, how this unfolds throughout development is still

unclear. Two main competing hypotheses have been put for-

ward. The ‘‘blank-slate model’’ posits that the developing

brain is a tabula rasa, a blank slate that lacks a refined struc-

ture.29 A corollary of this view is that structural and functional

parameters in the developing brain should follow a narrow,

thin-tailed distribution. Only upon developmental learning

would the brain structure gradually become skewed, heavy

tailed, and unequal, as reported for the adult brain. While

this view is not often openly advocated for, it is often

implied.2,30,31 The competing theory is the ‘‘preconfigured

brain hypothesis,’’ which proposes that the developing brain

is pre-packaged with non-random structure and already dis-

plays extreme distributions of structural and functional param-

eters. Consequently, this hypothesis implies that develop-

mental learning should not fundamentally transform the

brain architecture. Rather, learning is viewed as a matching

process that associates pre-existing structure, which is
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initially devoid of meaning, with a behavioral output or a sen-

sory sensation.2,32–35

To tease apart these two hypotheses, we investigated the

in vivo development of brain activity in a large-scale dataset

from unanesthetized postnatal day (P) 4–60 mice (n = 302

mice). The youngest mice in the dataset belong to a very

immature developmental phase in which, even though neurons

in the sensory systems are active, they mostly do not repre-

sent sensory information. An exception to this developmental

dynamic is the olfactory system. From birth onward, rodents

rely on olfaction for survival, as they actively employ olfactory

cues to locate the dam’s nipple.36,37 Thus, in the present

study, to control for the potential effect of developmental

learning, we investigated the early developing olfactory bulb

(OB) and the prefrontal cortex (PFC), the cortical region with

Figure 1. SUA firing statistics in the mouse

PFC and OB across the first two postnatal

weeks

(A) Schematic representation46 of extracellular re-

cordings in the PFC and OB of P4–12 mice.

(B) Digital reconstruction of the position of a DiI-

labeled recording electrode in the PFC (left) and

OB (right) with the antero-posterior distance from

bregma (top) of a Nissl-stained coronal section

(green) of a P9 and P10 mouse, respectively. Scale

bar: 1 mm (left) and 400 mm (right).

(C) Representative raster plot of 1 min of SUA ac-

tivity recorded in the PFC of a P6 (left), P9 (middle),

and P12 (right) mouse.

(D) Line plot displaying the SUA firing rate of P4–12

mice (n = 278 mice and 14,357 single units). Color

codes for brain region.

(E) Same as (D) for STTC (n= 278mice and 654,335

spike train pairs).

(F) Probability density distribution for SUA firing

rate in P4–12 mice. Color codes for brain region.

(G) Same as (F) for STTC. In (D) and (E) data are

presented as mean and 95% confidence interval

(CI). Asterisks in (D) and (E) indicate significant ef-

fect of age. **p < 0.01, generalized linear mixed-

effect models.

the most protracted development.38

We show that, in both brain regions,

the skewness, tailedness, and inequality

of the distributions of in vivo SUA firing

rates and pairwise interactions among

spike trains do not increase throughout

development. Along the same lines,

already midway through the first post-

natal week, the PFC displays a non-

random small-world topography. More-

over, in both brain regions, neurons in

the right tail of the firing-rate distribution

are overwhelmingly more likely to also

be in the right tail of the pairwise interac-

tion distribution and to exhibit hub-like

properties. We refer to this organization

as oligarchical, and we show that it

gradually wanes throughout adulthood, concomitantly with a

maturation of excitation-inhibition balance.

RESULTS

SUA firing rate exponentially increases over age, while
spiking activity decorrelates
To assess the in vivo developmental firing dynamics, we

analyzed a large-scale dataset of SUA (n = 278 mice, 14,357

units and 654,335 spike train pairs) recorded with Neuropixels

as well as single- and multi-shank Neuronexus silicon probes

from the PFC and the ventral OB of non-anesthetized P4-P12

mice (n = 278 mice) (Figures 1A–1C and S1A–S1C). Some of

the data have been used in previously published studies.39,40

We calculated the firing rate (first-order SUA statistics) and the
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spike-time tiling coefficient (STTC; second-order SUA statistics,

calculated at a 10-ms timescale), a measure of pairwise correla-

tion among spike trains that is not biased by firing rate.41 In line

with previous reports,39,40,42–45 using multivariate linear regres-

sion, we found that firing rate exponentially increased with age

in both brain regions (age effect = 0.11, confidence interval [CI]

[0.04; 0.18], p = 0.004, generalized linear mixed-effect model)

(Figure 1D) and that the OB displayed a higher firing rate than

the PFC (firing rate at P8 = 0.57 and 0.25 Hz, CI [0.50; 0.65]

and [0.22; 0.29] for OB and PFC, respectively, p < 10�16)

(Figures 1D and S1D).

Concomitant with the increase of firing rate, and consistent

with previously published data,39,47,48 the STTC exponentially

decreased with age (age effect = �0.008, CI [�0.014; �0.003],

p= 0.003, linearmixed-effect model), indicating a developmental

decorrelation of spiking activity (Figure 1E). When evaluating this

effect on individual brain regions, we found that theOBdisplayed

lower STTC values than the PFC (STTC value at P8 = 0.092 and

0.105, CI [0.091; 0.093] and [0.104; 0.106] for OB and PFC,

respectively, p < 10�16) (Figures 1E and S1E).

Lastly, when pooled across mice and brain regions, both

firing rate and STTC already displayed a right-skewed and

heavy-tailed distribution at these early developmental stages

(Figures 1F and 1G).

These data indicate that, in both brain regions, SUA firing rates

exponentially increase across the first two postnatal weeks

while, at the same time, spiking activity decorrelates. Consistent

with the early maturation of the OB and its high density of INs,37

the OBs display higher firing rates and lower STTC values than

the PFCs. Even at neonatal age, the two variables exhibit a

right-skewed and heavy-tailed distribution in both brain areas.

The skewness, tailedness, and inequality of the SUA
firing statistics do not increase over age
A corollary of the blank-slate model is that the distributions of

functional parameters should becomemore extreme over devel-

opment. To quantify the distribution shape for the first- and sec-

ond-order SUA statistics, we computed their skewness, kurto-

sis, and Gini coefficient (Figures 2A–2C). Skewness and

kurtosis are the third and fourth central moments of a variable,

and they measure its asymmetry and tailedness, respectively.

Negative values of skewness indicate a left-skewed distribution,

positive values a right-skewed distribution, and null values a

symmetrical distribution (Figure 2A). Kurtosis only takes positive

values. Normal distributions have a kurtosis value of 3 and are

referred to as mesokurtic distributions. Distributions with a kur-

tosis below 3 are platykurtic (thin tailed), whereas distribution

with a kurtosis above 3 are leptokurtic (heavy tailed) (Figure 2B).

The Gini coefficient measures the inequality of a distribution49,50

and takes values ranging between 0 (representing total equality)

and 1 (representing total inequality). It is calculated as the area

between the line of equality and the Lorenz curve divided by

the total area under the line of equality (Figure 2C). To increase

the estimation accuracy of these three parameters, for this anal-

ysis we only considered mice with at least 20 simultaneously re-

corded single units (n = 195 out of 278 mice).

When combining data from the PFC and OB, contrary to the

prediction of the blank-slate model, neither the skewness nor

the kurtosis of firing rates (age coefficient = �0.06 and �0.02,

CI [�0.19; 0.07] and [�0.05; 0.02], p = 0.39 and p = 0.45, for

skewness and kurtosis, respectively, linear model) and STTC

(age coefficient = 0.06 and 0.01, CI [�0.27; 0.39] and [�0.05;

0.07], p = 0.73 and p = 0.71, for skewness and kurtosis,

respectively, linear model) exhibited an age-dependent trend

(Figures 2D and 2E). Pooling together firing rate and STTC distri-

butions, 100% of the distributions were right skewed (390 out of

390, skewness >0), and 94% were leptokurtic or heavy tailed

(366 out of 390, kurtosis >3). Along the same lines, the Gini coef-

ficient of firing rate did not significantly change over the first two

postnatal weeks (age coefficient = �0.004, CI [�0.014; 0.007],

p = 0.50, linear model), whereas the Gini coefficient of STTC

even slightly decreased over age (age coefficient = �0.02, CI

[�0.03;�0.002], p = 0.02, linear model) (Figure 2F). This dynamic

was consistent across brain regions (Figures S2A–S2C) and

robust to changes in the minimum number of single units used

as cutoff for analysis (Figure S2D). Even analyzing the distribu-

tions of firing rate and STTC after pooling together units recorded

in the same brain region and in mice of the same age did not

lead to age dependency for any of the evaluated parameters

(Figure S3).

These data indicate that, irrespective of brain region, the

skewness, tailedness, and inequality of first- and second-order

SUA statistics do not increase with age, as would be predicted

by the blank-slate model. On the contrary, the only parameter

to exhibit a significant age dependence is the Gini coefficient

of STTC, which decreases with age. However, this effect is of

modest size, and it is the only result that depends on the number

of units used as cutoff for a mouse to be included in the analysis

(Figure S3D). Further, almost the totality of these distributions is

right skewed and heavy tailed. The fact that these results are

largely brain region independent indicates that the different

developmental speed of the early-maturating OB and the late-

maturing PFC does not affect these dynamics. Considering the

large size of the investigated datasets, it is also unlikely that

we were unable to detect the presence of developmental trends

due to a lack of statistical power.

Lastly, solely skewness and kurtosis of both firing rate and

STTC robustly correlated with each other (r2 = 0.9 and 0.88,

respectively). Despite similar developmental trajectories, the

other pairwise parameter combinations were poorly predictive

of each other (median r2 = 0.03) (Figure S4), indicating that

they quantify distinct distributions that are largely independent

of each other and, thus, not redundant.

Complex functional network properties of the PFC do
not vary over development
Even if the skewness, tailedness, and inequality of firing rate and

STTC are largely constant over age, we hypothesized that devel-

opmental changes might be detectable at a network level. To

test this hypothesis, we resorted to complex network analysis51

and investigated the functional network topology of the devel-

oping PFC in vivo (Figure 3A), similarly to what was previously

done in vitro.52 To minimize a potential estimation bias due to

low number of single units, an inherent drawback of recordings

in neonatal mice, we limited this analysis to mice having at least

20 single units (n = 108 out of 131 PFC recordings). We restricted
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Figure 2. Skewness, kurtosis, and Gini coeffi-

cient of firing rate and STTC over the first two

postnatal weeks

(A) Schematic representation of three distributions

with different skewness values.

(B) Same as (A) for kurtosis.

(C) Lorenz curves for three distributions with different

Gini coefficient values and schematic representation

of how the Gini coefficient is calculated.

(D) Violin plot displaying the skewness of firing rate

(left) and STTC (right) of P4–12 mice (n = 195 mice).

Color codes for age with 1-day increments.

(E and F) Same as (D) for kurtosis (E) and Gini coef-

ficient (F). White dots indicate individual mice, and

the shaded area represents the probability density of

the variable. Asterisk in (F) indicates a significant ef-

fect of age. *p < 0.05, linear model. p values in (D)–(F)

refer to the effect of age, linear models.
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the investigation to the PFC because the network analysis for OB

was biased by the low number of units and the level of recurrent

connectivity.

The functional network analysis was carried out on symmetric

STTC matrices computed on individual mice, where each node

corresponds to a single unit (Figure 3B). These matrices were

thresholded and binarized by a shuffling procedure that swap-

ped the identity of the neurons while preserving the population

firing rate (see STAR Methods for details). To evaluate the topol-

ogy of the graphs, we computed their density and three main

network properties: characteristic path length (L), clustering co-

efficient (C), and small-worldness (S) (Figure 3A). These last three

parameters were normalized by dividing them with a corre-

sponding null value extracted from random networks with the

same density (the dashed red line in Figures 3C–3E indicates

the value of the corresponding random network).

Similar to the parameters based on SUA statistics, the density

of the graphs did not significantly vary over age (age coefficient =

�0.003, CI [�0.009; 0.002], p = 0.23, linear model) (Figure S5A).

While L values were similar to those computed on random net-

works (58 out of 108 = 54% networks with normalized L > 1) (Fig-

ure 3C), all but one network had larger C values than the corre-

Figure 3. Complex network analysis in the

PFC across the first two postnatal weeks

(A) Schematic representation of a lattice, small

world, and random network and their respective

values of characteristic path length (L), clustering

coefficient (C), and small-worldness (S).

(B) Weighted adjacency STTC matrix of a repre-

sentative P10 mouse. Color codes for STTC value.

Units are sorted by recording depth.

(C) Violin plot displaying the characteristic path

length as a function of age (n = 108 mice). The

dashed red line indicates the value of the corre-

sponding randomnetwork. Color codes for agewith

1-day increments.

(D and E) Same as (C) for clustering coefficient

(D) and small-worldness (E). In (C)–(E), white dots

indicate individual mice and shaded area repre-

sents the probability density of the variable. Aster-

isks in (C) and (D) indicate a significant effect of age.

***p < 0.001, linear models. p value in (E) refers to

the effect of age, linear model.

sponding random network (107 out of

108 = 99% networks with normalized

C > 1) (Figure 3D). The graphs’ transitivity,

a parameter that is closely related to the

clustering coefficient, was analogously

higher than in random networks (107 out

of 108 = 99% networks with normalized

transitivity >1) (Figure S5B).

Low L and high C values are typical of

so-called small-world networks, a cate-

gory that includes many real-world net-

works, including the adult brain53–55 (but

see Hilgetag and Goulas56). Accordingly,

the small-worldness of the developing

PFC was robustly higher than its corre-

sponding null value (107 out of 108 = 108 = 99% networks with

normalized S > 1) (Figure 3E). The normalized L and C increased

over age (age coefficient = 0.13 and 0.02, CI [0.06; 0.21] and

[0.01; 0.03], p < 10�4 and p < 10�4, for normalized L and C,

respectively, linear model) (Figures 3C and 3D). While this effect

could be explained by an increase on the graph’s size (the num-

ber of units per mouse),57 more central for the aim of the project

is the fact the normalized S did not vary with age (age coeffi-

cient = 0.07, CI [�0.02; 0.16], p = 0.15, linear model) (Figure 3E).

Further, all these results were robust to changes in the minimum

number of single units used as cutoff for analysis (Figure S5C).

Thus, complex network analysis revealed that, already during

the first two postnatal weeks, the PFC displays a non-random

and small-world functional network architecture that is similar

to that described in the adult brain53–55 and is stable over age.

The developing brain is in an oligarchical state
Next, we investigated whether the SUA statistics are not only

extremely distributed but also correlated to each other. For

this, we used multivariate linear regression with age as a co-

variate, and we evaluated the relationship between the log-

transformed firing rate of a neuron and its log-transformed
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average STTC. We found that, irrespective of brain region, the

two variables robustly correlated with each other (firing rate

coefficient = 0.08, CI [0.07; 0.08], p < 10�70, linear mixed-ef-

fect model) (Figures 4A, 4B, and S5D). This correlation be-

tween firing rate and average STTC was lower in the OB

than in the PFC (firing rate and brain area interaction coeffi-

cient = 0.06, CI [0.05; 0.06], p < 10�84, linear mixed-effect

model) (Figure 4B). Since the STTC lacks a firing rate bias,41

this is indicative of a genuine correlation between the two vari-

ables. Consequently, neurons with high firing rates dispropor-

tionately contribute to network dynamics during development,

a property reminiscent of hub neurons, as recently shown in

the developing barrel cortex.58 We define this state, in which

extreme distributions are tightly correlated with each other,

as being ‘‘oligarchical.’’

