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Summary 
 
In the quest to understand how memory works, a lot of effort has been invested in identifying 

the physiological substrate of memory in the brain. In recent decades, several studies have 

used the immediate early gene cFOS as a marker to identify active neurons during memory 

formation and recall. This approach assumes that neuronal activity always results in cFOS 

expression, and expression is consistent between neurons and throughout the brain. 

Investigating in detail the relationship between cFOS and neuronal activity during learning and 

memory recall is the subject of my thesis. Using a nuclear Ca2+ indicator (CaMPARI2) and 

optogenetic tools (ChrimsonR), I find that the relationship between learning, neuronal activity, 

Ca2+ and cFOS is more complex than was previously thought. 

I found that in the hippocampus, cFOS expression does not correlate with Ca2+ or action 

potentials. Despite high Ca2+ levels, in some neurons (CA2 region) cFOS expression is absent. 

Strikingly, cFOS induction is highest at low frequencies and depends on glutamate and mGluR 

receptor signaling. Hippocampal cFOS is strongly induced during water maze training and 

optogenetic inhibition of dentate granule cFOS ensembles labeled during learning impairs 

memory recall on subsequent days. After analyzing cFOS in mice visiting the water maze, we 

made an intriguing observation: cFOS labeled ensembles of neurons in the dentate gyrus 

segregate over time and rarely re-express cFOS twice, despite elevated calcium levels. The 

same results were observed in the home cage environment, suggesting that once cFOS is 

expressed, a repressive mechanism is activated to suppress cFOS expression when these 

neurons are reactivated. 

I found that this suppression of cFOS is mediated by ∆FOSB and depends on histone 

deacetylase enzymes, which make epigenetic modifications to DNA. This epigenetic 

repression of cFOS occurs specifically in the dentate gyrus. Interfering with histone 

deacetylation over days of learning caused memory problems, particularly during recall. My 

results challenge the traditional link between neuronal activity/Ca2+ and cFOS and suggest that 

cFOS expression is a more complex regulated process. Further, we conclude that ∆FOSB- 

mediated cFOS repression represents a critical mechanism for a flexible memory system. 

 
 

Zusammenfassung 
 
Um die Funktionsweise des Gedächtnisses zu verstehen, ist es notwendig, das physiologische 

Substrat des Gedächtnisses zu identifizieren, das sogenannte Engram. In den letzten 

Jahrzehnten haben mehrere Studien den Transkriptionsfaktor cFOS als Marker verwendet, um 

Neuronen zu identifizieren, die während der Gedächtnisbildung und des Gedächtnisabrufs 
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aktiv sind. Dieser Ansatz geht davon aus, dass neuronale Aktivität immer zur Expression von 

cFOS führt und dass dies für alle Neuronen im gesamten Gehirn gilt. Das Ziel meiner 

Doktorarbeit war, die Beziehung zwischen neuronaler Aktivität und cFOS während des Lernens 

und des Gedächtnisabrufs im Detail zu untersuchen. Mit Hilfe eines im Zellkern lokalisierten 

Ca2+-Indikators (CaMPARI2) und lichtgesteuerter Ionenkanäle (ChrimsonR) habe ich 

herausgefunden, dass die Beziehung zwischen Lernen, neuronaler Aktivität, Ca2+ und cFOS 

komplexer ist als bisher angenommen. 

Ich konnte zeigen, dass die cFOS-Expression im Hippocampus nicht mit der Ca2+- 

Konzentration im Nukleus oder mit Aktionspotentialen korreliert. Trotz hoher Ca2+-Spiegel wird 

cFOS in einigen Neuronen, z.B. in CA2 Pyramidenzellen, nicht exprimiert. Interessant ist, dass 

die cFOS-Induktion nach synchroner optogenetischer Stimulation mit sehr niedriger Frequenz 

(0.1 Hz) am höchsten ist und von Glutamat-Freisetzung und metabotropen 

Glutamatrezeptoren abhängt, also nicht zellautonom ausgelöst wird. Im Hippocampus wird 

cFOS während des Trainings im Wasserlabyrinth induziert. Die optogenetische Inhibition von 

cFOS-Ensembles im Gyrus dentatus, die während des Lernens markiert wurden, 

beeinträchtigt den Gedächtnisabruf an den folgenden Tagen. Bei der Analyse der cFOS 

Expression in Mäusen, die das Wasserlabyrinth besuchten, machten wir eine überraschende 

Beobachtung: Das Muster cFOS-markierter Neurone im Gyrus dentatus ändert sich von Tag 

zu Tag. Dies deutet darauf hin, dass nach der Expression von cFOS ein repressiver 

Mechanismus aktiviert wird, der die erneute cFOS-Expression unterdrückt, wenn diese 

Neuronen reaktiviert werden. Ich konnte an Schnittkulturen zeigen, dass der repressive 

Mechanismus auf der Expression und Anreicherung von ∆FOSB beruht und über 

epigenetische Veränderungen (Acetylierung von Histonen) vermittelt wird. Wir vermuten, dass 

dieser Mechanismus, der im intakten Tier auf den Gyrus dentatus beschränkt ist, für die 

Speicherung von episodischen (d.h. zeitlich gruppierten) Gedächtnisinhalten besonders 

wichtig ist. 

Ich fand heraus, dass diese cFOS-Suppression durch ∆FOSB vermittelt wird und von 

Histondeacetylase-Enzymen abhängt, die epigenetische Modifikationen an der DNA 

vornehmen. Diese epigenetische Suppression von cFOS findet spezifisch im Gyrus dentatus 

statt. Die repetitive Inhibition der Histondeacetylierung während des Lernens führte zu 

Gedächtnisproblemen, insbesondere beim Abruf. Unsere Ergebnisse stellen den traditionellen 

Zusammenhang zwischen neuronaler Aktivität/Ca2+ und cFOS in Frage und deuten darauf hin, 

dass die cFOS-Expression ein komplexer regulierter Prozess ist. Darüber hinaus kommen wir 

zu dem Schluss, dass die ∆FOSB-vermittelte cFOS-Unterdrückung ein entscheidender 

Mechanismus für ein flexibles Gedächtnissystem ist. 
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Introduction 

Cellular and molecular mechanism of memory 

 
Contemporary neuroscience focuses on how the brain encodes environmental stimuli, 

including spatial, temporal, and valence information, to construct a conscious representation 

of the self. The brain is composed of neuronal networks made up of synaptically connected 

neurons. In the resting state, a neuron maintains a membrane potential of approximately -65 

mV. Neurotransmitters released from the presynapse dock onto the corresponding receptors 

of the postsynaptic neuron, inducing a change in the electrical gradient through the influx of 

ions. Consequently, the membrane potential decreases, causing an action potential that leads 

to the subsequent release of transmitter and stimulation of the next postsynaptic cell where the 

cycle repeats. In the simplest abstraction, neurons are individual units with an on (spiking) or off 

(silent) state, akin to the 0s and 1s of binary code. The property believed to convey the 

capability to store information is synaptic plasticity, which changes the weight of connections 

i.e. how likely a piece of information will propagate to the next element in the circuit. Not only 

does the amount of synaptic depolarization exhibit plastic changes but also long-lasting 

structural changes may occur. The explored mechanism of neuroplasticity, rooted in Donald 

Hebb's theory (Hebb, 1949), indicates that neurons firing together in specific patterns lead to 

the strengthening or long-term potentiation of causally-connected synapses whereas synapses 

between neurons with non-causal firing connections undergo long-term depression as 

postulated by Stent (Stent, 1973). Long-term plasticity and particularly structural plasticity 

require the production of new proteins. A requirement for new protein production is that the 

chromatin needs to be accessible for mRNA transcription. The epigenetic modulation of the 

chromatin in the nucleus may also be regulated by plasticity-inducing activity and play a key 

role in effecting how a stimulus is translated into long-term structural changes. 

The engram theory, hippocampus and episodic memory 

 
The German zoologist Richard Semon was among the first who tried to conceptualize the 

physical basis of memory storage. In 1904, Semon coined the term "engram" which refers to 
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the physical or biochemical substrate of memories in the neural system (“Die Mneme als 

erhaltendes Prinzip im Wechsel des organischen Geschehens,” 1906). Semon also introduced 

“ecphory”, whereby an external cue activates the engram so that the memory is recalled 

(Semon & Semon, 1909). Once established, an engram may remain inactive but can be 

reactivated by the presentation of parts of the original event. Notably, the stimulus that 

reawakens the engram does not have to match the original engram-forming stimulus perfectly. 

This concept is in line with the contemporary concept of pattern completion where a retrieval 

cue provides sufficient information to trigger memory retrieval (Neunuebel; Knierim, 2014). 

Despite Semon's anticipation of contemporary memory concepts, researchers in his time 

largely ignored his theories. In the 1920s, Karl Lashley attempted to confirm to locate a memory 

engram within the rat's cortex. Lashley trained rats to find food in a maze before selectively 

ablating different cortical regions, hypothesizing that the ablated area would contain the 

corresponding engram (Lashley, 1925). Surprisingly, Lashley's results showed that the size of 

the lesion correlated with the extent of memory impairment, but not its location (Lashley, 1950). 

