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ABSTRACT 

Animals learn from past experience to guide future behavior and improve 

survival. This ability relies in part on specific episodic memories of past events encoded 

by neuronal activity and stored by updated connectivity between neurons. The unique 

architecture and activity of the hippocampus and related cortical regions are crucial for 

supporting these episodic memories. Hippocampal models propose the need for a pattern 

separation function to disambiguate similar memories and a pattern completion function 

to recall the full breadth of an experience from a partial cue. Past work suggests that 

neuronal activity in the dentate gyrus (DG) of hippocampus contributes to memory-

guided navigation and plays a role in pattern separation. We tested the role of specific 

DG neuronal ensembles (i.e. engrams) in supporting the pattern separation function and 

altering downstream neural activity and, ultimately, behavior. To that end, we used an 

activity-dependent labeling paradigm to identify and manipulate engram ensembles 

during navigational and contextual fear conditioning (CFC) tasks. The results of our first 

experiment revealed that the DG partially disambiguates specific maze trajectories while 

still exhibiting greater overlap than chance levels. These findings suggest that the DG 

contributes to memory-guided navigation by both pattern separation and completion. Our 
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second experiment manipulated nonspecific memory-related DG populations to assess 

the functional role of these cells in task generalization across contexts and ongoing 

spatial working memory. Optogenetic activation of these ensembles disrupted 

performance accuracy and exhibited a time-dependent impairment effect suggesting a 

role of the DG in task generalization between contexts. The final experiments 

investigated the physiological ramifications of artificial memory ensemble reactivation 

during ongoing navigation behavior. We recorded local field potential (LFP) and single 

unit responses in mouse DG and CA1 during artificial reactivation of a DG-mediated 

CFC memory engram. Stimulation of the DG entrained LFP and individual cell spiking in 

a subpopulation of CA1 pyramidal cells. Their spatial information was disrupted by 

stimulation despite stable navigational representation before and after the manipulation. 

Further, the presence of stimulation could be reliably decoded by the firing rate of the 

network, suggesting that engram reactivation forced the CA1 to adopt a repeatable state, 

perhaps to support behavioral expression of memories. In summary, my dissertation work 

presents empirical and theoretical evidence for the role of the dentate gyrus as a single 

node of an extended separation/completion circuit distributed anatomically and 

temporally as a neural mechanism supporting episodic memory. 
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CHAPTER ONE: INTRODUCTION 

Organization of Dissertation 

 This dissertation is organized as follows: Chapter One introduces the reader to 

episodic memory, neuroanatomy, hippocampal physiology, and engrams; Chapter Two 

presents data supporting the hypothesis that ensembles of the dentate gyrus (DG) partially 

separate different spatial trajectories made within an overall environmental context; 

Chapter Three discusses the results of a study employing optogenetics to manipulate 

learning-associated cellular ensembles in DG to disrupt ongoing navigational memory in 

novel environments; Chapter Four summarizes the findings of a pilot experiment 

manipulating DG fear memory ensembles during freely moving behavior and the 

associated changes in hippocampal network activity recorded using extracellular 

electrophysiology; and lastly Chapter Five summarizes the key findings of each study and 

discusses reasonable interpretations of the data, the nature of pattern separation and 

completion, limitations of the experiments, and future directions of the field. 

 Chapter Two tested the degree of overlap in DG granule cell populations 

associated with spatial memory in which I designed the experiment, performed data 

collection, analyzed data and wrote the published manuscript. Prior studies have 

implicated ensembles of DG cells in both contextual fear memories (Liu et al., 2012; 

Ramirez et al., 2013; Denny et al., 2014; Kitamura et al., 2017) and specific spatial 

representations (GoodSmith et al., 2017, 2019; Hainmueller & Bartos, 2018; Cholvin et 

al., 2021). We tested the degree of cellular ensemble overlap recruited by partially non-

overlapping spatial trajectories within a memory-guided T-maze task. Using endogenous 
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c-Fos driven cell ‘tagging’ with fluorescent labels, we visualized DG ensembles 

associated with exposure to a full T-maze, partial T-maze, or novel open field and 

compared them to ensembles recruited by full T-maze experience. Our results suggest the 

DG partially disambiguates specific maze trajectories while still exhibiting greater 

overlap than chance levels. Our results support a hypothesis that the DG contributes to 

memory-guided navigation by a simultaneous pattern separation and completion process. 

Chapter Three sought to examine the functional role of learning-related DG 

ensembles in task generalization across contexts and ongoing spatial working memory in 

which I did experimental design, carried out procedures and data analyses, and wrote the 

manuscript. The DG is involved in successful performance of spatial working memory 

tasks (Xavier et al., 1999; Costa et al., 2005; Sasaki et al., 2018) and is upstream to 

regions such as CA1 that mediate successful task generalization for flexible decision 

making (Wang & Cai, 2006; Hyman et al., 2010; Spellman et al., 2015). This raises the 

question of how the ensembles of DG cells participate in these cognitive functions. We 

expressed the light-activated excitatory ion channel, ChannelRhodopsin2, in memory-

associated DG cell ensembles during learning of a spatial working memory T-maze task. 

Optogenetic activation of these ensembles disrupted memory accuracy and exhibited a 

time-dependent impairment effect suggesting a role of the DG assemblies in task 

generalization between contexts.  

Chapter Four aimed to investigate the physiological ramifications of artificial 

memory ensemble reactivation during ongoing behavior for which I designed the 

experiments, conducted recordings, analyzed data, and organized the preliminary findings 
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for the present dissertation. Artificial reactivation of DG engram ensembles leads to 

behavioral fear expression (Liu et al., 2012; Ramirez et al., 2013; Redondo et al., 2014; 

Ryan et al., 2015), but only one study has attempted to examine the HPC circuit response 

to artificial memory perturbation during freely-moving behavior (Jou et al., 2023). 

Understanding the circuit-level consequences of engram reactivation is an important step 

for potential therapeutic benefit of memory stimulation.  We recorded local field potential 

(LFP) and single unit responses in mouse DG and CA1 during artificial reactivation of a 

DG-mediated CFC memory engram. Optogenetic stimulation of the DG entrained LFP 

and individual cell spiking in a subpopulation of CA1 pyramidal cells. Their spatial 

information was disrupted by stimulation despite stable navigational representation 

before and after the manipulation. Further, the presence of stimulation could be reliably 

decoded by the firing rate of the network, suggesting that engram reactivation forced the 

CA1 to adopt a repeatable state, perhaps to support behavioral expression of memories. 