To investigate whether the firing rate of a neuron also corre-

lates to its network-level features, we used the prefrontal STTC

matrices described in the paragraph above and extracted four

different regional and global ‘‘hubness’’ metrics for each individ-

ual node: degree (i.e., total number of connections), strength

(i.e., sum of connection weights), betweenness centrality (the

fraction of shortest paths containing a given node), and close-

ness centrality (the reciprocal of the average shortest path for

a given node) (Figures 4C and 4D). For each of these measures,

we then assigned a score of 0 or 1 to each node, depending on

whether it exceeded the 75th percentile of that specific metric.52

Summing the individual scores, we obtained a composite hub-

ness score, with values ranging from 0 to 4. The majority of neu-

rons (6,580 out of 10,512 = 63%) had a hubness score of 0,

whereas a smaller proportion (1,471 out of 10,512 = 14%) of neu-

rons received a hubness score of 4. As previously reported in 2D

neuronal cultures,52 the hubness score robustly correlated with

firing rate (hubness score effect, p < 10�70, linear mixed-effect

model), with the median firing rate differing by almost an order

of magnitude between neurons with hubness score 0 and 4

(Figure 5E).

These data indicate that the developing cortex is not only an

environment characterized by stably extreme SUA statistics dis-

tributions but also that it exhibits a peculiar oligarchical state, in

which the firing rate of a neuron robustly correlates with the

strength of its pairwise interactions and its network-level

properties.

Figure 4. Firing rate correlates with average STTC and hubness score
(A) Scatterplot displaying the log-transformed average STTC of prefrontal neurons as a function of their log-transformed firing rate in all recorded P6 (left), P8

(center), and P10 (right) mice. Color codes for age.

(B) Line plot displaying the log-transformed average STTC as a function of log-transformed firing rate across brain regions (n = 259 mice and 14,043 single units).

Color codes for brain region.

(C) Schematic representation of a network’s graph in which regional (red) and global (green) hubs are highlighted.

(D) Weighted adjacency STTC matrix recorded from the PFC of a P10 mouse. The gray arrow indicates a neuron with high hubness score. Color codes for STTC

value.

(E) Violin plot displaying the log-transformed firing rate of a neuron as a function of its hubness score. Color codes for hubness score. In (A), colored dots indicate

individual neurons. In (E), data are presented as median, 25th percentile, 75th percentile, and interquartile range, and the shaded area represents the probability

density of the variable. Asterisks in (A) and (B) indicate a significant effect of firing rate and in (E) of hubness score. ***p < 0.001, linear mixed-effect models.
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Figure 5. Spiking neural network modeling of the distribution shape of SUA statistics in the developing PFC

(A) Schematic representation of the neural network model.

(B and C) Same as (A) for the three synaptic parameters (B) and the simulation parameters that were treated as random variables (C).

(D) Schematic representation of the parameters that were used to evaluate the distribution shape of the experimental and simulated spiking data (left) and the

approach that was used to evaluate the distance between experimental and simulated data (right). Note that the plot is for visualization purposes only. Even

though only three dimensions are shown, the distance between simulated and experimental data were calculated in a seven-dimensional space. Color in the

scatterplot codes for age.

(E) Violin plot displaying the distance between simulated data and the center of mass of experimental data as a function of the number of synaptic parameters set

in their ‘‘extreme’’ configuration.

(F) Multivariate regression coefficients for the three synaptic parameters over the distance from the center of mass of experimental data. In (E), data are presented

as median, 25th percentile, 75th percentile, and interquartile range, and the shaded area represents the probability density of the variable. In (F), regression

coefficients are presented as mean and 95% CI.
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Extreme synaptic distributions are necessary to
recapitulate early PFC activity in a spiking neural
network model
We hypothesized that, to generate such extreme distributions

of the SUA statistics, analogously extremely distributed struc-

tural synaptic parameters are necessary. To explore this prop-

osition, we simulated �8,000 spiking neural networks of inter-

connected conductance-based leaky integrate-and-fire (LIF)

neurons. The networks mimicked spontaneous activity: they

did not receive any structured input and did not perform any

task. The simulated networks had no spatial structure and

consisted of 400 neurons, 80% of which were excitatory

(PYRs) and 20% inhibitory (INs), in line with anatomical data

for neocortical areas.59,60 PYRs were simulated with outgoing

excitatory AMPA synapses, while INs were equipped with out-

going inhibitory GABAergic synapses (Figure 5A). In these

models, we investigated how the simulated firing statistics

were affected by three structural (synaptic) parameters: (1)

whether the size of synapses followed a normal or a log-

normal distribution, (2) whether the number of synapses of in-

dividual neurons followed a normal or a log-normal distribu-

tion, and (3) whether the number of dendritic and axonic

(incoming and outgoing) synapses were correlated or uncorre-

lated with each other (Figure 5B). This resulted in a total of 23 =

8 possible synaptic parameters combinations. To avoid

choosing an arbitrary structural network architecture to test

the effect of these three variables, a set of other parameters

(average size of AMPA and GABA synapses, average connec-

tivity, and the strength of the noisy input driving PYRs and INs)

were randomly drawn from a range of biologically constrained

values (see STAR Methods for details) (Figure 5C). Given that

the general structural network architecture is inspired by the

neocortical anatomical organization (e.g., average connectivity

and proportion of PYRs and INs), the simulated data were

compared to PFC recordings.

To evaluate how accurately the different structural network

architectures recapitulated the SUA statistics of the devel-

oping PFC, we employed the same parameters that we used

to describe the experimental data. For each simulation, we

computed the simulated firing rates and STTC, and, for both

variables, we extracted their skewness, kurtosis, Gini coeffi-

cient, and the correlation between log-transformed firing

rates and average STTC. We then derived the coordinates

of the center of mass of the experimental data in this seven-

dimensional parameter space and calculated the Euclidian

distance from every simulation (see simplified scheme in

Figure 5D).

Using multivariate linear regression, we observed a

decrease in the distance from the experimental data’s center

of mass as a function of the number of structural parameters

set in its extreme configuration (log-normal distribution of syn-

apse size and number, and correlated number of incoming

and outgoing synapses) (Figure 5E). Further, the distance

from the experimental center of mass decreased supra-line-

arly as a function of the number of extreme parameters (0–1

extreme parameters distance difference = 0.07, 1–2 extreme

parameters distance difference = 0.09, 2–3 extreme parame-

ters distance difference = 0.12, linear model) (Figure 5E).

This effect is also visually appreciable when the seven dimen-

sions in which we evaluated the model fit are reduced using

t-distributed stochastic neighborhood embedding (tSNE) (Fig-

ure S6A). When few synaptic parameters are set to their

extreme configuration, there is little to no overlap between

experimental and simulated data. Conversely, when all three

synaptic parameters are set to their extreme configuration,

the areas of maximum density of the two distributions are

overlapping (Figure S6A).

Taken individually, the structural parameter with the largest ef-

fect on the average distance from the experimental data’s center

of mass was the distribution of synapse number (regression co-

efficient = �0.16, linear model), followed by the distribution of

synaptic weight (regression coefficient = �0.06, linear model)

and by the proportionality of incoming and outgoing synapses

(regression coefficient = �0.06, linear model) (Figure 5F). Next,

we considered the effect of the three synaptic parameters on in-

dividual properties of the simulated SUA statistics (Figures S6B–

S6H). We found that the distribution of the synapse number had

the largest effect on (1 and 2) skewness of firing rate and STTC,

(3) the kurtosis of STTC, (4) the Gini coefficient of firing rate and

(5) the log-log correlation between firing rate and average STTC.

The proportionality of incoming and outgoing synapses had

the largest effect on (1) the kurtosis of firing rate and (2) the

Gini coefficient of STTC. The distribution of synaptic weights

did not have the largest effect on any of the seven parameters

(Figures S6B–S6H). Lastly, we run a separate set of simulation

varying network size and found that it only minimally affected

the distance between simulated and experimental data

(Figure S6J).

Taken together, these data indicate that, in spiking neural net-

works simulations, extreme distributions of synaptic parameters

are required to stably recapitulate the SUA statistics that we

observed in the developing PFC. The distribution of synapse

number on individual neurons is the synaptic parameter with

the largest influence on the model fit. However, all three synaptic

parameters play a significant role and influence different aspects

of the simulated data.

The shape of the SUA statistics distributions is stable
throughout adulthood, while the oligarchy decreases
with age
So far, we have shown that, already shortly after birth, the brain

has a right-skewed, heavy-tailed, and unequal distribution of

SUA statistics that largely does not vary during the first two post-

natal weeks. Since similar properties have been previously re-

ported for the adult brain, the question arises of whether and

how the extremeness of these parameters varies throughout

late development and into adulthood. To address this question,

we chronically recorded from the PFC of head-fixed mice from

P16 to P60 (n = 24 mice, 95 recordings, 2,498 single units, and

36,899 spike train pairs).

SUA firing rate and STTC did not vary with age (age coeffi-

cient = �0.003 and �10�4, CI [�0.003; 0.001] and [�6 3 10�4;

43 10�4], p = 0.28 and p = 0.63, respectively, generalized linear

mixed-effect model) (Figures S7A and S7B).

Analogously to the data for the neonatal brain, the skewness

of the SUA statistics did not change also for the P16–60
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developmental time window (age coefficient = �0.004 and

�0.01, CI [�0.02; 0.007] and [�0.02; 0.003], p = 0.49 and p =

0.14, for firing rate and STTC, respectively, linear mixed-effect

model) (Figure 6A). Along the same line, also the kurtosis (age co-

efficient = �0.001 and �0.001, CI [�0.005; 0.002] and [�0.005;

0.002], p = 0.42 and p = 0.55, for firing rate and STTC, respec-

Figure 6. Skewness, kurtosis, Gini coefficient,

and correlations of firing rate and STTC in

P16–60 mice

(A) Scatterplot displaying the skewness of firing rate

(left) and STTC (right) of P16–60 mice (n = 24 mice

and 95 recordings). Color codes for age with 1-day

increments.

(B and C) Same as (A) for kurtosis (B) and Gini coef-

ficient (C).

(D) Line plot displaying the log-transformed average

STTC as a function of log-transformed firing rate

across ages (n = 24 mice and 2,498 single units).

Color codes for age.

(E) Same as (A) for the Pearson correlation between

log-transformed average STTC and log-transformed

firing rate within individual mice. In (A–C) and (E),

colored dots indicate individual recordings. In (D),

data are presented as mean and 95%CI. Asterisks in

(D) and (E) indicate a significant effect of age.

***p < 0.001, **p < 0.01, linear mixed-effect models.

p values in (A)–(C) refer to the effect of age, linear

mixed-effect models.

tively, linear mixed-effect model) and the

Gini coefficient (age coefficient = 10�5 and

7 3 10�4, CI [�0.001; 0.001] and [�0.002;

8 3 10�4], p = 0.99 and p = 0.34, for firing

rate and STTC, respectively, linear mixed-

effect model) of the two variables remained

constant for the investigated time window

(Figures 6B and 6C).

Similar to what reported for early devel-

opment, also in the adult PFC the log-trans-

formed firing rate of a neuron and its

average STTC strongly correlated with

each other (average STTC coefficient =

1.53, CI [1.34; 1.71], p < 10�56, linear

mixed-effect model) (Figure 6D). However,

fitting a model that included an interaction

of STTC with age revealed that the correla-

tion strength between the two variables

decreased over late development (age and

average STTC interaction coefficient =

�0.03, CI [�0.05; �0.02], p < 10�5, linear

mixed-effect model) (Figure 6D). Accord-

ingly, the Pearson correlation between firing

rate and average STTC on an individual-

mouse basis robustly declined with age,

from roughly�0.6 to�0.3 (age coefficient =

�0.006, CI [�0.009; �0.002], p = 0.001,

linear mixed-effect model) (Figure 6E).

Thus, in the mouse PFC, the extreme-

ness of SUA statistics distributions does not significantly

change between P16 and P60. However, the correlation

between firing rate and STTC is roughly halved from

P16 to P60, indicating that the oligarchical state in PFC

is more pronounced during early development than at

adulthood.
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Inhibitory synaptic plasticity parsimoniously explains
the gradual disappearance of the oligarchy
Throughout the same developmental phase during which we

observed a decrease in the correlation between the firing rate

of a neuron and its average STTC, the cortex transitions into

a state of detailed E-I balance,61 a phenomenon that has

been linked to inhibitory synaptic plasticity.62 Given the critical

role that E-I ratio plays in controlling correlations among neu-

rons,39 we hypothesized that this transition might explain the

progressive decline of the correlation between firing rate

and STTC.

To test this hypothesis, we resorted to spiking neural network

modeling with an architecture analogous to the one used to

model early cortical activity. After an initial period in which the

networks were run with frozen synaptic sizes and all the synaptic

parameters in their extreme configuration, we added symmetric

spike-time-dependent inhibitory plasticity (ISTDP) on the synap-

ses connecting INs to PYRs62 (Equation 1) and classic asym-

metric Hebbian plasticity (STDP) on PYR-PYR excitatory synap-

ses63 (Figure 7A). The original formulation of the ISTDP rule

implemented a single target firing rate (a, Equation 1) for the

entire population of PYRs. In this study, we instead decided to

draw a from a log-normal distribution to better recapitulate the

diversity of the experimentally observed firing rates (see STAR

Methods for details):

dW

dt
=

hðpre � post � a � preÞ
tSTDP

(Equation 1)

whereW is an IN-PYR synaptic weight, pre and post are the pre-

and post-synaptic activity, a is the target rate for the post-synap-

tic PYR and is drawn from a log-normal distribution, tSTDP is the

decay time constant of the plasticity rule, and h is the learning

rate.

Analogously to the approach that we previously described,

also for this set of simulations, we treated several other structural

parameters as random variables, and we systematically varied

them within the same biologically constrained range of values

that we employed for the former simulations. To evaluate the ef-

fect of synaptic plasticity, we compared the SUA statistics of the

frozen synapses phase and those of the last fifth of the simulated

data, a phase in which synaptic changes were stable (Figure 7B).

Analogously to previous results,62 we observed that adding

ISTDP resulted in a network with detailed E-I balance. ISTDP

increased the correlation between incoming excitatory and

inhibitory currents across neurons (Figure 7C, top) and reduced

the temporal mismatch (i.e., the absolute value of the difference)

between excitatory and inhibitory currents across time

(computed in 5-s bins) within individual neurons (Figure 7C,

bottom).

In line with our hypothesis, we found that adding ISTDP and

STDP to the network also decreased the correlation between

firing rate and average STTC, similarly to what we experimentally

observed in P16–60 mice (mean decrease in firing rate – average

STTC correlation in simulated data = 0.16, in experimental data =

0.26, CI [0.11; 0.41], Figures 7D and 7E). When we further evalu-

ated the effects of synaptic plasticity, we found that it only

Figure 7. Spike-time-dependent inhibitory

synaptic plasticity decreases the correlation

between firing rate and STTC

(A) Schematic representation of the simulated

inhibitory (top) and excitatory (bottom) synaptic

plasticity rules.