Despite his best efforts, Lashley was unable to locate the engram in a specific brain region, 

which led him to conclude that the engram supporting this form of memory is not localized in a 

specific cortical area. Later it was found that bilateral lesions of the hippocampus profoundly 

disrupt the ability to form new declarative memories. Around 1955, Brenda Milner and Wilder 

Graves Penfield investigated patients experiencing profound memory loss after unilateral 

temporal lobectomy to reduce epileptic seizures (Penfield & Milner, 1958). This impact on 

memory was unusual, since the lobectomy was unilateral and in the other similarly operated 

patients, there was no retrograde memory loss. Further studies confirmed unexpected pre- 

existing functional lesions in the contralateral temporal lobe. Therefore, they strongly warned 

against complete temporal lobectomy if there were any indications that abnormalities might 

exist in both lobes. Around the same time, the American surgeon William Scoville performed a 

bilateral temporal lobe resection on the famous patient Henry Molaison (patient HM). Milner 

met Scoville at the American Neurological Association conference and began to study HM, 

concluding that the hippocampal region, including the hippocampus proper and adjacent 
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temporal lobe structures, was crucial for episodic memory formation but not for recall of remote 

memories or the formation of non-declarative memory (Scoville & Milner, 1957). Milner and 

Scoville’s findings provided compelling evidence for memory localization, pioneering a 

dedicated field focused on understanding the hippocampus role in memory. 

Episodic memory pertains to our conscious capacity to explicitly recall personally experienced 

events (Tulving et al., 1983). In humans, the hippocampus plays a crucial role in encoding and 

retrieving the order of events in memories. While memory content for events is largely 

unaffected, remembering the temporal order of events is greatly impaired by damage to the 

hippocampus (Dede et al., 2016). Similarly, studies in rats with selective hippocampal lesions 

show impairments in remembering the order of a sequence, even when memory for the stimuli 

themselves was unaffected. (Fortin et al., 2002; Kesner et al., 2002). Recording studies in 

animals further support the hippocampus's involvement in mapping temporal events, 

independent of spatial coding (Kraus et al., 2013; Naya & Suzuki, 2011; Pastalkova et al., 

2008; Paz et al., 2010; Spiers et al., 2001). This indicates that the hippocampus is specifically 

implicated in the temporal organization of memories, highlighting its role in formation of 

episodic memory. 

 
 

Hippocampal connectivity- the trisynaptic pathway 

 
In the early 20th century, Lorente de Nó was among the first pioneering scientists to describe 

parts of the hippocampal cytoarchitecture, specifically the cornu ammonis fields: CA1, CA2, 

and CA3 (Lorente, 1932). In the mid-20th century, the identification of extrinsic and intrinsic 

pathways in the medial temporal lobe provided evidence that the hippocampus is part of a 

broader highly conserved circuitry known as the hippocampal formation (Blackstad, 1956; 

Zimmer, 1971). The hippocampal formation includes the medial and lateral entorhinal cortex 

(MEC, LEC), the dentate gyrus (DG), the cornu ammonis fields CA1, CA2, CA3, and 

parahippocampal structures such as the presubiculum (PreSb) and parasubiculum (ParaSb) 

(Hartley et al., 2013; van Strien et al., 2009) (Fig. 1). The predominantly unidirectional 
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information flow (EC-DG-CA3-CA1-Sub) along the hippocampal structure, is unique across 

brain regions and offers an optimal model to study connectivity (Hartley et al., 2013; Squire et 

al., 2004; van Strien et al., 2009). Para-hippocampal structures, such as the perirhinal and 

 

 
Figure I1: Schematic overview of the hippocampal formation and parahippocampal structures(Hartley et 
al., 2013). 

 

 
postrhinal cortex, enable the hippocampal formation to exchange information with cortical 

areas (van Strien et al., 2009). There are two primary routes targeting the parahippocampal 

structures: the first leads from the perirhinal cortex (Ctx) to the lateral entorhinal cortex (LEC), 

while the second connects the postrhinal cortex with the medial entorhinal cortex (MEC) (Witter 

et al., 2013). The MEC projections forming the perforant pathway terminate on the dendrites 

of dentate granule cells within the molecular layer of the dentate gyrus (DG) (Amaral et al., 

2007). Additionally, both regions of the entorhinal cortex establish monosynaptic connections 

with both CA1 and CA3 and subiculum (Sub) (Witter et al., 2013). The axons of dentate granule 

cells extend through so-called mossy fibers, reaching the pyramidal cells located in the CA3 

region. Notably, CA3 pyramidal cells form intrinsic connections with other CA3 cells, known as 

recurrent collaterals, and project through Schaffer collaterals to the CA1 region (Hartley et al., 

2013). The CA1 region serves as the primary output of the trisynaptic circuit, targeting back to 

the MEC and LEC and the subiculum (Amaral et al., 2007; Wible, 2013). Additional pathways 

include connections from the subiculum to both the presubiculum (PreSb) and parasubiculum 

(ParaSb) along with connections from the presubiculum to the medial entorhinal cortex and 

from the parasubiculum to both the lateral and medial entorhinal cortex (Hartley et al., 2013). 
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Hippocampus – spatial memory and navigation 

 
 

As mentioned above, the hippocampus is localized in the medial temporal lobe and plays a 

critical function in memory formation. Damage to the hippocampus or the medial temporal lobe 

in pathological conditions such as Alzheimer's disease (Scheff et al., 2006; Zhu et al., 2017) 

or temporal lobe epilepsy (Butler & Zeman, 2008; Giovagnoli & Avanzini, 1999), impairs 

memory acquisition and recall. Studies in humans and rodents show that the hippocampus is 

crucial for processing spatial information in both virtual and real navigation (Ekstrom & 

Ranganath, 2017; Hartley et al., 2013). Spatial navigation involves different strategies, ranging 

from simple to more strategic approaches (Eichenbaum, 2017). The most basic navigation 

strategy is “search," where individuals explore the environment without a defined goal. In this 

sense, "to remember that rewards can be found by random searching" is a critical feature for 

successful performance (Eichenbaum, 2017). Beyond simple search, individuals use more 

complex navigation strategies. This can range from simple “route following”, where known 

paths are retraced, to more elaborate “wayfinding” and “survey navigation” techniques 

(Eichenbaum, 2017; Lisman et al., 2017). The latter methods involve the formation and use of 

mental representation of an area for navigation, explained by the cognitive map theory. 

The cognitive map theory, indicates that spatial orientation is governed by memory 

representations that are organized as cognitive maps (Tolman, 1948). Spatial orientation is 

perceived through two different frameworks: allocentric and egocentric. "Allocentric framework" 

involves the ability to represent and see the environment from an external perspective (Lisman 

et al., 2017). This involves forming cognitive maps that include the spatial relationships between 

different landmarks. On the other hand, "egocentric framework" involves the capability to 

perceive the environment through a self-centered perspective. In this case, individuals rely on 

the personal cues and their position within the environment. The cognitive map theory was 

supported by the discovery of "place cells" in the hippocampus, which refer to neurons that fire 

in a specific place in the environment (O’Keefe & Dostrovsky, 1971). Additional modalities are 

also encoded in neuronal firing. These include grid cells in the 
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entorhinal cortex, head-direction cells signaling orientation, speed-coding cells indicating 

movement speed, and time-coding cells contributing to temporal aspects of spatial 

representation (Hafting et al., 2005; Sargolini et al., 2006; Taube et al., 1990; Whitlock et al., 

2008). The hippocampus's involvement in both spatial and temporal processing suggests an 

intertwined representation where the spatial context provides a framework for organizing 

events along a temporal axis. By separating elements from the current time and place, the 

hippocampus offers a type of representation useful for retrospective (specific episodic memory 

recall) and prospective (prediction or simulation) cognition (Lisman et al., 2017). The question 

remains whether the hippocampus creates a temporal framework similar to spatial 

representation, or whether the sense of time is merely a consequence of moving through 

places in a particular order. 

The Immediate early genes 

 
Stimulation of neurons can elicit two separate mechanisms for processing and transmitting 

information: immediate electrophysiological activity, swiftly conveying information about the 

stimulus, and more delayed second-messenger signaling pathways, which lead to the 

induction of the nuclear transcription machinery via constitutively expressed transcription 

factors (Herdegen & Leah, 1998). The first genes that undergo rapid expression after cellular 

stimulation are termed immediate early genes (IEGs). The induction of IEGs takes place within 

minutes and does not need de novo protein synthesis prior to their induction (Herdegen & 

Leah, 1998). Most IEGs are inducible transcription factors (ITF) (Cruz-Mendoza et al., 2022; 

Saha & Dudek, 2013). Well studied ITFs are proteins from the FOS family (cFOS, FOSB, 

ΔFOSB, FRA-1, FRA-2) and the JUN family (cJUN, JUNB, JUND), (Herdegen & Leah, 1998). 

Following translation in the cytoplasm, ITFs are translocated to the nucleus, where they 

orchestrate the transcription of intermediate or late-expressing genes (Angel & Karin, 1991; 

Silver, 1991; Wisdom, 1999), which may be relevant for the induction of long-term structural 

changes in neurons and synapses (Davis & Squire, 1984; Matthies, 1989). ITFs initiate 
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Figure I2: Dimerization of cFOS and cJUN forming leucine zipper (LZ) and DNA binding domain (DBD) 
(left). Table of observed dimerization of inducible transcription factors (right) (Herdegen & Leah, 1998). 