Chapter Five includes a summary of the central findings of each previous chapter, 

a holistic discussion and interpretation of the experimental outcomes with specific 

reference to the nature of memory pattern separation and completion as well as 

limitations of the present work and future directions for the field. 

 

Overview of Neuroanatomy 

 Forecasting future states allows biological agents to reach goals or avoid injuries 

by modifying their actions appropriately. The nervous system makes extensive use of 

prior experience, memory, to improve the survival of the organism and the evolutionary 
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fitness of its genes. Even the neurons of ‘simple’ organisms such as the sea slug Aplysia, 

whose mollusk ancestors first appeared in the Cambrian period, exhibit mnemonic 

(memory) behavior such as habituation, sensitization, and even classical and operant 

conditioning (Kandel & Tauc, 1964; Kupfermann & Kandel, 1969; Kandel et al., 2014). 

Comparative anatomical and transcriptomic studies in amniote species (birds, reptiles and 

mammals) suggest a high degree of conservation of the memory-associated hippocampal 

region, even to the level of transcription factors for neurons in specific subfields of 

hippocampus (Tosches et al., 2018). Clearly, the ability to record fragments of previous 

states through memory processes offered our ancestors an immense survival advantage. 

By happy circumstance, this adaptation allows us to remember the rich detail and 

charming peculiarities of our lives. 

Much work has been devoted to reaching a satisfying mechanistic interpretation  

of memory processes in the brain. Episodic memories, specific recollections in time and 

space, have been extensively tied to the function of regions in the temporal and parietal 

lobes including the hippocampus (HPC), subiculum (Sub), and entorhinal cortex (EC). 

Computational researchers established a standard model for HPC function in episodic 

memory which has been extensively adopted (Marr, 1971; McNaughton & Morris, 1987; 

O’Reilly & McClelland, 1994; Treves & Rolls, 1994; Hasselmo et al., 1995). Based 

largely on architectural evidence and computational theory at the time, the model 

proposes the role of the HPC and other cortical regions in memory formation and storage.  

In summary, functions are assigned as follows: the EC serves as gateway into and 

out of the HPC for new information and cues the recall of specific memories; the dentate 
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gyrus (DG) acts to separate similar input patterns from EC; the CA3 acts to complete 

partial inputs into whole memory outputs via auto-association; and the CA1 integrates 

and compares CA3 outputs to the invoked memory cued by EC (McNaughton & Morris, 

1987; Treves & Rolls, 1994; Hasselmo et al., 1995). In particular, the roles of pattern 

separation and completion are often contrasted with one another as serial stages within an 

overall learning and retrieval process. An illustrative example of this view would be the 

rich recall of a memory about a red-clad Viking winning a mock tournament as separate 

from the memory of a female knight jousting on a field, despite both memories occurring 

at Renaissance fairs alongside similar cues such as minstrels and mead. How then is this 

computational theory realized at the level of HPC circuitry? Further, how well do these 

theories capture the mnemonic phenomenon to yield potential clinical benefit and 

satisfactorily explain our most cherished experiences? 

Hippocampal anatomy and organization 

  Extensive work has documented the cell types and connectivity within HPC and 

associated cortices. A comparatively brief overview will be made. First, the EC receives 

highly processed multimodal and unimodal sensory and non-sensory information from 

the rest of neocortex including visual, auditory, and olfactory information (Suzuki & 

Amaral, 1994; Kerr et al., 2007). The EC itself is divided between a lateral and medial 

portion, with the LEC implicated in carrying information related to nonspatial features in 

the environment, while the MEC is implicated in the coding of spatial position of those 

features (Mumby & Pinel, 1994; Hargreaves et al., 2005; Eichenbaum et al., 2012). In 

addition to extensive projection to the neocortex (Insausti et al., 1997), layer 2 outputs of 
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EC synapse onto the dendrites of granule cells (GCs) in the DG and pyramidal cells in 

CA3, while layer 3 outputs synapse onto pyramidal cell dendrites in CA1 (Squire et al., 

1989). Notably, LEC inputs and MEC inputs contact with the outer and middle strata of 

GC dendrites (Amaral & Witter, 1989), suggesting that GCs play some role in integrating 

the identity and position of the elements encoded in episodic memory (Eichenbaum et al., 

2012; Fernández-Ruiz et al., 2021). 

 The amygdala also represents an important extrinsic connection to HPC. The 

basolateral and to a lesser extent basomedial subnuclei of the amygdala project to the 

CA3 and CA1 stratum radiatum and oriens layers (Pikkarainen et al., 1999; Yang et al., 

2016; Yang & Wang, 2017). This connection is particularly strong in the rodent ventral 

HPC, suggesting a functional specialization in emotionally salient memories (Felix-Ortiz 

et al., 2013; Yang et al., 2016). The HPC reciprocally connects to amygdala via the CA1 

(Van Groen & Wyss, 1990).  

 Within the HPC proper, DG granule cells send their axonal projections, the mossy 

fibers, to the CA3 pyramidal cells, as well as to the mossy cells (MCs) and interneurons 

of the DG hilus (Ribak et al., 1985; Amaral et al., 2007; Scharfman, 2016). These mossy 

fibers form multiple boutons en passant with many CA3 cells along the curve of the 

pyramidal layer (Amaral et al., 2007). These CA3 pyramidals display a remarkable 

feature – their recurrent fibers synapse onto other CA3 pyramidal cells both ipsilateral 

and contralateral with about 2-4% probability (Amaral & Witter, 1989; Ishizuka et al., 

1990; Treves & Rolls, 1994), yielding a sparse auto-associative network (Marr, 1971; 

McNaughton & Morris, 1987). The CA3 also projects fibers (Schaffer collaterals) to the 
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CA1. In addition to CA3 inputs, CA1 receives inputs from layer 3 of EC (Amaral et al., 

1990) and indirectly from the medial prefrontal cortex (mPFC) via the nucleus reuniens 

of the thalamus (Vertes et al., 2007; Griffin, 2015). Lastly, the CA1 pyramidal cells 

mediate the direct output connections of HPC to the Sub and layer 5 of EC, as well as a 

small connection to mPFC (Tamamaki et al., 1987; Van Groen & Wyss, 1990; Naber et 

al., 2001). Recently, superficial layer CA1 pyramidals were shown to have anatomical 

and functional preference for mPFC in contrast to deep layer pyramidals which preferred 

connection to MEC (Harvey et al., 2023). To commit a vast oversimplification, the EC 

projects to DG, the DG onto CA3, and the CA3 finally to CA1 forming the classic ‘tri-

synaptic circuit’ of memory. 