(B) Line plot of the IN-PYR (top) and PYR-PYR

(bottom) synaptic weight changes over time. The

shaded area indicates the period without synaptic

plasticity.

(C) Line plot of excitatory and inhibitory currents

correlation (top) and absolute difference (bottom)

over time. The shaded area indicates the period

without synaptic plasticity.

(D) Scatter and line plot of a representative

example of the correlation between simulated

firing rate and average STTC before (yellow) and

after (blue) synaptic plasticity.

(E) Histogram plot of the difference in simulated

firing rate and average STTC correlation before

and after synaptic plasticity. The black line in-

dicates the mean of the experimental data, the two

gray lines the 95% CI of the mean, and the red line

the mean of the simulated data. In (B) and (C), in-

dividual black lines represent individual simula-

tions and the red line represents the mean across

simulations. For visualization purposes, only one-

fifth of the individual simulations are shown. In (D),

individual dots represent individual simulated

neurons, and data are presented as mean and

95% CI.
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minimally affected the skewness, kurtosis, and Gini coefficient

of firing rate and STTC, in line with the experimental data

from the PFC of P16–60 mice (Figure S7). Of these six parame-

ters, only the kurtosis and the Gini coefficient of firing rate

were narrowly outside the 95% CI of the experimental values

(Figures S7C–S7H).

To investigate the differential role of ISTDP and STDP in

decreasing the correlation between firing rate and average

STTC, we next run two sets of simulations with only one of

the two synaptic plasticity rules. These simulations revealed

that, while ISTDP-only networks displayed a decrease be-

tween firing rate and average STTC that was comparable to

networks with both synaptic plasticity rules, the correlation

between the two variables was unchanged in STDP-only

networks (Figure S7I). However, ISTDP-only simulations pro-

vided an overall significantly worse fit to the experimental

data than networks with both synaptic plasticity rules (Fig-

ure S7J). Thus, the two synaptic plasticity rules have different

effects on the simulated spiking activity. ISTDP is mainly

responsible for the decrease in the oligarchical organization,

whereas STDP allows this to happen while only minimally

affecting the skewness, kurtosis, and Gini coefficient of firing

rate and STTC.

Taken together, these data indicate that adding ISTDP and

STDP to a spiking neural network parsimoniously recapitulates

the developmental decrease in the correlation between firing

rate and STTC while only minimally affecting the distribution

shape of the two variables, consistent with what we observed

in the PFC of P16–60 mice.

DISCUSSION

A fascinating property of the adult brain is that a large number of

parameters, ranging from the size of synapses to the power of

extracellular currents,1,3,4 follow extreme distributions. This or-

ganization has been suggested to have many desirable proper-

ties,10,27 but how and when it arises is still a matter of debate.

Here, we report that, in the PFC andOB, two brain regions exem-

plifying slow and fast maturational dynamics, in the first days of

extrauterine life, the distributions of first- and second-order SUA

statistics are already extreme: right skewed, heavy tailed, and

highly unequal. While the central tendency of these distributions

varies across development, their shape remains largely un-

changed until adulthood. We also show that early brain activity

is in an oligarchical state in which high-firing-rate neurons

display hub-like properties and exert a disproportionate influ-

ence on their local network, a phenomenon that becomes less

prominent as mice age. Leveraging spiking neural network

modeling, we demonstrate that, to recapitulate these network

properties, analogously extremely distributed synaptic parame-

ters are needed. We conclude by showing that the progressive

disappearance of the oligarchical state can be parsimoniously

explained by introducing an inhibitory synaptic plasticity rule

that establishes a detailed excitation-inhibition balance. This

work suggests that the distribution shape of structural and func-

tional neural parameters is not fundamentally altered by devel-

opmental processes but rather is preconfigured and experience

independent.

In altricial animals such as rodents, the first postnatal week

roughly corresponds to mid-late gestation in humans.38 At this

early stage, brain activity has several unique traits, such as

discontinuity,38 highly correlated spiking activity,39,47,48 the

presence of transient cell types and circuits,64 extremely low

firing rates,39,65 low levels of inhibition,39,66,67 and a loose tempo-

ral coordination of excitation and inhibition.61,62 Importantly,

sensory systems are still very underdeveloped. In rodents, the

retina becomes light sensitive around P8–P9,65,68 and eye open-

ing only takes place around P14–P15, a few days after hearing

onset occurs.69 The whisking-related sensory system also fol-

lows a similar timeline. In the first postnatal week, �90% of

whisker movements do not induce increased firing rate in the so-

matosensory cortex, and �90% of firing in the somatosensory

cortex is unrelated to whisker movements.70 Even after splitting

whisker movements by size and only considering the few large

ones that occur, the somatosensory cortex is active concomi-

tantly with a whisker movement less than 50% of the time.71

Whisker-elicited sensory responses are initially mainly the result

of passive stimulations by the dam and the littermates, while

robust active whisking only emerges around P10–P12.72–74

Solely the olfactory system follows a distinct developmental dy-

namic and, even though it is also still developing,75 it is already

functional and behaviorally relevant in the first postnatal

days.36,37 Despite the paucity of sensory information that is

therefore available in the first postnatal week, we find that the

distribution of SUA statistics is already extreme and does not

significantly vary from early development to adulthood. Corrob-

orating the idea that experience does not play a significant role in

this process, we find no differences between the OB, which is

already ‘‘online,’’ and the PFC, which is supposed to be one of

the slowest-developing brain regions.38 We further show that,

already from P4 onwards, the PFC also displays a complex

network topology that is reminiscent of small-world networks,

a property that is typical of many real-world networks,76

including the adult brain53–55 (but see Hilgetag and Goulas56).

These results are difficult to reconcile with the hypothesis that

brain structure is initially ‘‘diffuse’’ and only later acquires the

structural organization that is typical of the adult brain.30,31,77

Rather, they support several recent studies that have highlighted

the importance of ‘‘nature over nurture’’78,79 in establishing neu-

ral circuits and the distributions of their parameters. For instance,

in neuronal cultures, the variance of glutamatergic synaptic sizes

does not differ between networks that are silenced from plating

onwards and networks that are spontaneously active.7 Similarly,

cultures of dissociated neurons exhibit the ability to self-organize

into a complex network topology with small-world properties

that are characterized by extreme distributions of firing rates

and connection weights.52 Extreme distributions of firing rates

and functional connectivity are also observed in human brain or-

ganoids,80–82 which, despite not having access to sensory in-

puts, even display structured spiking ‘‘protosequences.’’82

Along the same lines, in vivo blocking of synaptic transmission

in the mouse hippocampus does not alter the distribution of

spine sizes,83 and ‘‘soloist’’ neurons (uncorrelated to the overall

local firing) coexist with ‘‘choristers’’ (strongly correlated with

local firing) already in the first postnatal week.84 Even more sur-

prisingly, completely abolishing all central nervous system
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activity for the first 4 days of life of the larval zebrafish only mini-

mally affects the tuning and functionality of neurons and the abil-

ity of the fish to learn a complex visuomotor task.78 Intriguingly,

similar concepts are beginning to percolate also in the field of

artificial intelligence,85 which has traditionally been dominated

by a bottom-up and learning-based approach.

The relationship between the firing rate of a neuron and the

strength of its pairwise interactions with other neurons is com-

plex and still debated. A number of experimental and theoretical

studies found a positive correlation between the two vari-

ables.86–89 However, this relationship has also been reported

to be absent or even negative.90–93 Here we show that, in the

PFC and OB of P4–12 mice, there is a strong positive correlation

between firing rate and average pairwise interaction of a neuron,

as measured by the STTC coefficient. Thus, neurons with

extreme firing rates are also likely to have extreme average

STTC values, an organization that we refer to as oligarchical.

The correlation between firing rate and STTC weakens

throughout development, but it is present also in adulthood. In

the early PFC, firing rate also correlates with a neuron’s hubness

score, a composite metric that encompasses four different mea-

sures of local and global hubness. The topic of hub neurons,

defined as a subclass of neurons that has an outsized influence

on the network activity, has been the subject of extensive exper-

imental and theoretical research in the developing brain.58,94–96

In agreement with our results, hub neurons in the developing en-

torhinal94,95 and barrel cortex58 are also characterized by high

firing rates and high functional connectivity, a prediction that is

shared by theoretical work.97 Previous work has also shown

that hub neurons are generally INs, something that we could

not investigate in the current study due to the difficulty of sepa-

rating INs and PYRs based on their waveform properties in the

early developing brain.98 This work further shows that, in a neural

network model, adding inhibitory synaptic plasticity results in

detailed E-I balance and decreases the influence of high-firing-

rate neurons on the network activity. Thus, we propose that

the loose temporal E-I balance that is typical of the developing

brain61,62 might be a permissive mechanism for the role exerted

by hub neurons on their surroundings. Whether the develop-

mental shift of E-I ratio toward inhibition39,66 also plays a role re-

mains to be investigated.

Lastly, we show that there is a mechanistic link between the

distribution of structural (synaptic) and functional (SUA statistics)

parameters. In particular, we report that, in a spiking neural

network model, three synaptic parameters have a strong influ-

ence on the extremeness of the simulated spiking activity: (1)

whether the size of synapses follows a log-normal distribution,

(2) whether the number of synapses of individual neurons follows

a log-normal distribution, and (3) whether the number of dendritic

and axonic (incoming and outgoing) synapses are correlated

with each other. The three parameters have a synergistic effect

on the model goodness of fit to the experimental data and a

distinct impact on different properties (skewness, kurtosis, and

Gini coefficient) of the simulated firing rate and STTC distribu-

tions. While a large body of evidence supports the notion that

the size and number of synapses follow an extreme distribution,1

to the best of our knowledge, whether the number of dendritic

and axonic synapses are correlated with each other has not

been explicitly investigated in mammals. However, a recent

study found that, in the mouse PFC, the length of a neuron’s

dendrite and axon are positively correlated.99 Further, in a full-

brain Drosophila melanogaster reconstruction, the numbers of

incoming and outgoing synapses are tightly correlated with

each other (Person coefficient = 0.8).100 The fact that extremely

distributed synaptic parameters are required to faithfully repro-

duce the SUA statistics of the developing PFC suggests that

the distribution of synaptic parameters is also experience

independent.

In summary, we report that the extremeness with which func-

tional and structural parameters are distributed is stable across a

large portion of the lifespan, which suggests that the brain is in a

preconfigured state and that experience-dependent processes

do not fundamentally alter this aspect of its organization. Further

elucidating the principles underlying the establishment of neural

circuits might prove insightful for advancing the field of biological

and artificial intelligence alike.

Limitations of the study
This study has several limitations. First, despite investigating

mice from a very early developmental phase, and doing so

also in the PFC, one of the slowest-developing brain regions,

we cannot exclude that some experience-dependent processes

have not already taken place. Second, we do not directly exper-

imentally probe whether the distribution shape of synaptic pa-

rameters is stable across the first postnatal weeks. However,

our modeling results generate a number of predictions that could

be experimentally addressed: (1) synapse size and number on in-

dividual neurons follow extreme distributions already in the first

postnatal week, (2) the shape of these distributions should be

stable across development, and (3) the number of incoming

and outgoing synapses should be tightly correlated. Third, while

our results argue against a role of experience in shaping these

processes, we do not provide an alternative mechanistic answer

to the question. This topic has, however, already been the sub-

ject of a number of theoretical studies.7,9,83,97 Further, we gener-

ated a large and detailed experimental open-access database

that could be instrumental in benchmarking future research on

this topic. An approach that we believe might be of particular in-

terest is that of generative models.101,102 Illustrating the promise

of this approach, generative models solely based on spatiotem-

poral gradients of neuronal development103 or homophily princi-

ples81 can recapitulate important features of the complex topol-

ogy of adult brains.
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111. Bates, D., Mächler, M., Bolker, B., and Walker, S. (2014). Fitting Linear

Mixed-Effects Models using lme4. Preprint at ArXiv14065823 Stat.

https://doi.org/10.18637/jss.v067.i01.

112. Kuznetsova,A., Brockhoff, P.B., andChristensen,R.H.B. (2017). lmerTest

Package: Tests in Linear Mixed Effects Models. J. Stat. Softw. 82, 1–26.

113. L€udecke, D., Ben-Shachar, M., Patil, I., Waggoner, P., and Makowski, D.

(2021). performance: An R Package for Assessment, Comparison and

Testing of Statistical Models. J. Open Source Softw. 6, 3139.

114. L€udecke, D. (2021). sjPlot: Data Visualization for Statistics in Social

Science.

115. Lenth, R.V. (2020). Emmeans: Estimated Marginal Means, Aka Least-

Squares Means.

16 Cell Reports 43, 114267, June 25, 2024

Article
ll

OPEN ACCESS

http://refhub.elsevier.com/S2211-1247(24)00595-3/sref110
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref110
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref110
https://doi.org/10.18637/jss.v067.i01
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref112
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref112
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref113
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref113
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref113
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref113
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref114
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref114
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref114
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref115
http://refhub.elsevier.com/S2211-1247(24)00595-3/sref115


STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mattia

Chini (mattia.chini@zmnh.uni-hamburg.de).

Materials availability
The study did not generate new unique reagents.

Data and code availability
d SUA data that was newly generated for this study is available at the following open-access repository: https://gin.g-node.org/

mchini/Chini_et_al_Preconfigured

d Code, processed data and statistical analysis supporting the findings of this study are available at the following open-access

repository: https://zenodo.org/doi/10.5281/zenodo.11091323

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were performed in compliance with the German laws and following the European Community guidelines regarding

the research animal’s use. All experiments were approved by the local ethical committee (G132/12, G17/015, N18/015, N19/121).

Experiments were carried out on C57BL/6J mice of both sexes. Mice were housed in individual cages on a 12 h light/12 h dark cycle,

andwere given access towater and food ad libitum. P16-60micewere housedwith aminimumof two cage-mates after weaning. The

mice had access to nesting material in the form of tissues and wooden gnawing material. The day of birth was considered P0. Details

on the data acquisition and experimental setup of open-access datasets that were used in this project have been previously

published.39,40

METHOD DETAILS

In vivo electrophysiology in P4-12 mice
Surgery. In vivo extracellular recordings were performed from the PFC and the ventral portion of the OB of non-anesthetized P4-P12

mice. The surgery and animal preparation were analogous for the two brain regions. Before starting with the surgical procedure, a

local anesthetic was applied on the neck muscles (0.5% bupivacain/1% lidocaine). The surgery was performed under isoflurane

anesthesia (induction: 5%; maintenance: 1–3%, lower for older pups, higher for younger pups). Neck muscles were severed to mini-

mize muscle artifacts. A craniotomy over the PFC (0.5 mm anterior to bregma, 0.1–0.5 mm lateral to the midline) or the OB (0.5–

0.8 mm anterior to frontonasal suture, 0.5 mm lateral to inter-nasal suture) was performed by carefully thinning the skull and then
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removing it with the use of a motorized drill. Mice were head-fixed into a stereotactic frame and kept on a heated (37�) surface sur-

rounded by cotton wool throughout the entire recording. To record from the PFC, a Neuropixels probe 1.0 phase 3B (Imec, Belgium)

was slowly vertically inserted (angle 0�) into the frontal lobe (insertion time 20–30 min), at a depth varying between 2.6 and 4 mm de-

pending on the age of the animal. Due to the small size of the brain, in younger animals, not all 384 recording channels were inserted in

the brain. The tip of the probewas used as reference. To record from theOB, a single-shank silicon probe (NeuroNexus,MI, USA) with

16 recording sites and 50 mm inter-site spacing was vertically inserted (angle 0�) at a depth varying between 1.0 and 2.0 mm. A silver

wire inserted in the cerebellum was used as reference. Both probe types were inserted using a micromanipulator. Before signal

acquisition, mice were allowed to recover for �45 min, to maximize the quality and stability of the recording as well as single units’

yield.