 

transcription by binding to pre-existing initiation complexes, forming homo- or heterodimers 

with the activating protein 1 (AP-1) transcription factor complex at the appropriate promoter 

binding site (Angel & Karin, 1991; Silver, 1991; Wisdom, 1999). AP-1, cJUN and cFOS 

heterodimers assemble via the C-terminal leucine zipper (LZ) and bind to DNA via the N- 

terminal DNA binding domains (DBD) (Figure 2, left). They are highly stable and bind efficiently 

to both AP-1 and CRE sites (Hirai et al., 1990; Ryseck & Bravo, 1991). On the other hand, 

cJUN homodimers exhibit a strong affinity for CRE binding sites (Halazonetis et al., 1988). 

Examples of observed dimerization between the FOS and JUN family members resulting in up 

or down regulation of gene expression are shown in (Figure 2, right) (Herdegen & Leah, 1998). 

 
 

Induction of cFOS (Ca2+ influx) 

 

Among the first IEGs identified is cFOS (cellular-FOS) (Curran et al., 1984; Curran & Teich, 

1982). One of the first observations of cFOS induction was noted in fibroblasts following 

stimulation with growth factors (Greenberg & Ziff, 1984), which suggested that cFOS plays an 

active role in the transcriptional control of cell division (Stiles, 1985). Subsequently, cFOS was 

also identified in neuroendocrine cells upon stimulation with nerve growth factor (NGF), which, 
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like cFOS, regulates cell differentiation (Curran & Morgan, 1985). In the rat nervous system, 

cFOS was identified via immunohistological staining in response to noxious stimulation (Bullitt, 

1990) and cFOS mRNA is detected in neurons of the cortex, hippocampus, and limbic system 

within 5-20 minutes after seizures (Morgan et al., 1987; Morgan & Curran, 1986). cFOS 

consists of 380 amino acids with a molecular weight of 56–62 kDa (Herdegen et al., 1995). 

The basal level of cFOS mRNA is very low because of its instability and auto-repression by the 

cFOS protein itself (Lucibello et al., 1989; Morgan & Curran, 1991). In most regions of the brain 

cFOS expression is transient (60 - 90 min.) and has a half-life of 2 hours (Del-Bel et al., 2000; 

Morgan & Curran, 1991; Onodera et al., 1989; Saha & Dudek, 2013; Yokoyama et al., 2013). 

Various stimuli like growth factors, cytokines, electric or neurochemical-induced seizures, 

nociceptive stimulation, stress, learning, sexual behavior, or exposure to light can trigger 

neuronal activity and expression of cFOS (Gustems et al., 2014; Hsu et al., 2007; Hudson, 

2018; Jackson et al., 2002; Pang et al., 1993; Xu et al., 2006). In order to translate synaptic 

activity into nuclear gene expression, intracellular Ca2+ is thought to play a crucial role 

(Deisseroth et al., 2003; Ghosh et al., 1994). Neurons actively maintain low intracellular Ca2+ 

levels by extruding Ca2+ to the extracellular space and storing it within intracellular Ca2+ stores 

like the endoplasmic reticulum (Cohen & Greenberg, 2008). Upon neuronal activation, the 

increase in intracellular Ca2+ concentration mainly results from Ca2+ influx through two main 

sources: the glutamate-activated NMDA receptor (NMDAR), and the L-type voltage-sensitive 

Ca2+ channel (VSCC) (Chaudhuri et al., 2000) (Figure 3). NMDARs are highly permeable to 

Ca2+ (Lau & Zukin, 2007) and are activated by glutamate plus glycine/D-serine/taurine binding 

and simultaneous depolarization through fast-acting glutamatergic AMPA receptors (Derkach 

et al., 2007). Upon depolarization, more Ca2+ can flow into the neuron through voltage-sensitive 

Ca2+ channels (VSCC) (Rajadhyaksha et al., 1999). In contrast to P/Q-, N-, and R-type Ca2+ 

channels, which are responsible to evoke synaptic transmission (Catterall, 2011; Olivera et al., 

1994), several studies indicate that IEG expression is predominantly driven by Ca2+ entry 
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through L-type voltage-sensitive Ca2+ channels (L-VSCCs). This preference is attributed to 

their Ca2+ conductance, gating properties (Simms & Zamponi, 2014; Wheeler et al., 2012), and 

localization in cell bodies and proximal dendritic regions (Westenbroek et al., 1990), which 

brings them in closer proximity to the nucleus. Activation of metabotropic glutamate receptors 

(mGluRs) also induces cFOS (J. Q. Wang et al., 2007). Synaptically released glutamate 

activates mGluRs releasing the associated GTP-binding proteins. From the group I mGluRs, 

Gq proteins activate downstream phospholipase C (PLC). Once activated, PLC cleaves the 

membrane-bound phosphatidylinositol-4,5-bisphosphate (PIP2), producing diacylglycerol 

(DAG) and soluble inositol 1,4,5-trisphosphate (IP3), which can subsequently diffuse and 

activate IP3 receptors on the ER membrane (Bodzęta et al., 2021; Hagenston & Bading, 2011). IP3 

receptor activation induces the release of Ca2+ from the ER. The increase in cytoplasmic Ca2+ 

stimulates a cascade of signaling events, including the activation of the Ras-mitogen- 

associated protein kinase (MAPK), Ca2+/ calmodulin-dependent protein kinases (CaMKs), and 

calcineurin-mediated signaling pathways (Bito et al., 1996; Hardingham et al., 1997; Xing et 

al., 1996). Activation of the MAPK pathway leads to the phosphorylation of ETS-like gene 1 

(Elk-1). Elk1 binds in collaboration with the serum response factor (SRF) to the serum response 

element (SRE) on the c-fos promoter (Cruz et al., 2015). The activation of calmodulin and 

subsequently CaMKII/IV activates nuclear CREB (cyclic AMP response element binding 

protein), which undergoes phosphorylation by ribosomal S6 kinase (Chung, 2015). The 

phosphorylated CREB then binds in association with the CREB binding protein (CBP) to the 

Ca2+ response element (CRE) in the c-fos promoter, inducing activation of the polymerase II 

transcription machinery (Chung, 2015). Following translation in the cytoplasm, cFOS protein 

translocates back into the nucleus serving as a transcription factor for "late" genes. Despite all 

the studies that have linked Ca2+ to cFOS induction, I find that there is very little correlation 

between the two. In the following work, I will present evidence demonstrating a poor correlation 

between intracellular Ca2+ and cFOS in individual neurons. I also found that it is spiking of the 

presynaptic neurons and not spiking per se that is critical for cFOS induction in an mGluR- and 

Gq-dependent manner. 
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Figure I3: Schematic representation of cFOS induction 

 
 

 
FOS as a marker for neuronal activity 

 
Neuronal cFOS increases in rodents during learning and in novel environments, with the 

novelty of presented stimuli and their associations being significant factors (Bernstein et al., 

2019; Bourgeois et al., 2012; Day et al., 2001; Handa et al., 1993; Monfil et al., 2018). The 
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highest expression of cFOS occurs during the early phases of training when learning is at its 

peak. Mice lacking cFOS in the CNS display normal general and emotional behavior but have 

specific impairments in hippocampus-dependent spatial and associative learning tasks, 

accompanied by a decrease in long-term potentiation (LTP) between CA3 to CA1 synapses 

(Fleischmann et al., 2003). These findings, coupled with the ease of using immunohistological 

techniques for detecting cFOS in individual neurons, sparked the use of cFOS as a proxy for 

active neurons and attempts to identify engrams formed during learning paradigms. A better 

understanding of how cFOS expression is controlled is also a subject investigated in this thesis 

ΔFOSB related to addiction (Striatum, Nucleus accumbens) 

 
 

During the course of my studies, I found that in the dentate gyrus an important factor predicting 

cFOS expression was the absence of ΔFOSB. ΔFOSB is a member of the FOS family and an 

alternative splicing product of fosB mRNA (Nestler et al., 2001). The feature that distinguishes 

ΔFOSB from other FOS family transcription factors is its persistence. The 33kD isoform peaks 

at around 6 hours and has an in vitro half-life of around 10 hours (Ulery et al., 2006) with some 

 

Figure I4: Schematic representation of cFOS and ΔFOSB expression levels over time (Nestler et al., 
2001) 

isoforms persisting for up to several weeks in vivo (Fig 4.) (Carle et al., 2007; Ulery-Reynolds 

et al., 2009). ΔFOSB gradually accumulates following chronic exposure to various 
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psychoactive stimuli, such as stress, specific lesions, drugs of abuse, and natural rewards in 

various regions of the brain. (Andersson et al., 2003; Bing et al., 1997; Colby et al., 2003; Hiroi 

& Graybiel, 1996; M. B. Kelz et al., 1999; Mandelzys et al., 1997; Moratalla, Vallejo, et al., 

1996; Peakman et al., 2003; Linda I. Perrotti et al., 2004; Werme et al., 2002; Zachariou et al., 