 Lastly, the multifarious interneuron (IN) subtypes of HPC will be discussed. INs 

show remarkable diversity in their gene expression patterns, axonic arborization, and 

response to circuit dynamics relative to the few HPC excitatory cell types (Freund & 

Buzsáki, 1996; Klausberger & Somogyi, 2008). Several common cell types are identified 

by gene expression profiles in combination with their projection specificity onto 

pyramidal cell compartments. For example, the axons of the parvalbumin (PVB) 

expressing basket cells extensively enmesh the soma and proximal dendrites of principal 

cells while PVB axo-axonic cells target the initial axon segment (Freund & Buzsáki, 

1996; Klausberger & Somogyi, 2008). Bistratified cells in CA1 target the pyramidal 

dendrites in stratum radiatum and oriens, matching the excitatory inputs of CA3 

pyramidal cells while oriens-lacunosum moleculare INs inhibit the dendritic layer 

associated with EC input (Freund & Buzsáki, 1996; Klausberger & Somogyi, 2008). The 
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presence of INs that target other INs leading to disinhibition implies a highly flexible 

circuit with nonlinear dynamics. While an exhaustive description is beyond the scope of 

the present work, suffice to say that INs are crucial to the function of HPC in health and 

disease states.  

The hilus – anatomy and interconnectivity with DG 

 The DG is peculiar among the HPC subfields for its multiple types of excitatory 

cells – the granule cells (GCs) of the dentate granular zone and the mossy cells (MCs) of 

the dentate hilus (polymorphic layer; sometimes “CA4”). In brief, the GCs send  their 

mossy fiber axons (not to be confused with MC axons) to synapse on CA3 pyramidals 

and hilar MCs via giant boutons, and onto interneurons of both CA3 and the hilus via 

smaller boutons (Amaral et al., 2007; Scharfman, 2016). These MCs, partly characterized 

by large somas with thorny excrescences, send glutamatergic efferents to a diverse range 

of cells, including interneurons, other MCs both locally and distantly, and to ipsilateral 

and contralateral HPC (Ribak et al., 1985; Soriano & Frotscher, 1994; Scharfman, 1995). 

MCs return excitation to GCs by synapsing in the inner molecular layer (Ribak et al., 

1985; Frotscher et al., 1991) and may represent a strong influence on GC activation. MCs 

also provide lateral inhibition to GCs by exciting interneurons such as the basket cells 

(Scharfman, 1995; Larimer & Strowbridge, 2008) leading to wide-ranging network 

effects. Complicating matters further, CA3 sends back-projections to contact hilar MCs, 

hilar INs, and the inner molecular layer of DG (X.-G. Li et al., 1994; Scharfman, 2007). 

The back-projection is particularly common from the cells nearest the hilus (proximal, 

CA3c). This extensive recurrency suggests that the DG, CA3, and hilus forms an 
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extended network. While much work to elucidate the interplay between GCs and MCs 

during memory formation and retrieval is still required, the extended DG circuitry 

satisfies the conditions of a hetero-associative network as previously proposed (Marr, 

1971; McNaughton & Morris, 1987; Lisman, 1999).  

Modulatory influence of the hippocampus 

 To add further nuance, the contribution of neuromodulatory systems must be 

touched upon. Learning and memory require updating of the synaptic connections 

between neurons, long term potentiation (LTP) and depression (LTD), but which 

connections should be strengthened, weakened, or maintained? In HPC, modulation of 

synaptic plasticity occurs in response to acetylcholine (Ach), serotonin (5-HT), 

norepinephrine (noradrenaline, NE), and dopamine (DA) which act in complex but 

complimentary fashion to filter which experiences become lastingly stored, perhaps in 

response to prediction errors (Hasselmo & Schnell, 1994; Hasselmo et al., 1995; 

Hasselmo & Wyble, 1997; Yu & Dayan, 2005; Palacios-Filardo & Mellor, 2019). 

Experiences that violate expectations are salient learning opportunities for the long term 

benefit of the organism. The locus coeruleus in the brainstem projects both DA and NE 

strongly throughout HPC, activates in response to unexpected novelty, and can stabilize 

LTP in a retrospective fashion allowing longer term memory storage (Sara, 2009; O’Dell 

et al., 2015; Takeuchi et al., 2016; Edelmann & Lessmann, 2018). The median raphe 

nucleus provides 5-HT which prevents depotentiation of LTP and minimizes LTD in 

most excitatory HPC synapse types, except the CA3 recurrent synapse (Hagena & 

Manahan-Vaughan, 2017). Lastly, much work has demonstrated the role of Ach in gating 
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the flow of information into and out of HPC (Hasselmo, 2006; Hasselmo et al., 1995). 

The medial septum delivers cholinergic (and GABAergic and glutamatergic) afferents to 

the HPC (Frotscher & Léránth, 1985) These afferents suppress local connectivity and 

promote incoming information from EC during high cholinergic tone, and vice versa 

when Ach is low (Hasselmo, 1993; Hasselmo & Schnell, 1994; Hasselmo et al., 1995; 

Dannenberg et al., 2017). These dynamics could allow for separation of memory 

encoding and retrieval to orthogonalize HPC patterns of different memories (Hasselmo, 

2006). Neuromodulation of INs leads to ever more complex regulation of synaptic 

plasticity depending on the specific receptor subtypes and the affected cellular 

compartments and is touched on in the many reviews cited here and above (Parra et al., 

1998; Patil & Hasselmo, 1999; Palacios-Filardo & Mellor, 2019).  

Dorsal versus ventral hippocampus and DG 

 Functional specificity of the HPC is heterogeneous both across subfields but also 

along the longitudinal (dorsal-ventral; septo-temporal) axis. Early observations of 

differential impacts of HPC lesions led to assignment of spatial and contextual processing 

in dorsal HPC (posterior in humans) and anxiety, fear and emotional processing to ventral 

HPC (anterior in humans; Moser & Moser, 1998; Fanselow & Dong, 2010). Gene 

expression patterns offer sharp boundaries of cell types along the longitudinal axis in 

CA1, CA3, and DG that broadly support proposed dorsal, intermediate and ventral 

functional segregations  (Thompson et al., 2008; Dong et al., 2009; Fanselow & Dong, 

2010). Extrinsic connectivity also differs, with dHPC projecting mono- or multi-

synaptically to navigational and exploration structures including EC, Sub, Retrosplenial 
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Cortex, Nucleus Accumbens, and the Mammillary Bodies, while vHPC favors 

connections to the amygdala, mPFC and hypothalamus (Fanselow & Dong, 2010). 