Signal acquisition. For PFC recordings, signals from the bottom 384 channels were recorded at a 30 kHz using the Neuropixels

head-stage 1.0 and Neuropixels 1.0 PXIe acquisition system (Imec, Belgium). The SUA signal was acquired through the

OpenEphys interface and the Neuropixels plugin (AP gain = 500, AP Filter Cut = ON). For OB recordings, signals were band-pass

filtered (0.1–9 kHz) and digitized (32 kHz) by a multichannel amplifier (Digital Lynx SX; Neuralynx, Bozeman, MO, USA) and acquired

through the Cheetah acquisition software (Neuralynx, Bozeman, MO, USA).

Histology. Epifluorescence images of coronal brain sections were acquired postmortem to reconstruct the position of the DiI-

stained recording electrode. Only mice in which the electrodes were placed in the correct position were kept for further analysis.

In vivo electrophysiology in P16-60 mice
Surgery.Acute In vivo extracellular recordings were performed from the PFCof awake, head-fixedmice of both sexes. Before starting

with the surgical procedure to implant a metal head-plate (Neurotar, Helsinki, Finland) for head-fixation, buprenorphine (0.5 mg/kg

bw) was injected subcutaneously. The surgery was performed under isoflurane anesthesia (induction: 5%; maintenance: 2.5%).

Anesthesia depth was confirmed with the paw withdrawal reflex. Eyes were covered with an ointment (Vidisic, Bausch + Lomb, Ber-

lin, Germany) to prevent them from drying out. After disinfection with Betasisodona, the scalp was removed from the top of the head

and the edges treated for analgesia with application of a Lidocain/Bupivicain mixture (0.5% bupivacain/1% lidocaine). A craniotomy

was performed to make the mPFC (0.5–2.0 mm anterior to bregma, 0.1–0.5 mm right to the midline) accessible for recordings. A syn-

thetic window was fixed to the skull around the craniotomy to be able to protect the tissue with Kwik-Cast sealant (World Precision

Instruments, Friedberg, Germany). A silver wire, serving as a ground and reference electrode, was inserted between the skull and

cerebellum. The metal head-plate was attached to the skull with dental cement. For recovery from anesthesia, mice were placed

in a cage on a heating mat and after being fully awake, they were put back into their home cage with their cage mates. For further

analgesia, Metacam (0.5 mg/mL, Boehringer-Ingelheim, Germany) was mixed into soft food and provided for 48 h after the surgery.

Training and signal acquisition. After recovery from the surgery, mice were accustomed to the head-fixation system and trained to

move the air-lifted carbon cage from the MobileHomeCage system (Neurotar, Helsinki, Finland). To perform electrophysiological re-

cordings, the craniotomy was uncovered and an electrode (NeuroNexus, MI, USA) was stereotactically inserted into the mPFC (one-

shank, A1x16-channel, 100 mm-spaced, 2.0 mm deep). The signal was acquired for 30–40 min. Extracellular signals were band-pass

filtered (0.1–9000 Hz) and digitized (32 kHz) with a multichannel extracellular amplifier (Digital Lynx SX; Neuralynx, Bozeman, MO,

USA). During the electrophysiological recordings, mice were head-fixed and able to move the air-lifted platform, mimicking free loco-

motion.104,105 All mice showed a combination of voluntary movement and quiet wakefulness. To ensure that we analyzed data from a

consistent behavioral state, we excludedmovement periods from further analysis. For a subset of mice, we also recorded eyemove-

ment and pupil size, and did not detect any sleep epoch. We focused our analysis on periods of quiet wakefulness because these

behavioral epochs were much more abundant and displayed a higher signal quality. Multiple electrophysiological recordings were

performed in the same animal, with a minimal recovery period of two days in between the recordings. Between recording sessions,

mice were housed in their standard housing conditions and did not perform any particular behavioral task.

Histology. Epifluorescence images of coronal brain sections were acquired postmortem to reconstruct the position of the

recording electrode. To this aim, after the last recording, a DiI-coated electrode was inserted. Only mice in which the electrodes

were placed in the correct position were kept for further analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Spike sorting
P4-12 PFC recordings were spike-sorted with Kilosort 2.5106 (fshigh = 500, minFR = 0.001, spkTh = �4, sig = 20, nblocks = 5). All

other recordings were spike-sorted with Klusta.107 Automatically-obtained clusters were manually curated using phy (https://

github.com/cortex-lab/phy).

SUA firing statistics and shape distribution parameters
Firing rate. Firing rate (in Hz) was computed as the number of spikes divided by the total recording length in seconds.
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Spike-Time Tiling Coefficient (STTC)

The STTC (timescale of 10 ms) was computed as follows39,41:

STTC =
1

2

�
PA � TB

1 � PATB

+
PB � TA

1 � PBTA

�
(Equation 2)

where PA is the proportion of spikes of spike train A that occurs within ±Dt of a spike train B spike. TA is the proportion of time that

occurs within (is ‘‘tiled’’ by) ±Dt from spikes of spike train A. The same applies for PB and TB. ±Dt is the lag parameter and was set at

10 ms.

Skewness

Skewness was computed using the homonymous MATLAB function skewness as:

skewness = E

"�ðX � mÞ
s

�3
#

(Equation 3)

Where X is the random variable of interest, m is its mean, s its standard deviation, and E is the expectation operator.

Kurtosis

Kurtosis was computed using the homonymous MATLAB function kurtosis as:

kurtosis = E

"�ðX � mÞ
s

�4
#

(Equation 4)

Where X is the random variable of interest, m is its mean, s its standard deviation, and E is the expectation operator.

Gini coefficient

TheGini coefficient was computed using theMATLAB function gini108. The Gini coefficient is calculated by taking the ratio of the area

that lies between the line of equality and the Lorenz curve, over the total area under the line of equality.

Complex network properties
To calculate the network properties of the developing brain, we utilized symmetrical STTCmatrices. The pre-processing consisted of

thresholding and binarization. To threshold the data, we computed surrogate spiking data for eachmouse individually. To account for

the slow co-modulation of firing rates that is typical of the developing brain, we generated surrogate spiking data by leaving the timing

of spikes unaffected and shuffling the identity of the neuron that emitted the spike. This pseudo-randomization thus generated sur-

rogate spike vectors while preserving the population rate. Using these spike vectors, we then computed at least 1000 STTC values on

shuffled data, and used the 90th percentile value to threshold and binarize the real-data STTC matrices. The binary and undirected

matrices were then analyzed with the MATLAB Brain Connectivity Toolbox.51

The clustering coefficient and transitivity of the matrices were extracted with the clustering_coef_bu and transitivity_bu functions,

respectively. To compute the characteristic path length, we first computed the distancematrix (distance_bin) and then computed the

characteristic path length (charpath) without including distances on the main diagonal and infinite distances. All these values were

normalized by dividing them with a corresponding ‘‘null’’ value that was computed by generating 100 synthetic random networks

(makerandCIJ_und), extracting the same parameters for each iteration, and computing the average. Small-worldness was computed

by dividing the normalized clustering coefficient by the normalized characteristic path length.

The four ‘‘hubness’’ parameters that we used to compute the composite ‘‘hubness score’’ were also extracted with the same

MATLAB toolbox. For each node individually, we computed its total amount of edges (i.e., its degree, using degrees_und), its total

amount of weights (strengths_und, this is the only parameter that was computed on weighted and not binary matrices), its between-

ness centrality (betweenness_bin, after usingweight_conversion and ‘lengths’) and its closeness centrality (the inverse of the node’s

average distance computed with distance_bin).

Neural network modeling
All simulations were performed using Brian2 for Python3.7.109

General structural neural network architecture

The architecture of the network39,110 is schematically illustrated in Figures 6A–6C. The network was composed of 400 conductance-

based leaky integrate-and-fire neurons, 80% of which were excitatory (PYRs) (N = 320) and 20%were inhibitory (INs) (N = 80). PYRs

were simulated with outgoing excitatory synapses and INs with outgoing inhibitory synapses. Excitatory (PYR/PYR, PYR/IN) and

inhibitory (IN/IN and IN/PYR) synapses were simulated as AMPA and GABA conductances, respectively. Due to the near-instan-

taneous rise times of AMPA- and GABA-mediated currents (both typically <0.5 ms), we opted to neglect these in the simulations.

Synaptic transmission was assumed to be instantaneous (i.e., with zero delay).

The dynamics of each excitatory and inhibitory cell were governed by the following stochastic differential equation:

Cm

dVm

dt
= � gLðVm � VLÞ � gAMPAðVm � EAMPAÞ � gGABAðVm � EGABAÞ+ sx (Equation 5)
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with dgAMPA

dt
= � gAMPA

tAMPA

(Equation 6)

and

dgGABA

dt
= � gGABA

tGABA

(Equation 7)

where Vm is the membrane potential, VL is the leak membrane potential and EAMPA and EGABA denote the AMPA and GABA current

reversal potentials, respectively. The synaptic conductance parameters and the corresponding decay time constants are denoted by

gAMPA, gGABA and tAMPA, tGABA, respectively. sx is a noise term that is generated by an Ornstein-Uhlenbeck process with zero mean.

The networks were simulated for a duration of 10 s (simulations without plasticity) or 50 s (simulations with plasticity). All simulations

were performed with a time step (dt) of 0.1 ms and integrated with Euler’s method. All parameter values/ranges used in the simula-

tions are listed in Table S1.

Random variables

To avoid choosing an arbitrary structural neural network architecture, a number of parameters were treated as ‘‘random variables’’

and systematically varied across a biologically-constrained range. These parameters included: 1) the noisy input (Ornstein-

Uhlenbeck process) that was used to independently drive PYRs and INs; 2) themean probability with which neurons were connected,

which was the same for all possible population combinations: i) PYR-PYR, ii) PYR-IN, iii) IN-PYR, iv) IN-IN; 3) the mean size of excit-

atory and inhibitory synaptic weights.

Synaptic parameters
In these networks, we studied the influence on the simulated SUA statistics exerted by three synaptic parameters: whether the size of

synapses followed a normal or a log-normal distribution, whether the number of synapses of individual neurons followed a normal or a

log-normal distribution, and whether the number of dendritic and axonic (incoming and outgoing) synapses were correlated or un-

correlated with each other. The 2 possible configurations for the 3 synaptic parameters resulted in 23 = 8 different network types, of

which we simulated 1000 each. These 3 synaptic parameters were simultaneously varied for the entire network and not in a neuronal

population-specific manner.

Number of synapses and correlation between dendritic and axonic synapses

We first generated a normal (mean = 1, std = 1/4) or log-normal (mean of the underlying normal = 0, std of the underlying normal = 0.5)

relative distribution of the number of connections that was normalized to have a sum = 1. To account for the different number of con-

nections in different simulations (see previous paragraph Random variables), the relative distribution was then scaled by the total

amount of connections between the pre- and post-synaptic population according to:

tot: connections = Npre � Npost �mean connectivity (Equation 8)

Where Npre is the number of presynaptic neurons (PYRs or INs), Npost is the number of postsynaptic neurons (PYRs or INs) and

mean connectivity is a parameter that is randomly varied between simulations. Please note that, due to the normalization, the fact

that the two original distributions have a different mean is irrelevant. This process was repeated until the simulated number of con-

nections had no negative values and no values exceeded the maximum amount of possible synaptic partners (Npre or Npost). In the

case of uncorrelated incoming and outgoing number of synapses, the same procedure was then repeated for the distribution of pre/

post-synaptic partners. In simulations in which the number of incoming and outgoing synapses was correlated, the number of pre-

synaptic connections was drawn using a random number generator (numpy function rng.choice), in which the maximum value

(a, following the nomenclature of rng.choice) was set equal to the number of pre/post-synaptic neurons, the number of values to

draw was equal to tot. connections (size, following the nomenclature of rng.choice) and the probabilities associated with each pre-

synaptic neuron were equal to the number of outgoing connections of that neuron (p, following the nomenclature of rng.choice). This

resulted in a Pearson correlation of the number of incoming and outgoing synapses �0.85, in line with what has been described in

Drosophila.100 Finally, to generate a connectivity matrix in which each neuron had the desired amount of incoming and outgoing con-

nections, we used the directed_havel_hakimi_graph function from the networkx python package.

Size of synapses

The distribution of synaptic sizes was simulated according to a normal (mean =
ffiffiffi
e2

p
, std = 1/2) or log-normal (mean of the underlying

normal = 0, std of the underlying normal = 1) distribution. Please note that it can be analytically shown that the two distributions have

the same mean. These distributions were then scaled by different scalars (see Table S1) according to the specifics of the connected

populations.

Synaptic plasticity

For simulations with synaptic plasticity, synaptic parameters were set to their extreme configuration (lognormal distribution of syn-

aptic weights and number, and correlated amount of incoming and outgoing number of synapses). A set of other parameters con-

trolling the structural network architecture was systematically varied across a biologically-constrained range, analogously to simu-

lations without synaptic plasticity (seeRandom variables). In these networks, we first simulated 10s with frozen synaptic weights, and

40s with synaptic plasticity.
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PYR-PYR excitatory synapses were plastic according to a classic asymmetric Hebbian plasticity rule63 that can be summarized as

follows:

dW

dt
=

hðpre � postÞ
tSTDP

(Equation 9)

WhereW is a PYR-PYR synaptic weight, pre and post are the pre- and postsynaptic activity, h is the learning rate, and tSTDP is the

decay time constant of the plasticity rule.

In practice, synaptic weights from a pre-synaptic neuron i to a post-synaptic neuron j (Wij) were updated at every pre- and post-

synaptic event occurring at time ti and tj such that:

Wij/Wij + hxj for presynaptic spikes at time ti (Equation 10)

Wij/Wij + hxi for postsynaptic spikes at time tj (Equation 11)

Where xi and xj are the pre- and post-synaptic trace.

xi was updated with each spike xi/xi + 0:01 and decayed according to:

dxi
dt

= � xi
tSTDP

(Equation 12)

xj was updated with each spike xj/xj � 0:01 and decayed according to:

dxj
dt

= � xj
tSTDP

(Equation 13)

Synaptic weights were clipped within the 0–10 range.