2006). Accumulation of ΔFOSB in the nucleus accumbens has been documented in response 

to substances such as cocaine, morphine, amphetamine, alcohol, nicotine, and phencyclidine 

(Hope, Nye, et al., 1994; Max B. Kelz & Nestler, 2000; Moratalla, Elibol, et al., 1996; Nye et 

al., 1995; Nye & Nestler, 1996; Pich et al., 1997). The longevity of ΔFOSB is not attributed to a 

consistent mRNA production but rather to the posttranslational phosphorylation of the protein by 

casein kinase II (CKII) at a highly conserved serine residue (Ser27), which prevents its 

proteasomal degradation (Ulery et al., 2006). ΔFOSB accumulation is dependent on several 

other factors. In the absence of the dopamine- and cAMP-regulated phosphoprotein (DARPP- 

32), a protein that regulates the catalytic activity of protein phosphatase-1 and protein kinase 

A, ΔFOSB accumulation is attenuated (Bibb et al., 1999; Greengard et al., 1999). DARPP-32 is 

enriched in multiple brain regions, with highest enrichment in the dopaminoceptive neurons of 

the striatum (Fienberg et al., 1998; Hiroi et al., 1999), in neurons of the amygdala, the 

neocortex including layers II, III, VI, the granule cell layer of the dentate gyrus (Barbas et al., 

1993), choroid plexus, hypothalamus and cerebellum (Ouimet et al., 1984). Furthermore, 

dopamine D1 receptor signaling interacts with the activin receptor-like kinase 4/Smad3 

pathway in medium spiny neurons of the nucleus accumbens resulting in the translocation of 

PCBP1 and Smad3 to the nucleus (Krapacher et al., 2022). The PCBP1 RNA-binding protein- 

SMAD3 complex increases FOSB mRNA splicing and is essential for ΔFOSB accumulation 

and behavioral sensitization to cocaine in adult mice (Fig. 5). Key regions related to ΔFOSB 

accumulation are the nucleus accumbens and dorsal striatum. Both are important mediators 

of the behavioral responses to drugs, in particular for the effects of reward and locomotor 

activity. Overexpression of ΔFOSB in D1-MSNs in the nucleus accumbens (NAc) and dorsal 

striatum in mice leads to increased addiction-related behaviour. For example, heightened 

locomotor responsiveness for cocaine (Grueter et al., 2013; M. B. Kelz et al., 1999), increased 
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conditioned place preference for both cocaine and morphine (Grueter et al., 2013; M. B. Kelz 

et al., 1999; Zachariou et al., 2006), and increased self-administration of cocaine with an 

elevated risk of relapse (Colby et al., 2003). Despite lacking parts of the C-terminal 

transactivation domain, ΔFOSB can function as a potent activator and repressor (Dobrazanski 

et al., 1991; McClung & Nestler, 2003; Nakabeppu & Nathans, 1991) through dimerization with 

JUN proteins (predominantly with JUND) facilitated by its leucine zipper domain (Rylski & 

Kaczmarek, 2004). Within the nucleus accumbens, ΔFOSB exerts its inhibitory effect on cFOS 

 
Figure I5: Activin and Dopamine signaling enhance ΔFOSB slicing 

 

by binding directly to its promoter and recruiting histone deacetylase class I (HDAC1) (Renthal 

et al., 2008). This recruitment results in the deacetylation of nearby histones, leading to a 

reduction in gene activity. This mechanism is supported by findings showing that the local 

knockout of HDAC1 in the striatum eliminates amphetamine-induced desensitization of the c- 
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fos gene (Renthal et al., 2008). Further, ΔFOSB regulates genes for glutamatergic synaptic 

strength, for example AMPA receptor subunits (M. B. Kelz et al., 1999; Vialou et al., 2010), 

CaMKIIa (Robison et al., 2013), and cyclin-dependent kinase 5 (CDK5) (Chen et al., 2000). In 

the nucleus accumbens, ΔFOSB exhibits distinct effects on D1 and D2 medium spiny neurons 

(MSNs) in response to chronic social defeat stress. Resilient mice accumulate ΔFOSB in D1- 

MSNs in chronic social defeat, while susceptible mice show ΔFOSB accumulation in D2-MSNs 

(Lobo et al., 2013). These data align with the outcome observed in optogenetic activation 

experiments of MSN subtypes during chronic social defeat (Francis et al., 2015). Altogether, 

the ΔFOSB gene is an important gene expression mediator for repetitive, addictive behavior. 

 
 

ΔFOSB related to memory (Hippocampus) 

 
 

Epilepsy is a neurological disorder characterized by repetitive, unprovoked seizures. Seizures 

are episodes of high electrical activity in the brain, leading to various symptoms such as 

convulsions, loss of consciousness, unusual behaviors, sensations, or emotions (Shneker & 

Fountain, 2003). Epilepsy in humans and mice is associated with cognitive decline (Chin & 

Scharfman, 2013; Minkeviciene et al., 2009; Palop & Mucke, 2009). There is a growing body 

of evidence suggesting that seizures and epileptiform activity occur also in patients with 

Alzheimer's disease (AD). A recent study indicates that 42 % of AD patients without a clinical 

history of seizures displayed subclinical epileptiform activity (Vossel et al., 2016). Furthermore, 

AD is associated with a significantly elevated risk, up to 10 times higher, of experiencing 

seizures (Amatniek et al., 2006; Larner, 2010; Lozsadi & Larner, 2006). Similar to the nucleus 

accumbens, chronic activity leads to accumulation of ΔFOSB in the hippocampus. In the 

hippocampus, ΔFOSB increases after externally induced electroconvulsive seizures in rats 

(Chen et al., 2000; Hope, Kelz, et al., 1994) and in several genetic mouse models prone to 

seizures (Biagini et al., 2005; T.-S. Lee et al., 2021; You et al., 2017). In the dentate gyrus, 

ΔFOSB levels increase due to spontaneous seizures in a mouse model of Alzheimer’s disease 

(APP mice) (Corbett et al., 2017). In the dentate gyrus, ΔFOSB recruits HDAC1 to the cFOS 
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promoter, resulting in the suppression of genes, including cFOS (Corbett et al., 2017) and 

calbindin (You et al., 2017). The repression of both proteins leads to cognitive deficits and can 

be restored blocking ΔFOSB signaling via ΔJUND overexpression or treatment with HDAC 

inhibitors (Corbett et al., 2017; You et al., 2017). Further, ΔFOSB is highly induced in the DG 

(dentate gyrus) and to a lesser extent in the CA1 region during physiological induced activities 

like spatial learning and exposure to a novel environment (Eagle et al., 2015). There is 

evidence that ΔFOSB plays a crucial role in hippocampal-dependent memory by modulating 

the excitability of pyramidal neurons in both the dorsal and ventral hippocampus (Eagle et al., 

2018). A total knockout of the fosb gene increases excitability, increases the risk of seizures, 

and impairs in spatial memory (Eagle et al., 2020; Yutsudo et al., 2013). Similarly, 

overexpression of ΔJUND, an inhibitory modulator of the transcriptional action of ΔFOSB, 

impaired learning and memory in hippocampal-dependent tasks (Eagle et al., 2015). On the 

neuronal level, the overexpression of ΔFOSB decreases excitability of CA1 pyramidal neurons, 

while the overexpression of its dominant negative form increases excitability (Eagle et al., 

2018). Overexpression of ΔFOSB also increases the number of immature dendritic spines on 

CA1 pyramidal cells. Conversely, ΔJUND overexpression reduces both immature and mature 

spine types, indicating an attempt to compensate for the changes in excitability (Eagle et al., 

2015). These findings suggest that ΔFOSB expression in response to high or chronic neuronal 

activity serves as an essential negative feedback mechanism and may be important for 

homeostatic scaling (Turrigiano et al., 1998). 

 
 

Regulating Chromatin accessibility via histone modification 

 
Long-term memory formation is based on the interplay between synaptic communication and 

nuclear signaling (Hagenston & Bading, 2011). Activity-induced signaling cascades, such as 

those initiated by Ca2+ influx, can activate CAMKII, triggering signals that lead to gene 

transcription (S.-J. R. Lee et al., 2009). The initiation of gene transcription depends on the 

chromatin state (Klemm et al., 2019). Chromatin accessibility refers to the ease with which 
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nuclear macromolecules, such as transcription factors and regulatory proteins, can physically 

interact with DNA, such as promoter or enhancer regions. Closed states involve tightly wound 

chromatin that allows limited access to the encoded genes although pioneer transcription 

factors may still access and bind to the DNA. Permissive or primed states are characterized 

by pre-bound transcription factors and histone modifications, facilitating the relaxation of the 

chromatin. Finally, open states allow fast access to the transcriptional complex. (Klemm et al., 

2019). The histone modification machinery regulates the epigenetic state of a cell by 

modulating the state of the chromatin in response to stimulus- and time-specific factors. 

(Klemm et al., 2019). It involves 'writing' enzymes known as histone acetyltransferases (HATs). 