However, an updated view suggests more of a gradient in connectivity with some 

exceptional connections to the amygdala favored by vHPC (Strange et al., 2014). 

Physiological evidence also supports smoother gradients from fine- to coarse-grained 

representations of space in both place cells (M. Jung et al., 1994; Kjelstrup et al., 2008) 

and grid cells (Fyhn et al., 2004; Hafting et al., 2005) along the dorsoventral axis. 

Interestingly, the gradient in ratio of DG to CA1 subfield size along this axis has been 

used as a theoretical argument for pattern separation in dHPC (high DG/CA1) and 

completion in vHPC (low DG/CA1) in humans (Poppenk et al., 2013). Together, these 

gradients and delineations hint how the HPC can subserve both accurate navigation but 

also the broader emotional and motivational context of episodic memories.  

Within the DG specifically, the dorsal and ventral portions appear to serve 

complementary functions. A study by Kheirbek et al. used transgenic mice expressing 

inhibitory or excitatory opsins in DG GCs for optical control over the dDG or vDG 

(Kheirbek et al., 2013). dDG inhibition impaired both CFC and place avoidance learning, 

while vDG inhibition did not. dDG excitation also drove increase exploratory behaviors 

while vDG excitation reduced anxiety in open field and elevated plus maze assays. 

Another study by Chen et al. examined the relative contributions of dDG and vDG GCs 

involved in fearful memories (see the section An Introduction to Engrams) using an 

optogenetic tagging strategy (Chen et al., 2019). Surprisingly, acute activation of either 

dorsal or ventral DG memory-related cells drove freezing, place avoidance or place 
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preference, perhaps through a memory-indexing effect. Interestingly, both dDG and vDG 

cells recruited by negative memories promoted anxiety-like behaviors. Therefore, while 

macro-scale excitation or inhibition may drive general behavioral trends, microcircuit 

connectivity of specific cellular ensembles may be more important for flexibility of the 

DG memory circuit. 

 

A primer on pattern separation and completion 

Pattern separation in DG and pattern completion in CA3 

 Based on the anatomical organization of the HPC outlined above, functional roles 

were proposed for the DG and CA3 in pattern separation and completion respectively 

(McNaughton & Morris, 1987; Treves & Rolls, 1994). Computational pattern separation 

has been defined as the relative orthogonalization of two patterns when compared across 

brain regions (Santoro, 2013). A relatively small number of neurons composes EC layer 2 

(Squire et al., 1989; Merrill et al., 2001; Rapp et al., 2002), whereas the granule cell layer 

of DG has approximately 4 times as many cells (Amaral et al., 1990, p. 199; West & 

Gundersen, 1990) suggesting that expansion coding from a small to a large region could 

disambiguate an overlapping pattern in EC when projected onto DG. The output of DG is 

then mapped back onto relatively fewer pyramidal neurons in CA3 (Boss et al., 1987; 

Seress, 1988; Amaral et al., 1990; Hasselmo et al., 1995; Hasselmo & Wyble, 1997; 

Jinno & Kosaka, 2010), necessitating a convergence of inputs alongside those of EC. The 

recurrent collateral fibers of CA3 sparsely projecting to other CA3 neurons could form an 

auto-associative network that allows completion of a full pattern by activating a small 
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subset of CA3 cells via a cue from EC (Marr, 1971; McNaughton & Morris, 1987; 

O’Reilly & McClelland, 1994; Treves & Rolls, 1994). 

 Physiological studies have tested the proposed functions of each region. An early 

study compared the spatial tuning of individual cells within DG and CA3 as rats 

navigated an arena whose walls morphed between circular and square across multiple 

sessions (J. K. Leutgeb et al., 2007). Both CA3 and DG cells were found to separate 

patterns albeit at different rates, with DG cells decorrelating their activity significantly 

after the first arena morph while CA3 cells exhibited this decorrelation only on the third 

or fourth transformation. Because it is likely that the recorded DG cells in this study were 

mossy cells, not DG GCs (Neunuebel & Knierim, 2012; GoodSmith et al., 2017), the 

study can be recontextualized as evidence of different functions of the hilus and CA3. 

More recently, the correlation of firing rate in active populations in DG and CA3 were 

compared during matching or conflicting distal and local cues in a familiar arena 

(Neunuebel & Knierim, 2014). Once again, DG populations decorrelated activity from 

baseline after a mere 45 degree mismatch of cues while CA3 maintained consistent 

ensemble correlations during any mismatch degree. Subsequent studies have confirmed 

the rapid decorrelation effect in specific populations of GCs, MCs, and proximal CA3 

pyramidal neurons nestled within the hilus (GoodSmith et al., 2019). Neurogenesis in DG 

(newborn GCs in adult animals) may also contribute to pattern separation in this region 

(Nakashiba et al., 2012).  

 Additional support for the regional specialization of pattern separation and 

completion comes from lesion and gene knockout strategies examining behavioral 
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discrimination. Behavioral discrimination is a proxy of the pattern separation/completion 

process observable at the level of memory-guided responses in animal models (Santoro, 

2013). A Cre/loxP genetic knockout (KO) of the N-methyl D-aspartate (NMDA) receptor 

in CA3 recurrent collaterals left mossy fiber inputs and Schaffer Collateral outputs of 

CA3 intact (Nakazawa et al., 2002). With this specific deletion of CA3 autorecurrency, 

NMDA receptor KO mice were able to perform a spatial navigation memory task (the 

Morris water maze) in the presence of the full training cues but spent less time in the 

learned quadrant during probe trials with only partial cues. This result strongly favors the 

idea of NMDA receptor dependent plasticity in CA3 pattern completion. Lesions of CA3 

produce linear increases in error rate as a function of cue removal in a spatial match to 

sample task (Gold & Kesner, 2005). NMDA receptor KO in the DG on the other hand 

produces deficits in behavioral discrimination of CFC environments (McHugh et al., 

2007) while lesions of DG impair spatial discrimination  (Gilbert et al., 2001), suggesting 

errors in successful pattern separation.  