IN-PYR inhibitory synapses were plastic according to a symmetric plasticity rule.62 This rule can be summarized as follows:

dW

dt
=

hðpre � post � a � preÞ
tSTDP

(Equation 14)

Where W is an IN-PYR synaptic weight, pre and post are the pre- and postsynaptic activity, a is the target rate for the postsynaptic

PYR, drawn from a log-normal distribution, h is the learning rate, and tSTDP is the decay time constant of the plasticity rule.

Synaptic weights Wij were updated at every pre- and post-synaptic event occurring at time tj and ti such that:

Wij/Wij + hðxi � aÞ for presynaptic spikes at time tj (Equation 15)

Wij/Wij + hxj for postsynaptic spikes at time ti (Equation 16)

Where xi and xj are the pre- and post-synaptic trace that increased with each spike x x x/x + 1 and decayed according to:

dx

dt
= � x

tSTDP
(Equation 17)

Synaptic weights were clipped within the 0–100 range.

Simulated SUA statistics and quality of model fit

For each network, we extracted the simulated spike times and computed the same 7 parameters as for the experimental data

(described in SUA firing statistics and shape distribution parameters): skewness, kurtosis and Gini coefficient of firing rate and

STTC, and the correlation between the log-transformed firing rate and STTC. To compute the quality of the model fit, we extracted

the median of these 7 parameters from the P4-12 PFC dataset. For each simulation, we then computed the Euclidian distance

(MATLAB function pdist) between the median of the experimental data and the 7D coordinates of that specific simulation. To ensure

that each metric contributed equally to the distance from the experimental data, kurtosis and skewness of firing rate and STTC were

divided by their maximum value. This normalized them to a range comprised between 0 and 1, as the Gini coefficient.

Statistical modeling
Statistical modeling was carried out in the R environment. All the scripts and the processed data on which the analysis is based are

available on the following github repository: https://zenodo.org/doi/10.5281/zenodo.11091323.

Nested data (Figures 1, 4, and 6) were analyzed with (generalized) linear mixed-effects models (lmer and glmer functions of the

lme4 R package111) with ‘‘mouse’’ as random effect. Non-nested data were analyzed with linear models (lm function). Regression

on data that was better fit by an exponential curve (Figure 1) was carried out with a generalized linear mixed-effect models with

the following parameters: family = Gamma, link = log. For ease of interpretability and consistency with the other distribution shape

parameters, kurtosis of firing rate and STTC, which followed an approximately log-normal distribution, was instead log-transformed

and analyzed with a linear model.
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Statistical significance for linear mixed-effects models was computed with the lmerTest R package112 and the summary (type III

sums of squares) R function. Statistical significance for linear models was computed with the summary R function.

When possible, model selection was performed according to experimental design. When this was not possible, models were

compared using the compare_performance function of the performance R package,113 and model choice was based on an holistic

comparison of AIC, BIC, RMSE and R2.

Model output was plotted with the plot_model (type = ’pred’) function of the sjPlot R package.114 95% C.I. were computed using

the confint R function.

Post hoc analysis was carried out using the emmeans and emtrends functions of the emmeans R package.115

22 Cell Reports 43, 114267, June 25, 2024

Article
ll

OPEN ACCESS



Olfactory Modulation of Cognitive Development 

117 

3 | Discussion 

 

 

 

 

3.1 Considerations on the methodology to dissect the 

architecture and function of developing brain 

networks 

A constant pursuit in neuroscience is to understand the biological mechanisms underlying 

the function of neuronal networks. The intricate architecture of neuronal connection is the 

basis for a broad spectrum of brain functions, from sensory perception to higher-order 

cognition. Until recently, the impact of sensory modalities on cognitive processing along 

development represents an open question, mainly due to the technical challenges. For 

example, the neonatal stage is characterized by rapid and dynamic changes in the structure 

and function of the brain, therefore dissecting the developmental trajectory of the networks 

linking olfaction with cognition requires complex and longitudinal experimental designs.  

During the last decade, cell-type specific manipulation approaches such as 

chemogenetics and optogenetics have become novel and powerful tools for dissecting brain 

circuits and identifying their functions, since they allow precise control of distinct neuronal 

populations (Deisseroth, 2015; Roth, 2016). Taking advantage of a transgenic Cre-

recombinase mouse line in combination with Cre-dependent viral vectors, we expressed 

the AAVs carrying the gene for a receptor that can be activated solely by a synthetic ligand, 

or a light-sensitive opsin, into the OBs of Tbet-Cre mice to selectively target and 

manipulate the activity of M/TCs. The viral vector AAV9 used here brought adequate 

expression of chemogenetic and optogenetic actuators at similar time points in the present 

and previous studies, which enables the manipulation of specific neuronal populations 

during the neonatal period (Gretenkord et al., 2019; Xu et al., 2021; Chini et al., 2022; 

Kostka & Hanganu-Opatz, 2023). Expression of these tools can be also achieved with 

different strategies. Apart from injecting the viral tools encoding the desired receptor into 
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the brain region of interest, crossing a transgenic mouse line carrying the desired gene with 

another line with cre recombinase expressed in specific neuronal populations (Haddad et 

al., 2013; Graf et al., 2024), or prenatally transfecting the neuronal precursor cells by in 

utero electroporation (IUE) are implemented in practice of developmental neuroscience 

research to fully explore the in vivo applications of the tools. Though crossing transgenic 

mouse lines provides a possibility for cell type-specific expression without additional 

experimental operation, it is often costly and time-consuming to generate and maintain the 

required mouse lines. Also, crossbreeding mouse lines carries the risk of introducing 

genetic background effects which may impact the experimental outcomes (A. J. Song & 

Palmiter, 2018). On the other hand, IUE proves to successfully target the specific neuronal 

population with sufficient gene expression in cortical and sub-cortical areas such as PFC 

and HP shortly after birth, but there is a potential for off-target expression in other brain 

areas, i.e., not all cell populations can be targeted through the labeling with IUE. 

Furthermore, the in utero operation might be technically challenging particularly for those 

without expertise in embryonic manipulation techniques, and can cause negative stress on 

the mother mice. Hence, the cre-dependent AAV-driven viral expression we used to 

achieve region and cell-type specific manipulation offers relatively higher flexibility for 

the experimental designs and budgets.  

Designer receptors exclusively activated by designer drugs (DREADDs) gradually 

became widely used for chemogenetical manipulation in neuroscience practice. Gi-

DREADDs including hM4Di are found to be located on both neuronal soma and axons 
(Mahler et al., 2014). It has proved that hM4Di-mediated inhibition could successfully 

suppress the vesicle release of targeted neurons in neonatal mice (Graf et al., 2024), and 

acute hM4Di chemogenetics reduced network activity of neuronal networks in the 

developing brain (Kostka & Hanganu-Opatz, 2023; Pochinok et al., 2024). The behavioral 

assessment on P8 mice demonstrated in Chapter 2.2.1 (Y. Chen et al., 2023) verifies that 

the acute silencing of M/TC outputs with hM4Di is sufficient to diminish olfactory function 

at this age. Regarding applying this method repeatedly over a few days, one of the biggest 

technical challenges is that neonatal pups require regular interactions and feeding by their 

mother. Shortly after birth, rodents rely on their sense of smell for mother-infant interaction, 

which could be affected by the method chosen for inhibiting the olfactory inputs and further 

perturb their normal somatic development. As stated there, the daily manipulation 

procedure induced by acute C21 injections does not cause a full abolishment of olfactory 

function. In addition, it has been previously reported that the activity of hm4Di-expressing 

neurons recovered at 4 h after C21 injection (Goutaudier et al., 2020). Thus, as corroborated 

in Chapter 2.2.1, the subtle silencing of the M/TC outputs induced minor negative effects 

on the somatic growth or locomotion of neonatal mice.  
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Compared to chemogenetics, optogenetic approaches offer much more precise time 

control for exploring the roles of the brain circuits, including manipulating M/TCs with 

depolarizing or hyperpolarizing opsins (Gretenkord et al., 2019; Dalal & Haddad, 2022). 

To capitalize on its advantages of time resolution, we achieved the dual-transduction of 

light-sensitive ChR2 together with hM4Di on neonatal Tbet-cre+ mice and performed the 

asynchronous manipulations on the same population of targeted M/TCs, with results 

pointing to less responsiveness to stimuli within the OB-LEC-HP network. Besides, by 

evaluating the LFPs and spiking activity of the OB within millisecond-scale in response to 

blue light stimulations with different parameters, which is described in Chapter 2.2.2 (Y. 

Chen et al., 2024), we showed that the effects of in vivo activation ChR2-expressing 

neurons on network activity are highly dependent on intensities and frequencies of the 

rhythmic light pulses as well. These findings help the laying out of the experimental design 

for investigating functional brain development such as the olfactory-entorhinal-

hippocampal system during neonatal stage. However, despite the cell-type specificity and 

temporal precision, it is almost infeasible to chronically use optogenetics for M/TC 

silencing, largely due to the implantation of stimulation devices required for repeated 

manipulation significantly interferes with normal maternal care and restricts both the 

somatic and brain development of the pups, and the OB location is extremely close to the 

nasal cavity with which the pups frequently use to localize and attach the feeding from their 

mother. Alongside that, how to combine the optogenetic manipulation with behavior in 

neonatal animals remains an open question until several technical difficulties can be solved. 

 

3.2 Olfactory inputs as a key player in structural and 

functional brain maturation 

Abundant research has identified the role of sensory inputs in the emergence of cortical 

topographies and fine-tuned sensory discrimination early in life (Fox, 2002; Fox & Wong, 

2005; Zheng et al., 2014; Hu et al., 2022). However, much less is known about the early 

sensory influence on higher-order brain regions involved in cognitive processing along 

development. Even more strikingly, it is fully unknown, whether the M/TC activity that is 

present already at birth can influence the development and later function of the downstream 

networks. In Chapter 2.2.1, to address these issues, we set out to investigate the role of the 

coordinated activity in the OB during a defined developmental period, when olfaction is 

exceptionally functional, in the maturation of downstream cortical-hippocampal networks, 

with results identifying that:  
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i. The impact of neonatal olfactory inputs on entorhinal-hippocampal network 

activity.  

The unchanged olfactory behavior and no effects on endogenous OB activity after 3-day 

chemogenetically suppression of M/TCs mediated by hM4Di confirm that it is a reversible 

manipulation; in contrast, the transient olfactory output silencing daily from P8 to P10 

persistently led to a reduction in the network and spiking activity of the downstream areas 

LEC and hippocampal CA1, as well as the inter-regional communications in OB-LEC-CA1 

network during both neonatal and pre-juvenile stages. It is worth noting that the strong 

reduction in the synchrony and directionality of the oscillatory activity is mainly in 1–10 

Hz, which encompasses the RR and theta rhythm previously shown to reflect the 

entrainment of the cortical-hippocampal networks (Zelano et al., 2016; Gretenkord et al., 

2019). The present findings indicate that the short-term absence of olfactory inputs 

disrupted the local neuronal interactions within LEC and subsequently hippocampal CA1, 

and further impaired the long-range synchrony and directionality within OB-LEC-HP 

network in a long-term manner. These complement previous studies showing the effects of 

early life events, such as maternal deprivation or neonatal handling, on the development of 

hippocampal formation and network coupling (Meaney et al., 1988; Reincke & Hanganu-

Opatz, 2017). On the other hand, it has been shown that the topographical and functional 

development of other sensory systems is critically shaped by the corresponding sensory 

peripheries, such as visual cortex (Ackman et al., 2012; Hanganu et al., 2006), auditory 

cortex (E. F. Chang & Merzenich, 2003; Nakahara et al., 2004; Xue et al., 2022), and 

somatosensory cortex (L.-J. Lee et al., 2009; Sieben et al., 2015). Given that cross-modal 

plasticity might be able to compensate the missing sensory inputs (Xu et al., 2020; Ewall 

et al., 2021), we performed the same chemogenetical silencing of M/TC outputs from P13 

to P15, a later developmental time window when eyelids and ear canals are opened, to test 

the specificity of the chosen age window (P8-10). The manipulation at this age did not 

affect OB-LEC-HP network activity later in life, suggesting that taking out olfactory inputs 

when both visual and auditory systems are functional has much less detrimental effects on 

the development of the hippocampal formation. This emphasizes the significance of 

olfactory inputs during early postnatal days for functional network maturation. 

ii. The contribution of neonatal olfactory inputs to downstream neuronal 

morphology. 

By using a set of neuroanatomical and molecular biological methods, including retrograde 

viral tracing, immunostaining and morphological investigation, we found that the transient 

olfactory output silencing from P8 to P10 compromised the dendritic complexity and spine 

densities of entorhinal pyramidal neurons which project to hippocampal CA1, and this 

sparsification persisted to pre-juvenile age. The decreased dendritic arborization was 



Olfactory Modulation of Cognitive Development 

121 

confined to the apical dendrites that are responsible for receiving synaptic inputs from 

upstream areas. This morphological dysfunction lay at the same time point when the 

electrical activity and connectivity within LEC-HP network were altered, which offers a 

potential mechanism on the neuronal structural level contributing to the weakened LEC-

HP coupling. It has been shown that the development of apical dendrites requires specific 

instruction from upstream innervating axons (Szczurkowska et al., 2020). Moreover, 

during the first two postnatal weeks, a substantial activity-dependent reorganization of 

dendritic arborization takes place in cortical areas and actively contributes to the maturation 

of activity pattern (Wayman et al., 2006; Bitzenhofer et al., 2021). Considering the 

anatomical basis of the LEC-HP neuronal projection, it is also likely that the morphological 

alterations are not restricted to pyramidal neurons but also affect DG-projecting fan cells 

located in LEC, which are known to receive strong olfactory inputs (Bitzenhofer et al., 

2022) and important for association memory (Vandrey et al., 2020; J. Y. Lee et al., 2021).  

iii. Long-term functional consequences of transient silencing of olfactory inputs 

during neonatal stage. 

Since the chemogenetical manipulation confined to P8–P10 resulted in perturbations of 

neuronal structure and network activity which last to pre-juvenile age, it is worth asking if 

the impaired LEC-HP network activity ultimately leads to any impairments of learning and 

memory functions. Mice at pre-juvenile stage have been previously identified to get well-

developed sensory and motor abilities required for the object recognition tests that are 

applied in the present study (Hartung et al., 2016b; Schepanski et al., 2022), which 

capitalizes on the preference of mice to explore a novel object and recognize when an object 

has been relocated. Both object recognition and association recognition memory rely 

strongly on the LEC and HP functions in a long lifespan (D. I. G. Wilson et al., 2013; Xu 

et al., 2021; Sun et al., 2019), as LEC mainly transfers non-spatial (contextual) information 

to HP (Hargreaves et al., 2005; Tsao et al., 2013). Interestingly, the behavioral performance 

in these tests later in life was impaired after transient M/TC output silencing during P8–

P10, resembling the dampened entorhinal-hippocampal coupling, which is believed to 

facilitate the binding of information related to objects, places and contexts (Staresina et al., 

2019; Fernández-Ruiz et al., 2021; X. Huang et al., 2023). On the other hand, as one of the 

most critical brain functions, spatial memory is highly dependent on intact HP and emerges 

in developing rodents from the 3rd postnatal week (Blair et al., 2013; Albani et al., 2014). 