These enzymes transfer acetyl groups to lysine residues on histones Histone 

acetyltransferases (HATs) will facilitate the opening of DNA by the addition of acetyl groups to 

histone proteins. Acetylation neutralizes the positive charge of histones. This reduces their 

affinity for negatively charged DNA. This modification relaxes the chromatin structure, making 

the DNA more accessible to the transcriptional machinery. In contrast, 'erasing' enzymes 

referred to as histone deacetylases (HDACs) remove acetyl residues and cause chromatin 

condensation. Eleven histone deacetylase (HDAC) proteins have been identified, with 

distribution in different cellular compartments (X.-J. Yang & Seto, 2008). HDACs found in the 

nucleus are HDAC1, HDAC2, HDAC3, and HDAC8. Those located in the cytosol are HDAC6 

and HDAC10. HDACs distributed in both the nucleus and cytosol are HDAC4, HDAC5, 

HDAC7, HDAC9, and HDAC11. Additionally, 'reading' enzymes are equipped with 

bromodomains and responsible for the localization and identification of acetylated lysine 

residues. This enzymatic machinery contributes to the maintenance of the chromatin state, and 

can be seen as a regulator of gene transcription (Peixoto & Abel, 2013). 

 
 

The role of histone acetylation in memory formation 

 
The combination of HDAC inhibitors with different learning paradigms has been shown to 

increase histone acetylation. Increased hippocampal histone acetylation was observed after 
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contextual fear conditioning, novel object recognition, and spatial memory tasks (Bousiges et 

al., 2010; Levenson et al., 2004; Takuma et al., 2014; Villain et al., 2016). In the CA1 region, 

the acetylation of histone H3 is increased after contextual fear conditioning. (Levenson et al., 

2004). In the dentate gyrus, histone acetylation is increased during the phase of consolidation 

following water maze training. (Bousiges et al., 2010). The exposure to a new environment, 

significantly increases the level of acetylated histones H3 in the in the dentate gyrus of rats 

(Chandramohan et al., 2007). On the other hand, reduced histone acetylation was observed in 

hippocampi associated with pathological conditions with reduced cognitive abilities, such as 

Alzheimer's disease (AD) (Janczura et al., 2018; Panikker et al., 2018). It was shown, that 

HDAC inhibitors rescue memory impairment in neurodegenerative diseases (Agís-Balboa et 

al., 2017; Bowers et al., 2015; Whittle et al., 2016; Wilson et al., 2014). Interestingly, the 

inhibition of HDACs after learning enhances memory recall (Fischer et al., 2007; Gräff et al., 

2014; Kwapis et al., 2017; Levenson et al., 2004; Valiati et al., 2017; Yuan et al., 2015). How 

HDAC inhibitors improve memory is not fully understood, but it is noteworthy that some HDAC 

inhibitors can cause unfavorable symptoms such as increased aggression and restlessness. 

(Herrmann et al., 2007). 
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Publications 

Publication #1: ΔFOSB accumulation in hippocampal granule cells drives 

cFOS pattern separation during spatial learning 

Lamothe-Molina, Paul J.*, Andreas Franzelin*, Lennart Beck, Dong Li, Lea Auksutat, Tim 

Fieblinger, Laura Laprell, et al. 2022. “ΔFOSB Accumulation in Hippocampal Granule 

Cells Drives CFOS Pattern Separation during Spatial Learning.” Nature 

Communications 13 (1): 6376. 

* these authors contributed equally 

 
 

This study uses optogenetic inhibition during memory recall in the water maze to investigate 

the expression of immediate early genes in dentate gyrus. We describe a novel epigenetic 

mechanism that leads to sparse and changing patterns of cFOS expression during a multi-day 

learning paradigm. 

In order to manipulate active neurons during memory recall we were investigating under which 

conditions dentate granule cells once cFOS positive, re-express cFOS again. I conducted all 

the ex-vivo analysis on brain tissue samples obtained from mice that underwent training under 

various conditions in the water maze. (Fig. 1j, k; Fig. 2f, g; Fig. 3e, j; Fig. S2; Fig. S3; Fig. S5b, 

c; Fig. S7b; Fig. S8; Fig. S10, Fig. S11, Fig. S12). We observed that dentate granule cells 

rarely re-expressed cFOS on two consecutive days during water maze training, which was an 

unexpected result. With the help of the photo-convertible Ca2+ indicator CaMPARI2, we could 

prove that cFOS positive neurons are indeed reactivated during the water maze training on 

day 2 but do not re-express cFOS. For this experiment I tested antibodies against CaMPAIR2 

and analyzed tissue samples from trained and untrained mice (Fig. 4c - e). Based on my 

suggestion we designed an experiment to investigate the temporal characteristics of cFOS 

positive ensembles while mice are in their home cage. This experiment was important to show 

that the inability to re-express cFOS is an intrinsic feature of dentate granule cells and not 

unique to neurons that expressed cFOS in the water maze. I was responsible for the design 

and the analysis of the experiment. (Fig. 5b – g, also Fig. S1d-h). We therefore learned that 

cFOS is not consistently expressed in response to neural activity. I identified ΔFOSB as a 

potential candidate for the underlying mechanism of cFOS repression after an extensive 

literature search. I then helped design, and performed all ex-vivo analysis using anti- ΔFOSB 

antibodies (Fig. 6). I also designed and performed the experiments in Fig. 7, where I learned 

that DG neurons are particularly resistant to FOS re-expression. I also helped design the water 
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maze experiments in Fig. 8 and performed the analysis (Fig. 8a - c). I also helped write the 

manuscript, and created the figures showing the data I collected and analyzed. 
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Publication (preprint) #2: Neuronal FOS reports synchronized activity of 

presynaptic neurons 

Anisimova, Margarita, Paul J. Lamothe-Molina, Andreas Franzelin, Aman S. Aberra, Michael 

B. Hoppa, Christine E. Gee, and Thomas G. Oertner. 2023. “Neuronal FOS Reports 

Synchronized Activity of Presynaptic Neurons.” BioRxiv. 

https://doi.org/10.1101/2023.09.04.556168 

 

 

Currently being prepared for re-submission 
 

In this study, we clarified that cFOS is not an indicator of a neuron’s own spiking activity, but 

rather of synchronized activity in the population of presynaptic neurons. I designed and 

conducted a key experiment (Fig. 5) and was fully responsible for the data analysis and 

preparation of Fig. 5 and Fig. 6. I also contributed to literature research and manuscript writing. 
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Publication (preprint) #3: Epigenetic repression of cFOS supports 

sequential formation of distinct spatial memories 

Andreas Franzelin, Paul J. Lamothe-Molina, Christine E. Gee, Andrey Formozov, Eric 

Schreiter, Fabio Morellini, Thomas G. Oertner: 2024 “Epigenetic repression of cFOS 

supports sequential formation of distinct spatial memories ”. Biorxiv. 

https://doi.org/10.1101/2024.02.16.580703 
 

This manuscript contains the majority of my work. I discovered an epigenetic repression 

mechanism activated during learning and explored the behavioral consequences of disabling 

the repression by HDAC inhibition. I designed, conducted and analyzed all major experiments 

(Figs 1, 2, 3, 4, 7, 8). Stereotactic injections for the experiments in Figs 5 and 6) were performed 

by PJL and I performed the behavioral experiments and analyzed all data. I wrote the first draft 

of the manuscript and was fully responsible for the design of all figures. 
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General Discussion 

 
 
cFOS labels engram neurons during first memory encounter but cannot be 

predicted by Ca2+
 

 

Over the past few decades, cFOS has become a widely used marker of neuronal activity. In 

particular, it has been used to label and identify neurons in specific behavioural contexts and 

to drive the expression of optogenetic tools that are then used to manipulate the activity of 

these neurons during memory retrieval. (Denny et al., 2014; Liu et al., 2012, 2014; Ramirez et 

al., 2013). This use of cFOS is based on the assumption that there is a causal relationship 

between neuronal activity and cFOS expression and that this relationship holds true for all 

neurons throughout the brain. Whereas I present clear evidence that cFOS increases following 

spatial learning or novel environmental exposure (Publication1: Fig. 2g, SF2), we also 

observed that dentate granule cells that once expressed cFOS, rarely re-express cFOS 

(Publication1: Fig. 1k, 2f) when they are reactivated as indicated by elevated Ca2+ levels 

(Publication1: Fig. 4). On closer examination, I found a strong correlation between Ca2+ and 

cFOS at the population level in all hippocampal subregions, (CA1, CA3, DG) (Publication3: 

Fig. 1D-F), but no predictive relationship between Ca2+ and cFOS at the single cell level 

(Discussion: Fig. D1A). Our data show that there is a complex relationship between neuronal 

spiking, intracellular Ca2+ and cFOS. The absence of cFOS does not mean the absence of 

activity. 

Although not widely appreciated, several other studies contain similar findings. For example, 

mice performing a two-alternative forced choice task show similar weak correlations between 

Ca2+ and two IEGs (cFOS, Arg1/Arc) in CA1 pyramidal using two-photon Ca2+ imaging 

(Mahringer et al., 2019) (Discussion: Fig. D1B-C). A study using cytosolic CaMPARI2 also 

showed weak correlations between Ca2+ and cFOS in the visual cortex of mice under standard 

12/12-hour light/dark cycle conditions. (Discussion: Fig. D1D) (Trojanowski et al., 2021). 