 

The role of the dorsal DG in spatial navigation 

Early behavioral experiments demonstrating latent learning of maze environments 

in rats led to the so-called “cognitive map” of memory (Tolman, 1948). This general 

theory has been largely borne out by neurophysiological evidence of map-like cells in the 

MTL that exhibit tuning of their firing rate to spatial aspects of the environment such as 

place cells (O’Keefe & Dostrovsky, 1971), head direction cells (Taube et al., 1990), grid 

cells (Hafting et al., 2005), and border cells (Solstad et al., 2008). HPC lesions (Scoville 
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& Milner, 1957; O’Keefe & Nadel, 1978; Morris et al., 1982), disruptions (Girardeau et 

al., 2009; Ego‐Stengel & Wilson, 2010; Roux et al., 2017), and even direct stimulation of 

place cells (Robinson et al., 2020) can impair or alter memory-guided behavior. How 

these spatially tuned cells are recruited and modified by individual episodic events 

remains an active area of research. Further, their relationship to non-spatial aspects of 

episodic memory such as emotional valence, non-visuospatial sensations (olfaction, 

gustation, etc.), and the ever-illusive memory ‘context’, remains ill-defined.  

Spatial Tuning in DG 

 Historically, place cells have been recorded in CA1 and CA3 (O’Keefe & 

Dostrovsky, 1971; Olton et al., 1978; Muller et al., 1987) due to easy accessibility in the 

rodent and comparatively sparser firing probability in DG. Typical recording paradigms 

involve exploration of a large open field arena with the animal making multiple passes 

over every part of the arena while overhead video tracking marks the spatial location at 

which individual neurons fire action potentials. Early recordings of sparse DG cells 

indicated spatial tuning and place fields similar to those of the CA region, albeit with 

higher multi-field probability (M. W. Jung & McNaughton, 1993; J. K. Leutgeb et al., 

2007). However, electrode position alone is insufficient to classify single units as GCs or 

MCs and updated recording and source identification suggest GCs to have single fields 

while MCs are more likely to have multiple fields (Neunuebel & Knierim, 2012, 2014; 

GoodSmith et al., 2017; Senzai & Buzsáki, 2017). Single photon calcium imaging has 

confirmed not only the spatial specificity of DG GCs but also their stability across 

multiple recording days in linear track tasks (Hainmueller & Bartos, 2018; Cholvin et al., 
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2021). The DG therefore contributes to the cognitive map not only through its role in 

pattern separation distinguishing contexts but also by providing stable spatial input to the 

CA3 network and the MCs of the hilus.  

Hippocampal indexing theory 

 The cognitive map theory and spatially tuned cells across HPC predict that new 

memories are organized and anchored within HPC by invariant relationships between 

events and objects. Another theory proposes the role of HPC as an index that links 

disparate brain regions and cell ensembles involved in the rich computation of 

experiences (Teyler & DiScenna, 1986; Teyler & Rudy, 2007). Ongoing episodic 

experience is broadly encoded by many circuits across the brain which ultimately send 

efferents to the EC and HPC as described in the anatomy section. The HPC returns these 

connections via the EC, thus linking diverse neocortical and subcortical processing 

modules. The particular role of the HPC lies in its relative flexibility and rapid plasticity 

as compared to neocortex, allowing reversible strengthening of connections between 

modules via a single hub region (Teyler & DiScenna, 1986; Teyler & Rudy, 2007). Long 

term potentiation (LTP), or synaptic strengthening, may be mediated by many factors 

including NMDA-Rs, protein synthesis, and gene activation  which lead to increasing 

levels of modification persistence (Frey et al., 1988; Malenka & Bear, 2004; Moosmang 

et al., 2005; Raymond, 2007). NMDA receptors on DG GCs activated by modest cortical 

input can induce LTP via Calcium-dependent signaling cascades (Bliss & Lømo, 1973). 

Neocortex may require more significant neuronal depolarization to induce more enduring 

LTP, with the benefit of supporting more stable cellular assemblies (Bear & Kirkwood, 
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1993; Werk & Chapman, 2003). In this view, memories are not so much data files stored 

in the hard drive of the HPC but are instead executables coordinated by HPC and played 

out across many modules. Hippocampal indexing theory remains agnostic to the intrinsic 

processes of HPC and is not mutually exclusive to the cognitive map hypothesis.  

Sharp wave ripples and memory replay 

How then does episodic memory information functionally exit the HPC to 

rekindle the embers of neocortical representation? One signal, the sharp-wave ripple 

(SPW-R), is a strong candidate for relating HPC memory ensembles to the neocortex. 

SPW-Rs are HPC-originating irregular events in the local field potential (LFP) 

characterized by large amplitude deflections with coupled fast oscillatory activity 

(Buzsáki et al., 1983; Buzsáki, 2015). These events largely occur during quiet, 

consummatory behavior such as feeding and during slow-wave-sleep (SWS) and have 

been repeatedly implicated in memory consolidation. Ensembles of serially active place 

cells during experience reactivate in similar order during SPW-Rs of sleeping (M. Wilson 

& McNaughton, 1994; Skaggs & McNaughton, 1996; Louie & Wilson, 2001; A. K. Lee 

& Wilson, 2002) and awake animals (Foster & Wilson, 2006; Diba & Buzsáki, 2007; 

Karlsson & Frank, 2009; Jadhav et al., 2012; Pfeiffer & Foster, 2013; Gillespie et al., 

2021) although the functional role of SPW-Rs may be different depending on brain state 

(Buzsáki, 2015). These reactivations, often termed replays, occur at a compressed 

temporal scale relative to actual experience and appear to act as a teaching signal that 

consolidates memory from HPC to cortex. Disruption of SPW-Rs during post-task sleep 

disrupts learning rate, especially for novel tasks (Girardeau et al., 2009; Ego‐Stengel & 
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Wilson, 2010; van de Ven et al., 2016). During online memory-guided task performance, 

SPW-R disruption impairs spatial memory (Roux et al., 2017) while SPW-R 

enhancement improves it (Fernández-Ruiz et al., 2019). Computational models suggest 

that gently ramping stimulation of the CA3 and CA1 may optimally prolong ripples to 

enhance memory (Wilmerding et al., 2022). Although SPW-Rs appear to be generated in 

distal CA3/CA2 (Buzsáki et al., 1983; Buzsáki, 2015; Oliva et al., 2016), their power and 

frequency may be modulated by inputs from DG and the rest of cortex (Sullivan et al., 

2011; Sasaki et al., 2018). SPW-Rs and ordered sequences of cellular activity are also 

found in humans (Bragin et al., 1999; Quyen et al., 2010; Vaz et al., 2020, 2023). These 

factors strongly suggest that the SPW-R acts as a biomarker for episodic memory 

consolidation from HPC to other regions.  