The behavioral test on manipulated mice later in life also showed a poorer performance in 

the spatial working memory task, suggesting that temporal M/TC output silencing during 

P8–P10 is sufficient to prompt a long-lasting HP deficit which accounts for compromised 

spatial memory.  
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In summary, the work described in Chapter 2.2.1 extends the line of investigation on 

olfaction from simple sensory processing to the level of higher cognitive functions, and 

corroborates the critical role of neonatal olfactory inputs in the functional LEC-HP 

maturation and the development of associated cognitive functions. Nevertheless, there are 

still some limitations of the research. First, the i.p. injections of C21 used for 

chemogenetical manipulation allow general distribution of the compound including the 

whole brain. Given that PIR receives the densest and most direct inputs from M/TCs and 

is also important for olfactory processing, we cannot rule out the contributions of possibly 

inhibited PIR to dampening the OB-LEC-HP network after transient M/TC output silencing. 

To achieve projection-specific suppression of M/TC axonal terminals located in LEC and 

further test the consequences after solely manipulating OB→LEC inputs, applying the up-

to-date tools for presynaptic transmission silencing (Mahn et al., 2021; Wietek et al., 2024) 

would be an available option in future studies. Another limitation comes to the property of 

the recording methods. The electrode (optrode) used in the current setup for in vivo 

electrophysiology allows 16-channel simultaneously being recorded for one region, which 

covers most of the cell layers in the target regions but acquires limited numbers of spiking 

units. For more specific analysis on single-unit spiking under spontaneous and manipulated 

conditions, one may consider combining higher-yield electrodes such as Neuropixels 

(Steinmetz et al., 2021) with optogenetic stimulation, which is currently being developed. 

Overall, the developmental interplay between the olfactory network and hippocampal 

formation found in this thesis provides deeper insights into how sensory information 

anatomically and functionally shapes the cognitive processing in the brain. 

 

3.3 The olfactory network dysfunction as an early 

marker for neurodevelopmental disorders 

In humans, the sense of smell is substantially overlooked, mainly because vision and 

hearing dominate the hierarchy of senses in daily life (Viberg, 2001, 2014; Roque et al., 

2015). Although olfactory deficits often manifest already during the incubation stages of 

neurodevelopmental and neurodegenerative diseases by preceding or coexisting with the 

typical clinical symptoms, it remains poorly understood whether there are any common 

pathophysiological progressions along neuronal pathways originating from the olfactory 

system. Due to the pandemic of COVID-19 which is symptomized with prodromal and 

persistent anosmia (Spinato et al., 2020; Renaud et al., 2021), and the prevalent occurrence 

of lasting “brain fog” after recovery (Becker et al., 2021; Hampshire et al., 2024), the link 

between olfactory dysfunction and neurological disorders is attracting increasing attention 
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in both clinical and basic research. As what is summarized in Chapter 2.2.3 (Y. Chen & 

Kostka, 2024), olfactory deficits commonly precede the onset of abnormal cognitive 

performance in patients with neurodevelopmental and neurodegenerative diseases, and 

structural and functional dysfunction of the olfactory system especially the OB significantly 

reflects the progression of the diseases in the brain. These evidences highlight a pressing 

need to investigate the underlying mechanisms of olfactory impairments under disease 

conditions. 

It has long been hypothesized that the pathophysiology of neurodevelopmental 

disorders initiates prior to the emergence of an appreciable symptomatology. A question 

that follows the key role of neonatal OB activity in the functional development of cortical-

hippocampal networks is, whether there are any alternations in olfactory behavior and 

olfactory system in a mouse model of neuropsychiatric disorders which is identified with 

cortical-hippocampal impairments. We tried to answer this question in the subsequent 

Chapter 2.2.4 (Parbst et al., 2024) with a dual-hit GE mouse model of mental disorders 

during early development, in light of the converging evidence over the past few years 

showing the miswired communications in the HP-PFC as well as LEC-HP networks of it 

at the start of the 2nd postnatal week (Hartung et al., 2016b; Chini et al., 2020; Xu et al., 

2021; L. Song et al., 2022). This GE mouse model mimics the etiology of neuropsychiatric 

disorders with a combination of two pathogenic factors: viral mimetic-induced MIA 

(Meyer & Feldon, 2012), and a heterozygous knockdown in the gene disrupted-in-

schizophrenia 1 (Disc1+/−) resulting in a truncated DISC1 protein (Kvajo et al., 2008). 

Through digging into the electrophysiological features of the developing olfactory-

hippocampal-prefrontal network, we found that GE mice aged at P8-10 had weaker 

spontaneous activity in the OB for both oscillatory pattern and spiking activity. 

Correspondingly, the directionality from the OB to the downstream HP-PFC network was 

reduced. In contrast, the odor-evoked activity in the investigated network and 

odor detection were unaffected. However, the long-term memory for odor information was 

impaired in neonatal GE mice. Taken together, these data suggest that diminished 

endogenous OB activity by genetic mutation and environmental stressors for mental 

disorders leads to the impaired function of the neocortical-hippocampal network as well as 

deficits in odor-related memory.  

Previous studies found that LEC, HP, and PFC are abnormally decoupled in GE mice 

during early postnatal development, which further contributes to the poor performance in 

cognitive tasks dependent on the functions of cortical-hippocampal networks later in life 

(Hartung et al., 2016b; Chini et al., 2020; Xu et al., 2021). These resemble the decreased 

activity and functional communications in the developing entorhinal-hippocampal 

networks following transient M/TC output silencing within the same time window 
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corroborated in Chapter 2.2.1, letting us question if the neurodevelopmental disorders are 

driven by the olfactory network dysfunction. It is worth noting that mice solely carrying 

the genetic mutation showed a similar reduction in endogenous OB activity as that in GE 

mice. Considering the existing evidence that the knockdown of Disc1 gene is not sufficient 

to disrupt neither the HP-PFC oscillatory activity and network coupling nor non-odor 

related behaviors (Oberlander et al., 2019; Xu et al., 2021), and DISC protein is highly 

expressed in M/TCs (Schurov et al., 2004), the reduced OB activity implies that olfactory 

network dysfunction occurs earlier than impaired neocortical-hippocampal 

communications and cognitive deficits in line with the clinical studies. At present, we can 

only speculate how our findings correlate with the altered olfactory system reported on 

patients with neuropsychiatric disorders. Nevertheless, emerging findings observed in 

neurodevelopmental diseases with similar olfactory/cognitive deficits are not far from our 

hypothesis: in animal models of ASD, reduced OB network activity and HP-PFC 

connectivity have been reported (Cheaha et al., 2015; Richter et al., 2019); the suppression 

of another susceptibility gene of SCZ and major depression have been shown to impair both 

oscillatory activity in the OB and attentional process mediated by HP-PFC synchrony (Tan 

et al., 2022). Moreover, for neurodegenerative diseases, early impairments in OB and LEC 

are found before the onset of cognitive decline in AD animal models, including early 

accumulated histological markers, neuronal death and functional disorders in LEC 

superficial layers (Braak & Braak, 1991; Kobro-Flatmoen et al., 2016; Goettemoeller et al., 

2024), along with neuronal atrophy and altered network activity in the OB (Yao et al., 2017; 

S. Li et al., 2019; M. Chen et al., 2020), indicating OB and LEC are affected at the 

prodromal stage of AD pathology. Recently, it has been revealed that hippocampal-

projecting neurons in LEC of neonatal GE mice have reduced dendritic complexity, which 

is aligned with a less entorhinal drive on HP-PFC network (Xu et al., 2021; Kringel et al., 

2023) and the results presented in Chapter 2.2.1. These implicate a comparable disease 

progression from the olfactory regions to higher-order brain regions along the neuronal 

projections in neurological conditions, and emphasize the potential of olfactory network 

dysfunction to be an early indicator for neuropsychiatric disorders. 

Last but not least, there are still several open options to advance our understanding 

of the olfactory deficits in neurological disorders in the “post-COVID” era. First of all, the 

reduced endogenous OB activity in neonatal GE mice might be related to the disruption of 

neuronal innervation from the olfactory periphery, such as the OE, which requires further 

histological measurements for OSN amounts or glomeruli synapses in future studies. Also, 

another question is raised whether a more region-specific gene manipulation in the OB 

could similarly cause a consequence to alter olfactory-hippocampal-prefrontal networks 

and behaviors, which would help identify the source of the disease progression. 
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3.4 Outlook and future challenges 

With the identification of an early dysfunction in the olfactory network as a potential 

diagnostic indicator for neurodevelopmental and neurodegenerative diseases associated 

with cognitive impairments (Chapter 2.2.3; Chapter 2.2.4), monitoring olfactory network 

dysfunctions might be a helpful strategy for the diagnosis and intervention of neurological 

disorders in prodromal stages. It has been reported that the electrical stimulation in the 

olfactory system can ameliorate the memory deficits in an AD mouse model (Salimi et al., 

2024) and depressive-like behavior in rats (Q. Li et al., 2023), suggesting the potential of 

manipulating the olfactory pathway for the treatment of neurocognitive deficits; however, 

the invasiveness of the surgical procedure might halt the methods on clinical application. 

Another promising possibility in treating neurological diseases through the olfactory 

system is nasal drug administration. Considering the direct access of the OE connecting to 

brain regions originating from the OB, the nasal route provides an advantageous and 

efficient pathway for the delivery of therapeutic agents to the brain which can bypass the 

blood-brain barrier. Recent studies have shown promising results using neuroprotective 

compounds through intranasal administration. In this aspect, injecting insulin intranasally 

was reported to improve cognitive function and slow down neurodegeneration in AD 

patients (Freiherr et al., 2013). Intranasal oxytocin treatment was shown to improve social 

abilities in children with ASD (Parker et al., 2017). Furthermore, gene therapy delivered 

intranasally is being investigated for its capacity to target and modify specific neuronal 

pathways associated with disease progression (Itokazu et al., 2021; Jaijyan et al., 2022; D. 

Zhang et al., 2024; Ryu et al., 2024), which need more detailed understanding for the 

underlying mechanisms. These offer hopes for interventions that could slow or even 

prevent disease progression directly at the preclinical stage.  

The research in this thesis (Chapter 2.2.1) provides the first evidence for functional 

modulation of neonatal OB activity on the development of cognitive abilities dependent on 

LEC-HP network, which suggests that not only do olfactory outputs during a critical 

developmental time window shape the development of the olfactory system, but these 

effects are also essential for the hippocampal formation accounting for higher-order 

cognitive functions. Although we showed a preconfigured framework in Chapter 2.2.5 

(Chini et al., 2024) with an extremely distributed neuronal spiking activity that is not 

dependent on the experience along development and applies to both early-maturating OB 

and the late-maturing PFC, the results are currently restricted on a single regional level. 

Experience-dependent processes especially complex behaviors might be more a proxy of 

the intricate architecture of inter-regional connection which gets constantly fine-tuned; 
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from a behavioral perspective, both human and animal studies have shown that interfering 

with environmental stimuli during early development dramatically influences brain 

functions in adulthood in either a positive or negative way, such the improved sensory 

perception and memory performance by environmental enrichment (Sale et al., 2009; 

Zheng et al., 2014; Clemenson & Stark, 2015), memory deficits by maternal separation 

(Molet et al., 2016; Reincke & Hanganu-Opatz, 2017), and sensory compensation across 

modalities for visual deprivation (Kupers et al., 2011; Zhou et al., 2017). Given the tight 

and efficient connections between the olfactory system and neocortical-hippocampal brain 

network already at birth, whether a simple odor cue during neonatal stage can powerfully 

mold the consolidation and retrieval of long-term involuntary memory, as the literary 

anecdote written by Marcel Proust in his novel “In Search of Lost Time”, is a question 

worth further asking, which might call more attention on newborn care improvements in 

the regard of olfaction. Also, it would be interesting to explore if the early odor experience 

could have the capacity to ameliorate cognitive deficits in neuropsychiatric disorders in the 

future. How to implement interdisciplinary neuroscience approaches to address this 

concern longitudinally will be one of the thought-provoking topics. 

 

3.5 Concluding remarks 

In this thesis, I present several new findings for the physiological and pathological network 

development of the murine olfactory-hippocampal-prefrontal network. We confirm the 

hypothesis that OB activity early in life is a key modulator for the maturation of 

downstream neuronal networks. Importantly, silencing the olfactory network leads to 

profound consequences in cognitive deficits. This resembles the impairments of the 

olfactory-hippocampal-prefrontal network and associated cognitive abilities in a 

neuropsychiatric mouse model. It brings us new perspectives for advancing the knowledge 

about the link between olfaction and cognition in health and disease, which might provide 

an insightful reference to improve newborn care, predict the disease progression and further 

assess the clinical efficacy of treatments. 



Olfactory Modulation of Cognitive Development 
 

127 

4 | General Summary 

 

 

 

 

 

 

4.1 Summary in English 

How sensory perception interplays with higher-order cognitive functions is a fascinating 

topic in the field of neuroscience. Though the tight connections between the olfactory 

system and cortical-hippocampal network have been documented in the adult brain, the 

functional development of these anatomical architectures is still poorly understood. Being 

one of the first senses exceptionally functional at birth, olfaction might promote cognitive 

development, which requires reliable evidence on neurobiological level.  

Rodents are altricial species compared to humans, and are thus already accessible 

for investigations at a neonatal stage that roughly corresponds to human mid- and late 

embryogenesis, with mature olfaction. Accumulating evidence in rodent studies has 

suggested that the development of sensory cortices during the neonatal stage, critically 

depends on the endogenously-generated electrical activity of the corresponding sensory 

systems, with much less known about the early sensory influence on higher-order brain 

regions especially those involved in cognitive abilities along development. Several recent 

research reveals that endogenous and odor-evoked activity in the olfactory bulb (OB) 

boosts the oscillatory entrainment of the lateral entorhinal cortex (LEC), hippocampus (HP) 

and prefrontal cortex (PFC) in neonatal mice——that are blind and deaf, do not whisker 

and have limited sensorimotor abilities until the 3rd postnatal week. However, whether the 

early olfactory processing especially the information inputs originating from the OB 

influences the functional formation of cognitive abilities, remains an open question. 

In this thesis, I try to identify the role of neonatal olfactory afferent inputs in the 

functional development of the downstream entorhinal-hippocampal network, by silencing 

the synaptic outputs of the main olfactory output neurons——mitral/tufted cells (M/TCs) 
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in the OB, transiently from postnatal days 8 to 10 using chemogenetic tools. Applying a 

wide range of advanced neuroscience methods, including in vivo electrophysiological 

recording, optogenetics, morphological assessments and behavioral tests, I monitor the 

long-term consequences of this transient manipulation on the activity and communication 

within olfactory-cortical-hippocampal networks as well as the associated cognitive 

functions. The results show the lasting impact of neonatal OB activity on the coupling of 

entorhinal-hippocampal network activity and neuronal structure of HP-projecting neurons 

in LEC. Moreover, transient M/TC silencing during the neonatal stage profoundly leads to 

impairments in learning and memory dependent on entorhinal-hippocampal functions. 