However, when mice were exposed to a prolonged dark cycle before photoconversion, the 



134  

correlation improved. Thus, a prolonged period of quiescence followed by a sudden onset of 

activity increases the likelihood of cFOS expression (Discussion: Fig. D1E). Also, exposure to 

novel environments induces cFOS in multiple brain areas, but cFOS expression is reduced 

upon repeated exposure to the same context (Papa et al., 1993; Struthers et al., 2005). These 

findings mean that using cFOS to identify ‘engram cells’ during subsequent recall of the 

memory is ill-advised. 

 

Figure D1 Correlation of Ca2+ and cFOS in the CA1 and DG. A) Analysis of CA1 neurons with nuclear 
CaMPARI2 stimulated with bicuculline for up to 60 seconds shows minimal correlation at the single cell 
level. B-C) Similarly low correlations are observed in CA1 neurons expressing jRGECO and cFOS-GFP 
or Arg1/Arc fusion proteins during a two-alternative forced choice task (Mahringer et al., 2019) D-E) 
Visual cortex neurons with cytosolic CaMPARI2 also show a weak correlation between Ca2+ and cFOS 
during 12h/12h light/dark cycles. The introduction of a 60 h dark period before photoconversion in the 
following light cycle increases the correlation (Trojanowski et al., 2021). F) Gene activity status of 
dentate granule cells. (Lacar et al., 2016) 

 

A requirement for a neuron to be called a potential engram cell is that it should be active both 

when forming a memory and when retrieving that memory, as when a mouse is returned to the 

same context in which something was previously learned (Josselyn & Tonegawa, 2020; Khalaf 

et al., 2018; Lacagnina et al., 2019). Importantly, almost all previous studies looking for 'engram 

cells' have used single-trial aversive stimuli such as footshocks; to my knowledge, we 
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were the first to perform such studies in the water maze. Entering the field rather naively, my 

colleagues and I were surprised to find that only a small fraction (2-8%) of dentate granule 

cells re-expressed cFOS during memory retrieval in the water maze (Publication1: Fig.1k, 2f). 

This result differed from our initial expectation that we would be able to identify individual DG 

engrams encoding specific memories: We thought that each memory would be associated with 

a different but highly reproducible pattern of cFOS-expressing neurons. We hoped to be able 

to use cFOS patterns to tell which memory, in our design different platform positions, a mouse 

was recalling. Although the overlap, i.e. the number of DG neurons expressing cFOS during 

training and recall, was always higher than chance, there was no way of using cFOS expression 

to distinguish between the remembered locations (Publication1: Fig.2). Although still quite 

speculative, my answer to the question: What do cFOS+ ensembles represent in the dentate 

gyrus, would be that the cFOS-expressing neurons that are expressed in a similar context on 

successive days are those that are involved in learning the differences between days. In this 

way, they are involved in registering the temporal sequence of events. 

An important feature of neurons that are part of an engram ensemble is their intrinsic 

excitability, which is enhanced by learning (Sehgal et al., 2014; Zhou et al., 2009). In the lateral 

amygdala, the likelihood of neurons being incorporated into an Arc/Arg3.1-positive engram is 

increased when CREB is overexpressed and excitability is increased (Han et al., 2007). 

Neuronal excitability changes over time. When cells express cFOS, they have increased 

excitability (Pignatelli et al., 2019; Sun et al., 2020; Yassin et al., 2010). Following cFOS 

expression, dentate granule cells undergo an intrinsic excitability switch, driven by the 

downregulation of genes encoding K+ channels (Rao-Ruiz et al., 2019). This suggests that the 

integration of a given cell into an engram depends on its intrinsic excitability, which is 

predetermined by its gene expression status. This leads to a testable prediction: Neurons with 

similar Ca2+-to-cFOS ratios (positioned on a line through the origin in Figure D1A) will have 

similar gene expression profiles. 
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Evidence supporting this hypothesis comes from a study using single cell nuclear-RNA 

sequencing of dentate granule cells from mice at time points from 30 minutes to 4 hours after 

exploration of a novel environment for 15 minutes (Lacar et al., 2016). Expression profiles of 

cFOS+ and cFOS- dentate granule neurons were different. Interestingly, there was a small 

population of cFOS-positive neurons with expression profiles more like the cFOS-negative 

neurons (Discussion: Fig. D1F). It is tempting to speculate that these "pseudo" cFOS-positive 

cells correspond to the small population of neurons that are able to re-express cFOS on 

consecutive days in our experiments (Publication1: Fig. 1j, 4). 

As there are many immediate early genes (IEGs), it is interesting to examine their activity- 

dependent expression in more detail and whether their expression habituates during repeated 

activation. Following exposure to contextual fear conditioning, expression of the IEG 

Arg3.1/Arc is detected in a sparse but distinct population of dentate granule cells, mirroring the 

expression pattern of cFOS (Marco et al., 2020; Rao-Ruiz et al., 2019). In contrast to cFOS, 

Arg3.1/Arc remains upregulated in 70% of dentate granule cells 24 hours later (Rao-Ruiz et 

al., 2019). But similar to cFOS (Publication1: Fig.6e), 5 days later during memory recall a new 

ensemble of Arg1/Arc-positive cells emerged, showing low overlap with the previously tagged 

cell ensemble (Marco et al., 2020). Interestingly, Arg3.1/Arc expression is not sustained in CA1 

and CA3 neurons and returns to basal levels 5 hours later (Rao-Ruiz et al., 2019). This is again 

in contrast to cFOS, which I found to be persistently upregulated in 27% of CA1 neurons 24 

hours after the neurons were tagged in mice in their home cage (Publication1: Fig. 5f). Thus, 

depending on the cell type, the temporal dynamics of Arg3.1/Arc expression is opposed to that 

of cFOS. Therefore, neither can be used as a surrogate for neuronal activity unless the cell 

type and temporal characteristics for that cell type are known. 

This conclusion is further supported by our observation that some neuronal cell types do not 

express cFOS even with high activity. PCP4 (Purkinje cell protein 4)-expressing cells within 

CA2, hilus, and the fasciola cinerea (labeled as Sub) do not express FOS when driven to spike 

(Publication2: Fig.2; Publication3: SF.5). In addition to PCP4, these cell types also express 
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Amigo2 (Amphoterin Induced Gene and ORF) (Evans et al., 2018; Laeremans et al., 2013; 

Sanders et al., 2022). Both proteins inhibit Ca2+/calmodulin signaling (Kanazawa et al., 2008; 

Recabarren & Alarcón, 2017), which could prevent activity-dependent gene expression. 

Additionally, CA2 neurons express a protein called ‘regulator of G protein signaling 14’ 

(RGS14) (Evans et al., 2018). RGS14 has been shown to negatively regulate long-term 

structural plasticity of dendritic spines by limiting postsynaptic calcium signaling. Calcium- 

positive, cFOS-negative neurons could therefore represent neuronal phenotypes with 

restricted synaptic plasticity. 

As the correlation between calcium levels and cFOS expression is very weak, and in some 

hippocampal regions (CA2) completely absent, a better marker of active neurons is necessary 

before engram ensembles assembled from neurons in different brain areas can be detected. 

As demonstrated in this thesis, CaMPARI2 is useful for capturing active neurons, but delivering 

photoconversion light throughout the brain is difficult if not impossible. NPAS4, a transcription 

factor closely associated with Ca2+ influx, could be a plausible candidate to identify engram 

cells during recall although its expression may also differ depending on cell type (Lissek et al., 

2021; Ramamoorthi et al., 2011; S.-J. Zhang et al., 2009). 

Our results further challenge the traditional link between neuronal activity/ Ca2+ and cFOS 

expression. We found that 300 action potentials delivered at frequencies of 1, 5, or 10 Hz failed 

to induce cFOS expression in hippocampal neurons (Publication2: Fig. 3D). Surprisingly, cFOS 

induction was strong when the same number of action potentials was delivered at high (50 Hz) 

and strongest at very low (0.1 Hz) frequencies (Publication2: Fig. 3D). Furthermore, we found 

that it was not the spiking cells per se but postsynaptic cells that primarily express cFOS 

(Publication2: Fig.5). This raises the question: Is there a physiological process similar to our 

presynaptic optogenetic stimulation that can induce cFOS in vivo? 

The mean firing rate of hippocampal neurons during immobility, sleep, or consummatory 

behaviors ranges from 0.001 to 10 Hz (Mizuseki & Buzsáki, 2013). Field recordings show that 

the hippocampus has periodic high frequency network oscillations at around 200 Hz called 
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sharp wave ripples (SPW-R) (Ylinen et al., 1995). Only a fraction of CA1 pyramidal neurons 

participate in each ripple. These CA1 neurons fire 1-2 action potentials during a ripple, whereas 

the firing rates of interneurons often match the high frequency of the ripple oscillations 

(Buzsáki, 2015; Ylinen et al., 1995). SPW-R are observed in states of quiet wakefulness, slow- 

wave sleep and especially following learning sessions and occur semi-regularly at around 0.1 

to 3 s-1 (Eschenko et al., 2008; Fernández-Ruiz et al., 2019). We propose that our 0.1 Hz 

optogenetic stimulation may have produced glutamate transients that are similar to those 

experienced by neurons that repeatedly participate in SWRs. 