 

An Introduction to Engrams 

 The assemblies of neurons in models of cognitive maps and episodic memory are 

often vaguely defined. Here, an operational definition of those memory-related cellular 

ensembles will be codified and related to the central questions of how the DG participates 

in memory storage and recall. Zoologist Richard Semon coined the term “engram” in 

1904 referring to the enduring physical changes of the brain associated with memory 

experience (Semon, 1921). Donald Hebb’s theory of strengthening connection between 

co-active cells (“neurons that fire together wire together”) lent further theoretical and 

eventually experimental credence to the formation of engram assemblies (Hebb, 1949; 

Bliss & Lømo, 1973). However, early cortical lesion studies of the rat brain during task 
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learning exhibited only correlation between lesion scale and error rate with no obvious 

localization of the engram (Lashley, 1931). Fortunately, the advance of techniques 

including fluorescent labeling (Shimomura, 1979; Chalfie et al., 1994) and the 

identification of immediate-early-genes (IEGs) regulated by neuronal activity (Sagar et 

al., 1988; Labiner et al., 1993; Radulovic et al., 1998; Guzowski et al., 1999) opened the 

door for more nuanced characterization of memory-related cellular ensembles. 

Transgenic and viral construct paradigms for temporally regulating IEG-driven gene 

expression to particular windows at last allowed for the visualization of neuronal 

assemblies active during specific memory experiences, suggesting sparse ensembles 

function as components of the engram (Reijmers et al., 2007; Liu et al., 2012). Therefore, 

throughout this manuscript, the term engram will refer to the relatively enduring physical 

and chemical changes in and around brain cells associated with the storage of memory 

information (Tonegawa et al., 2015; Josselyn & Tonegawa, 2020). It is also worth 

mentioning the term ‘ecphory’ defined by Richard Semon roughly as the reinstatement of 

memory activity as a result of reactivation of the engram cells. An obvious connection 

can be made between the process of engram formation followed by ecphory and the 

cognitive map hypothesis combined with hippocampal indexing of diverse cortical 

modules discussed above. 

 In some lenses, the observation of neural activity during memory recall and 

memory-guided decision making is a problem of reverse inference. As we have seen, 

assemblies of co-active cells recapitulate their past behavior during replays (M. Wilson & 

McNaughton, 1994; Foster & Wilson, 2006; Diba & Buzsáki, 2007) or during “theta-
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sweeps” in online navigation (Johnson & Redish, 2007). This repeatable co-activity 

represents an ecphory which reveals the underlying enduring physical changes in the 

irritable substrate proposed by Semon (Semon, 1921). Indeed, rhythmic signatures such 

as SPW-Rs broadcast from hippocampus to the rest of the cortex (Peyrache et al., 2009; 

Jadhav et al., 2016; Alexander et al., 2018) and subcortically (Lansink et al., 2009; 

Gomperts et al., 2015) and could orchestrate more holistic recall of engram ensembles 

stored in disparate regions (Vetere et al., 2017; Roy et al., 2022). Of course, memory is a 

constructive process open to updating from new experiences which creates an ever-

shifting set of goalposts. A deeper understanding of the relationship between cellular 

activity, IEG-expression, and engram assembly formation (Sun et al., 2020; Yap et al., 

2021; Anisimova et al., 2023) in combination with  functional imaging of cellular activity 

in engram populations in vivo (Pettit et al., 2022) will be a step toward untangling the 

self-updating nature of the engram-ecphory loop. 

 Manipulation of memory ensembles in DG and beyond 

 Numerous experiments have examined the formation and activation of DG-

mediated engram ensembles in particular, perhaps because of its seat at the head of the 

tri-synaptic loop and its putative role in pattern separation. Studies involving gain or loss 

of memory function have been critical in assessing the role of engram ensembles in 

behavior. Such studies employ IEG-mediated expression of light sensitive optogenetic 

(Boyden et al., 2005; Fenno et al., 2011) or drug sensitive chemogenetic (Armbruster et 

al., 2007; Conklin et al., 2008) proteins to alter cellular activity in vivo and assess 

behavioral outcomes. Inhibition of sparse DG (Denny et al., 2014) or CA1 (Tanaka et al., 
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2014) engram ensembles during fear learning or recall reduces the behavioral expression 

of the learned fear response. Moreover, inhibition of protein synthesis in DG with 

anisomycin blocks NDMA/AMPA mediated LTP, strongly suggesting a Hebbian 

learning framework of forming engram cell assemblies (Ryan et al., 2015). 

Complimenting these findings, artificial reactivation of DG ensembles recruited by IEG 

c-Fos leads to conditioned fear memory expression such as freezing and place avoidance 

(Ramirez et al., 2013; Redondo et al., 2014; Ryan et al., 2015; Chen et al., 2019). 

Reactivation of DG engram ensembles can rescue memory recall in models of early stage 

Alzheimer’s Disease in mice (Roy et al., 2016). Curiously, engram ensembles in DG and 

elsewhere may be heterogeneous depending on their patterns of IEG expression (Heroux 

et al., 2018; Jaeger et al., 2018; Jiang & VanDongen, 2021). Sun et al. reported distinct 

DG engram ensembles of GCs defined by IEG Fos (enhanced excitatory input) or by IEG 

Npas4 (enhanced inhibitory input) which mediated aspects of CFC memory 

generalization or discrimination respectively across similar contexts (Sun et al., 2020). 

Taken together, DG-mediated engram ensembles clearly have a strong impact on 

memory-guided behavior, likely by influencing downstream circuits within and beyond 

HPC. 

 Zooming out beyond the DG, engram networks have been examined and 

manipulated across the brain. A transgenic mouse line expressing GFP in c-Fos 

expressing neurons across the brain found distributed engram ensembles in HPC, 

amygdala, cortical regions including EC, RSC, and parietal cortex (Tayler et al., 2013). 

In an elegant series of experiments, Kitamura et al. demonstrated that cortical regions 
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such as PFC form engram ensembles during initial CFC learning but require 

contributions of HPC and amygdala engram ensembles to mature and form functional 

circuits for stable memory recall long after the initial experience (Kitamura et al., 2017). 