Taken together, the findings corroborate the neonatal olfactory inputs as a critical 

modulator in the functional maturation of cortical-hippocampal networks and higher-order 

cognitive development. In light of this, we further tested the olfactory network functions in 

a mouse model of neuropsychiatric disorders which has been identified with abnormal 

cortical-hippocampal wiring during neonatal stage. The reduced spontaneous activity in the 

OB and its coupling with HP-PFC network confirm the olfactory network deficits in this 

model, which echoes the early emerging olfactory dysfunctions in a broad spectrum of 

neurological diseases associated with later cognitive deficits.  

In general, the work in this thesis unveils a modulating effect of the olfactory inputs 

especially the OB activity in early postnatal days on the structural and functional 

development of higher-order brain circuits accounting for cognitive abilities. This offers 

novel insights into olfaction beyond a primal sensory perception, and might help establish 

new principles in the discovery of therapeutic strategies for neurodevelopmental disorders. 

 

4.2 Summary in German 

Zusammenfassung 

Wie die sensorische Wahrnehmung mit höheren kognitiven Funktionen interagiert, ist ein 

faszinierendes Thema in der Neurowissenschaft. Im erwachsenen Gehirn beeinflusst der 

Geruchssinn höhere kognitive Fähigkeiten. Obwohl im erwachsenen Gehirn enge 

anatomische Verbindungen zwischen dem olfaktorischen System und dem kortikal-

hippocampalen Netzwerk beschrieben wurden, ist die funktionelle Entwicklung dieser 

Strukturen noch immer kaum verstanden. Da der Geruchssinn zu den ersten Sinnen gehört, 

die bei der Geburt funktionsfähig sind, könnte er die kognitive Entwicklung fördern. Diese 

Hypothese erfordert zuverlässige Beweise auf neurobiologischer Ebene. 

Nagetiere sind im Vergleich zum Menschen altrisch und können daher bereits in 

einem neonatalen Stadium untersucht werden, das in etwa der mittleren und späten der 

menschlichen Embryogenese entspricht, wenn der Geruchssinn bereits funktionsfähig ist. 
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Zunehmende Evidenz aus Studien an Nagetieren hat gezeigt, dass die Entwicklung der 

sensorischen Kortexregionen während der neonatalen Phase entscheidend von der endogen 

generierten elektrischen Aktivität der jeweiligen sensorischen Systeme abhängt. Im 

Gegensatz dazu ist über den frühen sensorischen Einfluss auf Hirnregionen höherer 

Ordnung, insbesondere auf jene, die an den kognitiven Fähigkeiten im Laufe der 

Entwicklung beteiligt sind, viel weniger bekannt ist. Mehrere neuere Forschungsarbeiten 

zeigen, dass endogene und durch Geruch hervorgerufene Aktivität im Riechkolben 

(olfactory bulb, OB) von neugeborenen Mäusen die oszillatorische Synchronisation des 

lateralen entorhinalen Kortex (lateral entorhinal cortex, LEC), des Hippocampus (HP) und 

des präfrontalen Kortex (prefrontal cortex, PFC). Neugeborene Mäuse sind bis zur dritten 

postnatalen Woche blind und taub und haben nur begrenzte sensomotorische Fähigkeiten. 

Die Frage, ob die frühe Olfaktorische Wahrnehmung, insbesondere der vom OB 

verarbeitenden Information, die funktionelle Ausbildung kognitiver Fähigkeiten 

beeinflusst, bleibt jedoch offen. 

In dieser Dissertation versuche ich, die Rolle neonatalen olfaktorischen afferenten 

Inputs für der funktionellen Entwicklung des nachgeschalteten entorhinal-hippocampalen 

Netzwerks zu identifizieren, indem ich die synaptischen Übertragung der wichtigsten 

olfaktorischen Ausgangsneuronen——der Mitral-/Tufted-Zellen (mitral/tufted cells, 

M/TCs) – vom 8. bis 10. postnatalen Tag mit Hilfe chemogenetischer Methoden ausschalte. 

Unter Anwendung einer breiten Palette fortschrittlicher neurowissenschaftlicher Methoden, 

darunter elektrophysiologische In-vivo-Aufzeichnungen, Optogenetik, morphologischen 

Beschreibung und Verhaltenstests, beobachte ich die langfristigen Folgen dieser 

vorübergehenden Manipulation auf die Aktivität und Kommunikation innerhalb der 

olfaktorisch-kortikalen-hippokampalen Netzwerke sowie die damit verbundenen 

kognitiven Funktionen. Die Ergebnisse zeigen eine dauerhafte Auswirkunge der neonatalen 

OB-Aktivität auf die Synchronisation der Aktivität des entorhinal-hippocampalen 

Netzwerks und die neuronale Struktur der HP-projizierenden Neuronen im LEC. Darüber 

hinaus führt eine vorübergehende Ausschaltung von M/TC während der 

Neugeborenenphase zu tiefgreifenden Beeinträchtigungen des Lernens und des 

Gedächtnisses, welche von entorhinal-hippocampalen Funktionen abhängen. 

Zusammengefasst bestätigen die Ergebnisse, dass neonatale olfaktorische Inputs ein 

entscheidender Modulator für die funktionelle Entwicklung von kortikal-hippokampalen 

Netzwerken und daraus folgend der kognitive Entwicklung ist. Vor diesem Hintergrund 

haben wir die Funktionen des Geruchsnetzwerks in einem Mausmodell für 

neuropsychiatrische Störungen getestet, bei dem eine abnorme kortikal-hippokampale 

Vernetzung während des Neugeborenenstadiums festgestellt worden war. Die reduzierte 

Spontanaktivität im OB und seine Kopplung mit dem kortikal-hippocampalen Netzwerk 
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bestätigen Defizite im olfaktorischen Netzwerk in diesem Modell, was mit den früh 

auftretenden olfaktorischen Dysfunktionen in einem breiten Spektrum neurologischer 

Erkrankungen mit kognitiven Beeinträchtigungen übereinstimmt. 

Insgesamt zeigt die Arbeit in dieser Dissertation einen modulierenden Effekt der 

olfaktorischen Inputs, insbesondere der OB-Aktivität, in den frühen postnatalen Tagen auf 

die strukturelle und funktionelle Entwicklung höherer Gehirnschaltkreise, die kognitiven 

Fähigkeiten zugrunde liegen. Dies bietet neue Einblicke in den Geruchssinn, die über die 

ursprüngliche Sinneswahrnehmung hinausgehen, und könnte dazu beitragen, neue 

Prinzipien für die Entwicklung von therapeutischen Strategien für neurologische 

Entwicklungsstörungen zu entwickeln.  
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6 | Appendix 

 

 

 

 
6.1 List of abbreviations 

Abbreviation Full name 

2D two demension 

AAV adeno-associated virus 

ACC anterior cingulate cortex 

AD Alzheimer’s disease 

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AON anterior olfactory nucleus 

APP amyloid precursor protein 

ASD autism spectrum disorder 

Aβ β-amyloid plaque 

a.u. arbitrary unit 

BCI brain-computer interface 

BOLD bloodoxygen-level-dependent 

BSA bovine serum albumin 

C21 compound 21 

CA cornu ammonis 

COVID-19 Coronavirus disease 2019 

ChR2 channelrhodopsin 

CI confidence interval 
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COA cortical amygdaloid nucleus 

CSD current-source density 

DA dopaminergic 

DG dentate gyrus 

Disc gene disrupted-in-schizophrenia 

DNA deoxyribonucleic acid 

DREADD designer receptor exclusively activated by designer drug 

E embryonic day 

EC entorhinal cortex 

EEG electroencephalogram 

EF1a elongation factor 1-alpha 1 

EPL external plexiform layer 

eSPW early sharp wave 

EYFP enhanced yellow fluorescent protein 

FFT fast Fourier transformation 

g gram 

GABA gamma aminobutyric acid 

GC granule cell 

GE gene-environment 

GFP green fluorescent protein 

GL glomerular layer 

gPDC generalized partial directed coherence 

h hour 

hM4Di human Gαi-coupled M4 muscarinic receptor 

HP hippocampus 

Hz hertz 

i.p. itraperitoneal 

IN interneuron 

IUE in utero electroporation 
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L liter 

LEC lateral entorhinal cortex 

LFP local field potential 

LIF leaky integrate-and-fire 

LMEM linear mixed-effects model 

LOT lateral olfactory tract 

m meter 

M/TCs mitral and tufted cells 

MBI mild behavior impairment 

MCL mitral cell layer 

MEC medial entorhinal cortex 

MIA maternal immune activation 

min minute 

MRI magnetic resonance imaging 

MS medial septum 

MUA multi-unit activity 

NMDA N-methyl-D-aspartic acid 

NOR novel object recognition 

OB olfactory bulb 

OE olfactory epithelium 

OFC orbitalfrontal cortex 

OLP object location preference 

OSN olfactory sensory neuron 

P postnatal day 

PAC phase-amplitude coupling 

PCR polymerase chain reaction 

PBS phosphate-buffered saline 

PD Parkinson’s disease 

PFA paraformaldehyde 
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PFC prefrontal cortex 

PGC periglomerular cell 

PIR piriform cortex 

poly(I:C) polyinosinic:polycytidylic acid 

PSD power spectral density 

P-tau phosphorylated tau 

PYR pyramidal neuron 

RR respiration rhythm 

s second 

SCZ schizophrenia 

STDP spike-timing-dependent plasticity 

STTC Spike time tiling coefficient 

SUA single-unit activity 

SVZ subventricular zone 

tSNE t-distributed stochastic neighborhood embedding 

TTL transistor-to-transistor logic 

USV ultrasonic vocalization 

μ micro 

V volt 

V1 primary visual cortex 

W watt 

WT wild-type 
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6.2 Supplementary materials 

a) Reprint of supplementary information for Chapter 2.2.1: 

Olfactory Bulb Activity Shapes the Development of Entorhinal-

Hippocampal Coupling and Associated Cognitive Abilities 

Chen et al., Current Biology 2023 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figures S1 

Figures S2 

Figures S3 

Figures S4 

Figures S5 

Table S1 

 



Figure S1. Effect of transient M/TC output silencing on somatic development, 

reflexes and locomotion of neonatal mice. Related to Figure 1.   
(A) Averaged curves of age-dependent developmental milestones for neonatal Cre- (blue) and 

Cre+ (red) mice from P2 to P11. (B) Violin plots displaying the distance traveled in OFT by P7-

11 Cre- and Cre+ mice. (C) Left: Violin plots displaying the relative time spent by P8 Cre- and 

Cre+ mice over each odor field with no C21 injections (Cre-: n=12, Cre+: n=13; p=0.296 for 

interaction of genotype and odor, p<0.0001 for Cre--familiar vs Cre--new, p<0.0001 for Cre+-

familiar vs Cre+-new, p=0.907 for Cre--new vs Cre+-new, nonparametric multiple comparisons 

with Bonferroni’s post-hoc test). Right: Violin plots displaying the total distance in the odor 

preference testing arena of P8 Cre- and Cre+ mice with no C21 injections. For line plots data 

are presented as median ± standard error of the median. For violin plots data are presented 

as individual data points, median and interquartile range. ***p<0.001. 



Figure S2. Effects of transient M/TC output silencing on long-range communication 

between OB and HP for P11 mice. Related to Figure 3.  
(A) Averaged imaginary coherence for oscillatory activity simultaneously recorded in the OB 

and HP for P11 Cre- (blue) and Cre+ (red) mice (Cre-: n=12, Cre+: n=11; p=0.035 for interaction 

of genotype and frequency). The gray lines at the bottom correspond to the imaginary 

coherence calculated for shuffled LFPs (light gray for Cre-, dark gray for Cre+). (B) Information 

flow quantified by gPDC for oscillatory activity simultaneously recorded from OB and HP for 

P11 Cre- and Cre+ mice (Cre-: n=12, Cre+: n=11; p=0.0086 for interaction of genotype and 

frequency). Data are presented as median ± standard error of the median.  



Figure S3. Effects of transient M/TC output silencing on odor-evoked activity in OB, 

LEC, and HP of P11 mice with another neutral odor. Related to Figure 4. 
(A) Averaged power during odor stimulation with 1% vanillin normalized to the power before 

stimulation in OB of P11 Cre- (blue) and Cre+ (red) mice (Cre-: n=12, Cre+: n=8; p=0.0238 for 

interaction of genotype and frequency, LMEM). (B) Same as (A) for LEC (Cre-: n=7, Cre+: n=7; 

p=0.0388 for interaction of genotype and frequency, LMEM). (C) Same as (A) for HP (Cre-: 

n=10, Cre+: n=8; p=0.00622 for interaction of genotype and frequency, LMEM). Data are 

presented as median ± standard error of the median. Horizontal black lines indicate p<0.05. 



Figure S4. Complexity of basal dendrites of HP-projecting neurons in LEC after 

transient M/TC output silencing. Related to Figure 5. 
(A) Averaged number of dendritic intersections from the soma center of labeled pyramidal 

neurons in LEC of P11 Cre- (blue) and Cre+ (red) mice for basal dendrites. (B) Same as (A) for 

P17 mice. Data are presented as median ± standard error of the median. Data are presented 

as median ± standard error of the median.  



Figure S5. Effects of transient M/TC output silencing during P13-15 on neuronal and 

network activity in the OB-LEC-HP network of mice later in life. Related to Figure 6. 
(A) (i) Experimental timeline of the chemogenetic inhibition of M/TC outputs during P13-15 

followed by in vivo multi-site extracellular recordings of OB, LEC, and HP at P20-23. (ii) 3D 

schematic of the recording sites in OB, LEC and HP of P20-23. (B) Averaged power spectra 

of oscillatory activity recorded from Cre- (blue) and Cre+ (red) mice during P20-23 in OB (Cre-: 

n=11, Cre+: n=10; p=0.250 for genotype, LMEM), LEC (Cre-: n=9, Cre+: n=7; p=0.180 for 

genotype, LMEM) and HP (Cre-: n=8, Cre+: n=10; p=0.718 for genotype, LMEM). (C) Averaged 

imaginary coherence for simultaneous oscillatory activity recorded in OB and LEC (Cre-: n=9, 

Cre+: n=7; p=0.994 for interaction of genotype and frequency, LMEM), LEC and HP (Cre-: n=7, 

Cre+: n=7; p=0.182 for interaction of genotype and frequency, LMEM) as well as OB and HP 

(Cre-: n=8, Cre+: n=10; p=0.544 for interaction of genotype and frequency, LMEM) from Cre- 

and Cre+ mice during P20-23. The gray lines at the bottom correspond to the imaginary 

coherence calculated for shuffled LFPs of both groups respectively (light gray for Cre-, dark 

gray for Cre+). Data are presented as median ± standard error of the median. 