Even if principal hippocampal neurons can fire at 50 Hz, it is very unlikely to occur in healthy 

animals. The 50 Hz stimulation might simulate an epileptic episode, which causes massive 

cFOS expression similar to what I found in bicuculline-stimulated slice cultures. We 

consistently observed that 50 Hz stimulation caused an intermediate number of neurons to 

express cFOS. Interestingly, cFOS elimination in the hippocampus increases the rate of 

neuronal death following seizures (J. Zhang et al., 2002) and cFOS expression in cerebellar 

granule neurons is necessary for neuronal survival during low potassium treatment (Rawat et 

al., 2016). This suggests that cFOS might be part of or orchestrate a neuroprotective 

mechanism when induced by high pathological frequencies. Also pointing to a fundamental 

difference between the high and ultra-low frequency cFOS are the pharmacological findings. 

An inhibitor cocktail that inhibits cFOS expressed by 50 Hz and high K+ treatment is relatively 

ineffective at 0.1 Hz (Publication2: Fig.4). 

We are not the first to observe that intermediate frequency optogenetic stimulation is inefficient 

for cFOS induction. 5 Hz stimulation of the lateral amygdala induces cFOS in only 15 - 25% of 

neurons (Rogerson et al., 2016). In medium spiny neurons of the nucleus accumbens, 

optogenetic stimulation fails to induce cFOS but successfully induces other IEGs such as 

NPAS4, Arc, and Egr1 (Bepari et al., 2012). Interestingly, in dorsal root ganglion neurons, 0.1 

- 10 Hz frequencies induce high cFOS expression (Sheng et al., 1993). Again, I must conclude 

that IEG expression differs among brain regions. 
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Several lines of evidence I present point to the importance of presynaptic glutamate release 

and postsynaptic mGluR signaling for cFOS induction. I showed that cFOS can be induced in 

CA1 neurons by optogenetically stimulating a sparse population of CA3 neurons. Notably, this 

stimulation did not result in cFOS expression within the CA3 neurons themselves (Publication2: 

Fig. 5; Discussion Fig. D2A). In the same experimental setting, blocking metabotropic 

glutamate receptors (mGluRs) or simultaneously inhibiting neurotransmitter release by Gi-

DREADD activation eliminates cFOS expression (Publication2: Fig. 4; Discussion: Fig. D2B-

C). Gq stimulation in the presence of TTX demonstrates that cFOS can be induced in a spike-

independent manner (Publication2: Fig. 4H; Discussion: Fig. D2D). If presynaptic glutamate 

release is a major driver of cFOS induction, optogenetic stimulation may induce cFOS primarily 

 
 

Figure D2 Effects of opto- or chemogenetic stimulation on pre- and postsynaptic neurons. A) 
Optogenetic stimulation of ChrimsonR-expressing neurons with 300 635nm light flashes at 0.1 Hz in the 
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presence of fast synaptic blockers (picrotoxin, NBQX, CPPene). cFOS is induced in the postsynaptic 
neuron. B) A combination of antagonists of the metabotropic glutamate receptor (mGluR) eliminates 
cFOS expression. C) Activation of Gi-DREADDS has the same effect on cFOS induction. D) Gq- 
DREADD stimulation in the presence of TTX induces cFOS in the presynaptic neuron. 

 

in regions with strong interconnectivity or recurrent collateral networks. For example, intense 

optogenetic stimulation (50 Hz, 30 s) induces cFOS in the highly interconnected pre- and 

infralimbic cortex but not in CA1 neurons (Benn et al., 2016). When using optogenetic tools, 

the stimulating effect on the postsynaptic neurons should be taken into account (Pignatelli et 

al., 2019). A transient increase in intracellular activity was observed in cFOS-tagged dentate 

granule neurons during contextual re-exposure, associated with the internalization of Kir2.1 

inward rectifier potassium channels. Interestingly, the same effect was not observed when the 

neurons were activated optogenetically. These data suggest that presynaptic glutamate 

release, rather than spiking alone, is the cause of the observed change in excitability. 

Why has this important distinction in the relationship between neuronal activity and cFOS 

expression been missed for so long? Many of the studies that have implicated 

AMPA/NMDAR/VSCC and Ca2+ as key pathways for cFOS induction have used 

pharmacological treatments that are powerful but affect all cells equally, i.e. both pre- and 

postsynaptic neurons (Cohen & Greenberg, 2008; Griffiths et al., 1998; Jinnah et al., 2003; 

Murphy et al., 1991; Zhao et al., 2007). Since Ca2+ levels directly cause neurotransmitter 

release, we suggest that this is why the role of glutamate in cFOS induction has been 

overlooked for so long. 

In our experiments, we blocked fast synaptic transmission by blocking AMPA, NMDA, and 

GABAA receptors. Two of our findings argue against a direct role for AMPA and NMDA 

receptors. First, the blockade of AMPA/NMDA receptors did not prevent cFOS expression by 

high K+ (Publication2: SF 5). Second, cFOS induction in dissociated cell cultures was not 

reduced by blocking NMDA/AMPA receptors (Publication2: Fig 6). Interestingly, genes 

associated with NMDA and AMPA receptors, like L-N/Q and T-type calcium channels, as well 

as the ERK/MAPK pathway, are not differentially upregulated in cFOS-positive neurons 

compared to cFOS-negative neurons after novel environment exposure (Lacar et al., 2016). 
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In comparison to ionotropic glutamate receptors, group I mGluRs are extrasynaptic (S. J. Kim 

et al., 2003; Kumar et al., 2012). Once released, glutamate is quickly taken up by presynaptic 

or postsynaptic transporters and the nearby glial cells (Auger & Attwell, 2000; Kanai et al., 

Figure D3 Possible pathways of cFOS induction after high and chronic stimulation 
 

1993). High-frequency activity, such as seizures, significantly increases the extracellular 

concentration of neurotransmitters such as glutamate and dopamine (Meurs et al., 2008). In 

the 50 Hz condition, these uptake mechanisms may have been temporarily oversaturated, 

allowing glutamate to reach mGluRs localized in the extrasynaptic space (Discussion: Figure 

3D, left). However, this does not explain mGluR-dependent cFOS induction during low- 

frequency stimulation, as neurons only fire once every 10 seconds. Multiple studies show that 

over half of the mGluR5 receptors are localized to intracellular membranes (Hubert et al., 2001; 

Jong et al., 2009; O’Malley et al., 2003). In the CA1 region mGlu5 is expressed on the 

membrane of the ER and the nucleus (Purgert et al., 2014). Uncaging of glutamate in the 

presence of cell surface ionotropic or metabotropic receptor inhibitors or selective activation of 
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intracellular mGlu5 induces a sustained increase in cytoplasmic calcium, cFOS induction and 

long-term depression (Kumar et al., 2012; Purgert et al., 2014). Most of these effects are 

prevented with the membrane-permeable 2-Methyl-6-(phenylethynyl)-pyridine (MPEP), a 

selective mGlu5 antagonist (Purgert et al., 2014). MPEP was part of the mGluR antagonist 

cocktail we used to block cFOS induction by 0.1 Hz stimulation. 

But how does presynaptic glutamate release activate intracellular mGlu5 receptors? In CA1 

neurons glutamate is taken up by aspartate/glutamate transporter 3 (EAAT3) (Purgert et al., 

2014). These transporters are present in the synaptic zone (Cheng et al., 2002; D’Amico et al., 

2010). This suggests that intracellular mGlu5 receptors may be stimulated by intracellular 

glutamate and may play an important role in cFOS induction after 0.1 Hz stimulation 

(Discussion: Fig. D3, right). Future experiments can test this hypothesis. 

∆FOS repressive action is an epigenetic feedback mechanism important for 

memory formation 

 

cFOS expression depends not only on upstream signaling cascades, but also on how previous 

activities have shaped the epigenetic state of a cell. I found that hippocampal neurons 

experiencing repeated supraphysiological activity reduce cFOS expression and accumulate a 

second FOS family protein: ∆FOSB. After spatial learning, ∆FOSB is elevated in the 

hippocampus, particularly in the dentate gyrus (Eagle et al., 2015). We observed that dentate 

granule neurons, in particular the first training cFOS-tagged ones, accumulate ∆FOSB during 

repeated spatial learning (Publication1: Fig. 6; Publication3: Fig. 5). After repeated training, the 

proteins are expressed in an anti-correlated manner meaning the cFOS ensemble has shifted 

(Publication1: Fig. 6; Publication3: Fig. 5). We speculate that physiologically induced cFOS 

repression may serve an important function for learning and memory. We hypothesize that 

cFOS repression via ΔFOSB reflects a time-dependent epigenetic mechanism to facilitate the 

formation of episodic memories. Indeed, I showed that interfering with ΔFOSB-induced histone 

deacetylation causes severe learning and memory problems, apparently disrupting memory of 

episodes. 