Chemogenetic inhibition of CFC memory hub regions identified using graph theory 

(albeit not in an IEG-defined engram tagging manner) found that CA1, nucleus reuniens 

and lateral dorsal nucleus of thalamus, and the lateral septum were integral to fear 

memory expression (Vetere et al., 2017). Chemogenetic activation of putative ‘high 

engram index’ regions including HPC, nucleus reuniens of thalamus, and amygdala drove 

freezing while co-activation of multiple such regions produced additively stronger 

memory recall (Roy et al., 2022). In sum, the activation of distributed engram circuits 

favors stronger memory recall and supports the HPC indexing theory of memory. 

Gaps in the engram literature 

One caveat to interpretation of engram studies is their extensive reliance on 

aversive conditioning and behavioral expression of fear (Liu et al., 2012; Denny et al., 

2014; Roy et al., 2016; Kitamura et al., 2017; Sun et al., 2020). While some papers have 

examined appetitive memories such as female exposure for male mice (Redondo et al., 

2014; Ramirez et al., 2015; Chen et al., 2019; Shpokayte et al., 2022), behavioral readout 

generally defaults to freezing, place preference or avoidance and fails to capture other 

cardinal features of HPC function such as spatial memory. One could hardly expect to 

develop a full account of memory function in humans by selectively studying memories 

of traumatic accidents and romantic dinners. A recent study employed optogenetic 

silencing of DG engrams tagged during spatial navigation in a water maze and found a 
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modest disruption of memory in extensively trained mice (Lamothe-Molina et al., 2022). 

Holographic stimulation of CA1 place cell ensembles coding for specific maze positions 

drove mice to change their navigation patterns by over- or undershooting goal locations 

(Robinson et al., 2020). This study is remarkable for demonstrating a causal role of CA1 

place fields in navigation as well as a stimulation-dependent remapping of spatial coding 

by the CA1 network including un-stimulated cells. Still, the paucity of experiments 

investigating low- or non-valenced memory behavior supported by specific co-active 

ensembles leaves many open questions about the relationship between engrams and 

everyday episodic memories. 

Few studies have attempted to link the activity of IEG-expressing engram 

ensembles to circuit physiology in vivo. Tanaka et al. used optogenetic identification of 

engram cells recorded with electrophysiology in CA1 by delivering brief pulses of 

stimulation and sorting single unit responses based on peri-stimulus spiking (Tanaka et 

al., 2018). Both engram tagged and non-tagged cells had place fields, but the engram 

positive cells generally had poorer spatial information, larger field size, and less spatial 

stability of fields within the same context. However, these engram cells were able to 

distinguish between different contexts more readily than standard place cells. Another 

study found conflicting results, albeit in a different behavioral paradigm, such that high 

Fos neurons in CA1 (the most engram-like cells) exhibited more stable and spatially 

informative place cells than low Fos neurons (Pettit et al., 2022). High Fos neurons 

formed functional assemblies whose place fields spanned the linear track on which the 

mice were running, harkening to the literature surrounding SPW-R and replay in spatial 
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navigation. These contradictory findings may be partly reconciled by the level of 

experience of the animals in novel versus familiar locations. How engram cells contribute 

to spatial representations and how stable these representations remain during memory 

updating are highly topical questions for the field.  

 

Function of the DG in health and disease 

Alzheimer’s Disease and dementias 

Alzheimer’s Disease (AD) is a progressive neurodegenerative disease that affects 

cognitive function, particularly memory, in over 6 million Americans (alz.org; 

Alzheimer, 1911). Formations of two aberrant proteins, hyperphosphorylated tau in axons 

and dendrites, and extracellular amyloid beta plaques are hallmarks of the disease (Fuller, 

1907, 1911). Progression of cognitive impairment  is strongly associated with the 

accumulation of neurofibrillary tangles first in EC and subsequently HPC and neocortex, 

casting doubt on the classic amyloid cascade hypothesis (Braak & Braak, 1991; 

Schönheit et al., 2004; Korczyn, 2008). Formation of layer 2 EC tangles, but not presence 

of amyloid plaques, is associated with extensive loss of synapses in neocortex and HPC, 

especially in the molecular zone of DG (Davies et al., 1987; Einstein et al., 1994; 

Bertoni-Freddari et al., 1996; Ohm, 2007). As perforant path EC inputs to DG 

degenerate, GC and PVB interneuron populations themselves remain largely spared until 

the most severe stages of the disease (Braak & Braak, 1991; Bobinski et al., 1997; Ohm, 

2007). Neurogenesis of new granule cells appears to transiently increase, although these 

newborn cells may not mature properly in AD (B. Li et al., 2008). It is likely that 
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dendritic changes occur in GCs as a result of de-afferentation and isolation from the EC, 

leading to failure of memory retrieval (Ohm, 2007). Despite over a century of clinical and 

benchtop research, the FDA has only approved one drug which modestly reduces 

amyloid beta plaque levels and slows cognitive decline (Park, 2023; van Dyck et al., 

2023). Another model focuses on impairment of Ach function in AD patients (Bartus et 

al., 1982) which led to the development of acetylcholinesterase-inhibitor drugs (Lane et 

al., 2005) although these show only mild slowing of symptom onset (Marucci et al., 

2021). 

 Given the lack of panacea, other disease models and treatment options are worth 

exploring. Mouse models expressing mutant variations of the amyloid precursor protein 

(APP) and presiniln1 genes have been developed to mimic the amyloid plaques of AD 

pathology (Jankowsky et al., 2004; Jacobsen et al., 2006). In addition to plaque formation 

in EC and DG, these mice exhibit diminished LTP and spine density in DG as well as 

cognitive impairment in memory tasks such as CFC (Jacobsen et al., 2006; Roy et al., 

2016). Optogenetic stimulation of DG-mediated engram ensembles rescues memory 

behavior in AD mice, suggesting that early stage memory impairment is a failure of 

retrieval, rather than encoding (Roy et al., 2016; Perusini et al., 2017). Despite doubt in 

the validity of the amyloid cascade hypothesis, these findings broadly corroborate the 

evidence in humans that DG GCs become synaptically disconnected from EC to leave 

this memory-bearing population unreachable yet spared until terminal stages of AD. 

While artificial stimulation of DG engram populations represents one means of recalling 

latent memories in AD patients, other avenues are needed to arrest or even reverse the 
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effects of aging. Injection of factors in the blood and blood plasma of young mice into 

aged, wildtype mice recovered CFC and spatial memories while increasing spine density 

and synaptic plasticity (Villeda et al., 2014). Other interventions, such as diet and 

exercise, that increase adult neurogenesis and brain-derived neurotrophic factor (BDNF) 

for synaptic plasticity (Choi et al., 2018) are likely the most accessible and effective 

means of curbing dementia especially when practiced earlier in life.  