Figure/Pannel Groups n 
(for mice if 
not specified) 

Condition Test p-value

Fig 1C Cre- 

Cre+ 

22 

17 

genotype 
x odor 
(interaction) 

Nonparametric 
multiple 
comparisons 

7.36e-05 

Fig 1D Cre- 

Cre+ 

22 

17 

genotype 
x odor 
(interaction) 

Nonparametric 
multiple 
comparisons 

0.216 

Fig 2D (top) Cre- 

Cre+ 

16 

15 

genotype Linear mixed 
effect model 

0.8102 

Fig 2D (middle) Cre- 

Cre+ 

12 

12 

genotype Linear mixed 
effect model 

0.00104 

Fig 2D (down) Cre- 

Cre+ 

12 

11 

genotype Linear mixed 
effect model 

0.0411 

Fig 2E (top) Cre- 

Cre+ 

126 units 

190 units 

genotype Nonparametric 
ranksum test 

0.5685 

Fig 2E (middle) Cre- 

Cre+ 

113 units 

135 units 

genotype Nonparametric 
ranksum test 

0.0775 

Fig 2E (down) Cre- 

Cre+ 

114 units 

91 units 

genotype Nonparametric 
ranksum test 

0.114 

Fig 2F (top) Cre- 

Cre+ 

2496 pairs 

2216 pairs 

genotype Nonparametric 
ranksum test 

0.36 

Fig 2F (middle) Cre- 

Cre+ 

976 pairs 

1152 pairs 

genotype Nonparametric 
ranksum test 

4.24e-05 

Fig 2F (down) Cre- 

Cre+ 

1716 pairs 

1180 pairs 

genotype Nonparametric 
ranksum test 

6.55e-06 

Fig 3A Cre- 

Cre+ 

1362 pairs 

1235 pairs 

genotype Nonparametric 
ranksum test 

5.72e-05 

Fig 3D Cre- 

Cre+ 

1426 pairs 

820 pairs 

genotype Nonparametric 
ranksum test 

3.40e-11 

Fig 3B Cre- 

Cre+ 

12 

12 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.00212 

Fig 3E Cre- 

Cre+ 

9 

9 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.0043 

Fig 3C Cre- 

Cre+ 

12 

12 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.0126 

Fig 3F Cre- 

Cre+ 

9 

9 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.0129 

Table S1. Detailed statistical information 



Fig 4B Cre- 

Cre+ 

12 

8 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.0219 

Fig S3A Cre- 

Cre+ 

12 

8 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.0238 

Fig 4C Cre- 

Cre+ 

7 

7 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.0308 

Fig S3B Cre- 

Cre+ 

7 

7 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.0388 

Fig 4D Cre- 

Cre+ 

10 

8 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.0163 

Fig S3C Cre- 

Cre+ 

10 

8 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.00622 

Fig 4F Cre+-saline 

Cre+-C21 

10 

12 

genotype Nonparametric 
ranksum test 

0.0161 

Fig 4G Cre+-saline 

Cre+-C21 

63 units 

81 units 

genotype Nonparametric 
ranksum test 

0.000378 

Fig 4H Cre+-saline 

Cre+-C21 

6 

7 

genotype Nonparametric 
ranksum test 

0.0293 

Fig 4I Cre+-saline 

Cre+-C21 

32 units 

48 units 

genotype Nonparametric 
ranksum test 

0.0149 

Fig 4J Cre+-saline 

Cre+-C21 

8 

10 

genotype Nonparametric 
ranksum test 

0.00555 

Fig 4K Cre+-saline 

Cre+-C21 

17 units 

39 units 

genotype Nonparametric 
ranksum test 

0.0144 

Fig 5E Cre- 

Cre+ 

13 neurons 

14 neurons 

genotype Nonparametric 
ranksum test 

0.161 

Fig 5F Cre- 

Cre+ 

13 neurons 

14 neurons 

genotype 
x distance 
(interaction) 

Linear mixed 
effect model 

0.000395 

Fig 5G Cre- 

Cre+ 

13 neurons 

14 neurons 

genotype Nonparametric 
ranksum test 

0.0404 

Fig 5J Cre- 

Cre+ 

21 neurons 

21 neurons 

genotype Nonparametric 
ranksum test 

0.425 

Fig 5K Cre- 

Cre+ 

21 neurons 

21 neurons 

genotype 
x distance 
(interaction) 

Linear mixed 
effect model 

3.091e-
11 

Fig 5L Cre- 

Cre+ 

21 neurons 

21 neurons 

genotype Nonparametric 
ranksum test 

0.0221 



Fig 6B (left) Cre- 

Cre+ 

16 

15 

genotype Linear mixed 
effect model 

0.296 

Fig 6B (middle) Cre- 

Cre+ 

10 

12 

genotype Linear mixed 
effect model 

0.00883 

Fig 6B (right) Cre- 

Cre+ 

11 

13 

genotype Linear mixed 
effect model 

0.0472 

Fig 6C (left) Cre- 

Cre+ 

3517 pairs 

2419 pairs 

genotype Nonparametric 
ranksum test 

0.000583 

Fig 6C (middle) Cre- 

Cre+ 

3103 pairs 

1933 pairs 

genotype Nonparametric 
ranksum test 

3.51e-13 

Fig 6C (right) Cre- 

Cre+ 

1500 pairs 

1765 pairs 

genotype Nonparametric 
ranksum test 

0.000604 

Fig 6D (left) Cre- 

Cre+ 

10 

12 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.0248 

Fig 6D (middle) Cre- 

Cre+ 

10 

12 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.0493 

Fig 6D (right) Cre- 

Cre+ 

11 

13 

genotype 
x frequency 
(interaction) 

Linear mixed 
effect model 

0.000577 

Fig 6E (left) Cre- 

Cre+ 

3754 pairs 

2134 pairs 

genotype Nonparametric 
ranksum test 

1.818e-
26 

Fig 6E (middle) Cre- 

Cre+ 

1915 pairs 

2016 pairs 

genotype Nonparametric 
ranksum test 

1.204e-
74 

Fig 6E (right) Cre- 

Cre+ 

1557 pairs 

2357 pairs 

genotype Nonparametric 
ranksum test 

0.282 

Fig 7A Cre- 

Cre+ 

26 

18 

genotype 
x trail 
(interaction) 

Nonparametric 
multiple 
comparisons 

0.0141 

Fig 7B Cre- 

Cre+ 

27 

23 

genotype 
x trail 
(interaction) 

Nonparametric 
multiple 
comparisons 

0.0122 

Fig 7C(middle) Cre- 

Cre+ 

37 

25 

genotype Nonparametric 
ranksum test 

0.511 

Fig 7C (right) Cre- 

Cre+ 

37 

25 

genotype Nonparametric 
ranksum test 

0.0355 
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b) Reprint of supplementary information for Chapter 2.2.5: 

Preconfigured Architecture of the Developing Mouse Brain 

Chini et al., Cell Reports 2024 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
Figures S1 

Figures S2 

Figures S3 

Figures S4 

Figures S5 

Figures S6 

Figures S7 

Table S1 



 
Figure S1. Descriptive statistics of the experimental dataset. Related to Figure 1. (A) Bar 
plot displaying the number of recorded mice across age and brain region (n=278 mice). Color 
codes for brain region. (B) Same as A for recorded single units (n=14357 single units). (C) 
Scatter plot displaying the number of recorded units per individual mice over age and brain 
regions (n=278 mice). (D) Violin plot displaying firing rate over age. Color codes for brain 
region. (E) same as (D) for STTC. In (C) dots indicate individual mice. In (D-E) data is 
presented as median, 25th, 75th percentile, and interquartile range, and the shaded area 
represents the probability density of the variable. 
  



 
Figure S2. Skewness, kurtosis and Gini coefficient of firing rate and STTC across brain 
regions in the first two postnatal weeks. Related to Figure 2. (A) Scatter and line plot 
displaying the skewness of firing rate (left) and STTC (right) of P4-12 mice (n=238 mice). 
Color codes for brain region. (B-C) Same as (A) for kurtosis and Gini coefficient. (D) Heatmap 
displaying the p-value for the main effect of age as a function of the minimum number of units 
used as a cutoff to be included in the analysis. In (A-C) colored dots indicate individual mice, 
and data is presented as mean and 95% C.I.. P-values refer to the interaction between age and 
brain region. 
  



 
Figure S3. Skewness, kurtosis and Gini coefficient of firing rate and STTC pooled across 
mice over the first two postnatal weeks. Related to Figure 2. (A) Scatter plot displaying the 
skewness of firing rate (left) and STTC (right) of P4-12 mice. Color codes for brain region. (B-
C) Same as (A) for kurtosis and Gini coefficient. In (A-C) dots indicate a single parameter 
estimation on data pooled across mice of the same age recorded from the same brain region.  
  



 
Figure S4. Distribution and pairwise correlations of skewness, kurtosis and Gini 
coefficient of firing rate and STTC. Related to Figure 2. (A) Pair plot of the 7 parameters 
used to describe the shape of the firing rate and STTC distributions. The plots on the main 
diagonal displays histograms of the distributions of each individual parameter across the entire 
dataset (n=238 mice). The off-diagonal plots display the pairwise correlations among the 7 
parameters. The numbers in red indicate the Pearson r2 for that specific pairwise parameter 
combination. Black dots represent individual mice. 
  



 
Figure S5. Network properties and the correlation between firing rate and average STTC 
across the first two postnatal weeks. Related to Figures 3 and 4. (A) Violin plot displaying 
the graph density of P4-12 mice (n=108 mice). Color codes for age with 1-day increments. (B) 
Same as (A) for transitivity. The dashed red line indicates the value of the corresponding 
random network. (C) Heatmap displaying the p-value for the main effect of age as a function 
of the minimum number of units used as a cutoff to be included in the analysis. (D) Scatter plot 
displaying the log-transformed average STTC of all recorded units as a function of their log-
transformed firing rate. Color codes for age. In (A-B) white dots indicate individual mice, in 
(D) individual units. In (A-B) the shaded area represents the probability density of the variable. 
  



 

Figure S6. Spiking neural network modeling of the distribution shape of SUA statistics in 
the developing PFC. Related to Figure 5. (A) tSNE-embedded space occupied by 
experimental (red) and simulated (black) data in the 7-dimensional parameter space used to 
evaluate model fit, as a function of the number of synaptic parameters set in their “extreme” 
configuration. Color intensity codes for probability. (B) Multivariate regression coefficients for 
the 3 synaptic parameters over the distance from the median firing rate skewness of 
experimental data. (C-H) Same as (B) for STTC skewness (C), firing rate kurtosis (D), STTC 
kurtosis (E), firing rate Gini coefficient (F), STTC Gini coefficient (G) and firing rate – STTC 
correlation (H). (J) Scatter plot displaying the distance between simulated data and the center 



of mass of experimental data as a function of network size. Dots represent individual 
simulations. In (B-H) regression coefficients are presented as mean and 95% C.I.. In (J) the 
regression is presented as mean and 95% C.I.. 
 
  



 
Figure S7. Prefrontal SUA firing statistics in P16-60 mice and simulated network effects 
of synaptic plasticity rules. Related to Figures 6 and 7. (A) Line plot displaying the SUA 
firing rate of P16-60 mice (n=24 mice, 95 recordings and 2498 single units) as a function of 
age. (B) Same as (A) for STTC (n=24 mice, 95 recordings and 36899 spike train pairs). (C) 
Histogram plot of the difference in simulated skewness of firing rate before and after synaptic 



plasticity. The black line indicates the mean of the experimental data, the two grey lines the 
95% C.I. of the mean and the red line the mean of the simulated data. (D-H) Same as (C) for 
the skewness of STTC (D), kurtosis of firing rate (E) and STTC (F) and Gini coefficient of 
firing rate (G) and STTC (H). (I) Histogram plot of the difference in the simulated firing rate 
and average STTC correlation before and after synaptic plasticity in ISTDP- (red) and STDP-
only networks. (J). Violin plot displaying the 7-dimensional distance between simulated data 
of ISTDP+STDP (blue) and ISTDP-only (red) networks and the center of mass of the 
experimental data. In (A) and (B) data is presented as mean and 95% C.I..  
  



Neuron model 

Parameter Description Excitatory cells Inhibitory cells 

𝑉𝑉𝐿𝐿 Leak membrane potential -70 mV -70 mV 

𝑉𝑉𝑇𝑇ℎ𝑟𝑟 Spike threshold potential -52 mV -52 mV 

𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅 Reset potential -59 mV -59 mV 

𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅 Refractory period 2 ms 1 ms 

𝐶𝐶𝑚𝑚 Membrane capacitance 500 pF 200 pF 

𝑔𝑔𝐿𝐿 Membrane leak conductance 25 nS 20 nS 

𝜏𝜏𝑚𝑚 Membrane time constant 20 ms 10 ms 

𝜎𝜎𝜎𝜎 Noisy input # normal(15, 1) normal(12.5, 1) 

Synapse model 

Parameter Description Excitatory cells Inhibitory cells 

𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 Reversal potential (AMPA) 0 mV 0 mV 

𝐸𝐸𝐺𝐺𝐴𝐴𝐺𝐺𝐴𝐴 Reversal potential (GABA) -80 mV -80 mV 

𝜏𝜏𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 Time constant of AMPA decay 2 ms 1 ms 

𝜏𝜏𝐺𝐺𝐴𝐴𝐺𝐺𝐴𝐴 Time constant of GABA decay 8 ms 8 ms 
mean 

connectivity 
mean connectivity of the 

network  
normal(0.25, 

0.25/4) 
normal(0.25, 

0.25/4) 

𝑔𝑔𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 Conductance (AMPA) # 

[lognormal(0, 1)  
or 

normal(√𝑒𝑒, 0.5)] 
/ 25 * AMPAmod * 

nS 

[lognormal(0, 1) 
or 

normal(√𝑒𝑒, 0.5)] 
/ 25 * AMPAmod  

* nS 

𝑔𝑔𝐺𝐺𝐴𝐴𝐺𝐺𝐴𝐴 Conductance (GABA) # 

[lognormal(0, 1)  
or 

normal(√𝑒𝑒, 0.5)] 
/ 6 * GABAmod  

* nS 

[lognormal(0, 1)  
or 

normal(√𝑒𝑒, 0.5)] 
/ 30 * GABAmod  

* nS 

AMPAmod Multiplier of AMPA 
conductance # normal(0.7, 0.7/4) normal(0.7, 0.7/4) 

GABAmod Multiplier of GABA 
conductance # normal (2, 0.5) normal (2, 0.5) 

Excitatory synaptic plasticity model 

𝜏𝜏𝑆𝑆𝑇𝑇𝑆𝑆𝐴𝐴 Time constant of synaptic 
plasticity 20 ms Not applicable 

𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 Minimum synaptic weight 0 Not applicable 

𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 Maximum synaptic weight 10 Not applicable 



𝑋𝑋𝑋𝑋𝑋𝑋 Learning rate 0.01 Not applicable 

Inhibitory synaptic plasticity model 

𝜏𝜏𝑆𝑆𝑇𝑇𝑆𝑆𝐴𝐴 Time constant of synaptic 
plasticity Not applicable 20 ms 

𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 Minimum synaptic weight Not applicable 0 

𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 Maximum synaptic weight Not applicable 100 

𝑎𝑎𝑎𝑎𝑎𝑎 Learning rate Not applicable 0.01 

α Target firing rate lognormal(-0.5, 1) Not applicable 

 
Table S1. Parameters of the leaky integrate-and-fire network. Related to STAR Methods. 
“Normal” and “lognormal” refer to values of variables that are randomly drawn from a normal 
or lognormal distribution, respectively. The two values in parenthesis refer to, respectively, the 
mean and the standard deviation of the (underlying) normal distribution. #Note that the two 
distributions have the same mean (i.e. the mean of lognormal(0, 1) is √𝑒𝑒). 
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