143  

∆FOSB is a long-lasting, very stable isoform of the FOSB protein and has been termed "a 

sustained molecular switch for addiction" (Nestler et al., 2001). Eric Nestler and colleagues 

demonstrated that accumulation of ΔFOSB occurs after compulsive behavior and chronic drug 

consumption, especially in the nucleus accumbens and dorsal striatum. Drug-associated 

stimuli are extremely resistant to extinction, and addiction can be considered an extreme case 

of learning and memory (Kutlu & Gould, 2016). FOSB knockout mice fail to develop 

sensitization to cocaine (Hiroi et al., 1997), while overexpression of ∆FOSB in areas related to 

addiction promotes drug-related behavior (M. B. Kelz et al., 1999). Interestingly, transcription 

of ΔFOSB is increased in the dorsal hippocampus after chronic cocaine exposure, and 

inhibition of the ΔFOSB binding partner JUND impairs cocaine-conditioned place preference 

(Gajewski et al., 2019). These data indicate that ∆FOSB expression is relevant for the 

persistent nature of a memory of addiction. 

I performed several experiments designed to determine whether there is a causal relationship 

between ∆FOSB and cFOS repression in subregions of the hippocampus. As a consequence 

of repeated supraphysiological stimulation with bicuculline, slice cultures show decreased 

cFOS expression and increased ∆FOSB in most subregions (Publication3: Fig. 2, 4). I 

observed that cFOS repression is prevented by an inhibitor of casein kinase II, which 

phosphorylates and stabilizes ∆FOSB (Publication3: Fig. 4). Interestingly, repeated activation 

of Gq-DREADD selectively suppresses cFOS expression in the dentate gyrus but not in CA1 

(Publication1: Fig. 7). This raises the question why repetitive stimulation with Gq-DREADDs 

does not repress cFOS in CA1 whereas after a second bicuculline stimulation there is less 

cFOS in CA1. A possibility is of course that in CA1 Gq DREADD activation does not increase 

∆FOSB. An additional possibility is that mGlu5 receptors are downregulated after bicuculline- 

induced epileptiform activity, as was seen in vivo after kainate-induced epilepsy (Crans et al., 

2020). The Gq signaling pathway may no longer be activated by the second bicuculline 

stimulation in CA1, and no cFOS can be expressed. When Gq is directly stimulated via CNO 

activation of the Gq DREADD, cFOS is expressed in CA1 as there is no strong repressive 
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pathway active in CA1. Therefore, my favorite hypothesis is that ∆FOSB is not readily 

accumulating in CA1 neurons, as we saw after repeated water maze training. Indeed, I 

demonstrated a causal relationship between ∆FOSB and repression of cFOS by 

overexpressing ∆FOSB and the non-phosphorylatable ∆FOSB (S27A) in CA1 neurons. As 

expected, more cFOS was expressed when the S27A version was overexpressed. 

Unfortunately, I could not perform the same experiment in dentate granule cells, as these cells 

did not survive single-cell electroporation. Thus, when ∆FOSB is high in CA1, it is able to 

repress cFOS expression. 

So why does ΔFOSB accumulate specifically in the dentate granule cell layer in vivo? One 

plausible explanation is that the dentate gyrus exhibits a more robust transcriptional response, 

in contrast to the even more active CA1 region (Jaeger et al., 2018; Marco et al., 2020). 

Increased FOSB expression leads to increased ΔFOSB levels, as splicing of ΔFOSB mRNA is 

regulated by the amount of unspliced FOSB transcripts (Alibhai et al., 2007). In return, ΔFOSB 

has a stimulating effect on FOSB gene transcription, which leads to a tremendous increase 

(4.5-fold) in FOSB protein levels when overexpressed (Chen et al., 2000). 

The epigenetic state of genes is partially controlled by histone modification enzymes. Histone 

deacetylase (HDAC) removes acetyl residues from histones to cause region-specific chromatin 

condensation, which prevents gene expression (Klemm et al., 2019). In seizure-prone mice, 

∆FOSB accumulates, binds to the cFOS promoter, and recruits HDAC class I, leading to 

repression of the cFOS promoter through histone deacetylation (Corbett et al. 2017a 

(Discussion: Fig. D4A). These mice exhibited severe memory impairment. Treatment with 

HDACi restored cFOS expression and rescued memory deficits. 

Supporting this idea, I showed that by treating hippocampal slice cultures with HDAC inhibitors, 

cFOS expression can be restored following repetitive bicuculline stimulation (Publication3: Fig. 

4). Additionally, the administration of HDAC inhibitors before memory retrieval in the water 

maze (WM) resulted in increased cFOS re-expression in cFOS-tagged dentate granule cells 

(Publication3: Fig. 6). These findings suggest that HDAC class I is responsible for cFOS 
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repression in the hippocampus and that the HDAC inhibitor I used effectively crosses the blood-

brain barrier after oral administration. Interestingly, healthy mice show improved memory recall 

when treated with HDAC inhibitors (Burns et al., 2022; Burns & Gräff, 2021). Based on the 

memory-restoring effects of HDAC inhibitors in pathological conditions (Corbett et al., 2017; 

Kilgore et al., 2010) and the memory-enhancing effects in healthy mice (Burns & Gräff, 2021), 

HDAC inhibitors are considered as potential memory enhancing treatments. 

Given that the ensemble of cFOS+ cells in the dentate gyrus appears to change with each new 

exposure to the water maze, we hypothesized that HDAC inhibitors, by removing the 

repression of cFOS, might affect memory of the temporal relationships between episodes. 

Enhancing memory of one episode by HDAC inhibition might come with a decreased ability to 

subsequently learn a slightly modified version of the task and impaired performance when 

recalling a sequence of memories (Discussion: Fig. 5 B-C). 

 

Figure D4 Schematic illustration of cFOS and ΔFOSB expression in the hippocampus of 
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pathological, healthy, and HDACi-treated mice. A) In pathological conditions such as Alzheimer's 
disease or epilepsy, ΔFOSB accumulates affecting cFOS expression and memory. Cyan, green, and 
yellow squares represent well-established episodic memories in separate neuronal ensembles. Memory 
deficits can be restored by inhibiting histone-deacetylation enzymes. B) Intact cFOS pattern separation 
in healthy dentate gyrus and optimal episodic memory C) Repetitive HDACi treatment affects the 
repression of cFOS and impairs episodic memory formation. 

 

 
To test this hypothesis, we designed a complex water maze experiment in which mice were 

trained to learn a new platform position daily with HDAC inhibition. As expected, I observed 

that HDAC inhibition did not affect learning and short-term memory recall in the water maze 

(Villain et al., 2016) (Publication3: Fig. 7AB). We did not, however, observe improved memory 

performance in HDACi-treated mice during long-term memory recall (Publication3: Fig. C), as 

suggested in the literature (Gräff et al., 2014; Valiati et al., 2017; Villain et al., 2016; Whittle et 

al., 2016). Supporting my hypothesis, I observed that during the probe trial on day 3, HDACi- 

treated mice spent less time at the newly learned location and instead primarily searched for 

the platform at the first learned location (Publication3: Fig. G). This suggests that the first 

memory formed under HDAC inhibition is indeed enhanced and interferes with the acquisition 

of new information. On day 4, the platform was again moved to a new quadrant. HDACi-treated 

mice showed reduced learning of the new position suggesting that HDAC inhibition reduced 

the ability to sequentially learn platform position (Publication3: Fig. 4H). 

On day 5, we analyzed the animal’s search behavior during a 90-second probe trial without a 

platform. We expected normal mice would search for the missing platform first in the last 

learned position, then in the second-to-last position, etc. If our hypothesis that HDAC inhibition 

would impair memory of the temporal order of events is correct, the expectation was that 

treated mice would search first in the initially learned position or fail to target their search. What I 

observed was that the control mice showed the expected preference first by searching in the 

last learned platform location and then searching in the reverse order they were learned in 

(Publication3: Fig. 8). Even six days after the end of training, the vehicle-treated control mice 

used the same search strategy, demonstrating a remarkably robust memory of the temporal 

sequence (Publication3: Fig. 8G). The animals treated with HDACi were clearly deficient in 

their memory of temporal sequence. On day 5, they did not concentrate their search at either 
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the last or the first learned positions (Publication3: Fig. 8D). And 6 days later, there was no 

consistent search strategy (Publication3: Fig. 8H). Thus, repeated HDAC inhibition does not 

adversely affect learning or recall of a single memory but impairs the ability to update the 

memory and learn a new position as well as the ability to remember a sequence of memories. 

Two important caveats prevent us from concluding that cFOS in dentate granule cells is critical 

for memory of sequences. First, the HDAC inhibitor affects the expression of many genes in 

addition to cFOS (Burns et al., 2022), and second, our manipulation is body-wide. The 

epigenetic effects of ΔFOSB in other brain regions were also affected and these might also be 

associated with memory (Beloate et al., 2016; Dietz et al., 2014; Huggett & Stallings, 2020; L. 

I. Perrotti et al., 2008; Werme et al., 2002). Nevertheless, I propose that activity-dependent 

epigenetic mechanisms are crucial for flexibility and remembering sequences of events. Future 

experiments with targeted inhibition of HDACs in dentate granule cells will determine whether 

they are the critical cell type involved. 
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Figure 1 Design and performance of TubuTag 
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Figure 2 Design and performance of the Rapid3D microscope 
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Figure 3 Photoconversion of TubuTag by extracellular stimulation paired with violet light 
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Figure 4 TubuTag immunodetection 
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