Epilepsy 

 The hippocampus has long been associated with temporal lobe epilepsy (TLE) as 

a common seizure focus (Margerison & Corsellis, 1966; Lowenstein et al., 1992; 

Sloviter, 1994) and the role of the DG has been recently reviewed (Scharfman, 2019).  

While granule cells and PVB interneurons may remain largely spared, the hilar mossy 

cells and somatostatin interneurons appear particularly vulnerable to traumatic injury, 

excitotoxicity, and apoptosis leading to disruption of excitatory:inhibitory balance (Ribak 

et al., 1979; Sloviter, 1987). Following injury and loss of MC inputs, DG granule cells 

undergo numerous changes altering their excitability (Lowenstein et al., 1992; Sloviter, 

1994; Santhakumar et al., 2000; Ratzliff et al., 2002). Together, these impairments as 

well as neuroinflammation and alterations in glial functioning have a combined effect in 

creating a locus for seizure in many patients (Scharfman, 2019). While an extensive 

discussion of epilepsy is beyond the scope of the present work which focuses largely on 

the mnemonic functions of the DG, this brief overview is useful to bear in mind when 

considering the outcomes of the tagging and reactivation experiments in Chapter 3.  
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CHAPTER TWO: ROUTE-SPECIFIC SPATIAL ENGRAM TAGGING IN 

MOUSE DENTATE GYRUS 

 
Data and portions of the text in this chapter were originally published as: 

Wilmerding, L.K., Kondratyev, I., Ramirez, S. & Hasselmo, M.E (2023). Route-specific 

spatial engram tagging in mouse dentate gyrus. Neurobiology of Learning & Memory. 

200, 107738. https://doi.org/10.1016/j.nlm.2023.107738. I designed the experiments, 

performed behavioral and imaging experiments, analyzed data, and wrote the published 

manuscript.  

 

Introduction 

The dentate gyrus (DG), a subregion of the hippocampal formation, is 

hypothesized to act as a pattern separator that distinguishes between similar input patterns 

during memory formation and retrieval (Marr, 1971; McNaughton & Morris, 1987; 

O’Reilly & McClelland, 1994; Treves & Rolls, 1994; Hasselmo & Wyble, 1997; J. K. 

Leutgeb et al., 2007; Neunuebel & Knierim, 2014). Sparse ensembles of DG memory-

associated granule cells, or engram cells, have been optogenetically targeted to 

successfully influence memory-associated behavior (Liu et al., 2012; Ramirez et al., 

2013; Denny et al., 2014; Redondo et al., 2014) even after consolidation (Kitamura et al., 

2017) and pathogenic aging leading to natural recall failure (Roy et al., 2016). These 

findings support the hypothesis that the DG encodes the contextual dimension of 

memories. Another body of literature emphasizes the spatial representations of DG 

granule cells, which exhibit place fields similar to those in CA1 (O’Keefe & Dostrovsky, 
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1971; Neunuebel & Knierim, 2012, 2014; GoodSmith et al., 2017; Hainmueller & Bartos, 

2018; Cholvin et al., 2021). Lesions of the DG granule cell population impair spatial 

memory (McLamb et al., 1988; McNaughton et al., 1989; Nanry et al., 1989; Xavier et 

al., 1999; for a review, see Xavier & Costa, 2009) and reduce both spatial specificity of 

CA3 place cells and reward-associated sharp-wave-ripple rate (Sasaki et al., 2018). 

Reconciling how the DG contributes to both novel contextual learning and spatial 

representations would offer important insight into the contribution of this region for 

learning and memory. 

To that end, our study investigated the role of the DG in distinguishing between 

multiple routes within a single T-maze context during a spatial navigation task. Male and 

female mice were trained on a delayed-non-match-to-position (DNMP) task with two 

routes. A population of active DG granule cells was visualized using an immediate-early-

gene strategy of labeling cFos positive cells active during exposure on Day 1 to a novel 

2-route T-maze (Guzowski et al., 1999; Reijmers et al., 2007; Liu et al., 2012; Ramirez et 

al., 2013). Another population of cFos positive cells activated on Day 2 by a second 

behavioral context was visualized with immunohistochemical staining for comparison. 

We hypothesized that the DG of mice exposed to a 1-route maze on Day 2 would show 

more overlap between the two cell populations than chance, but less overlap than mice 

re-exposed to the full 2-route maze from Day 1. Our findings support this hypothesis and 

additionally reveal the size and degree of ensemble reactivation are largely independent 

of behavioral performance in the arenas. Our results indicate that the DG plays a role in 

encoding particular sub-routes of a 2D environment during ongoing spatial navigation. 
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Materials and Methods 

Subjects 

25 wildtype (WT) C57B6J male and female mice (Jax) were segregated by sex 

and group-housed prior to surgery. They received food and water ad libitum and were 

placed on a diet containing 40 mg/kg doxycycline (dox; Bio-Serv) at least 1 week prior to 

surgery at the age of 17-36 weeks. Post-surgically, the mice were housed in pairs (by sex) 

on a reverse 12 hour light-dark cycle. Mice were split equally into groups using random 

assignment, counterbalancing for sex. All procedures related to mouse care and treatment 

were in accordance with Boston University and National Institutes of Health guidelines 

for the Care and Use of Laboratory animals. 

Viral constructs and packaging 

The AAV-cFos-tTA and AAV-cFos-tTa-TRE-eYFP were constructed as 

described previously (Ramirez et al., 2013) and sourced from Gene Therapy Center and 

Vector Core at the University of Massachusetts Medical School. The viral titrations were 

1.5*1013 genome copy per mL for AAV-cFos-tTA-TRE-eYFP and 1.5*1013 genome copy 

per mL for AAV-cFos-tTA. 

Stereotactic injections 

All surgeries were performed under stereotactic guidance and all coordinates are 

reported relative to bregma. Anesthesia was induced with 5.0% isoflurane and maintained 

thereafter at a concentration of 1.5-2.0%. Bilateral burr holes were made at -2.2 mm (AP) 
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and +/-1.3 (ML) using a 0.5mm drill to allow a 10uL nanofil syringe (World Precision 

Instruments) to be lowered to 2.0 mm (DV). 300nL of AAV virus cocktail was injected 

bilaterally at a rate of 100nL/min controlled by a MicroSyringe Pump Controller (World 

Precision Instruments). Following injection, the needle was kept at the injection site for 5 

minutes and slowly withdrawn afterwards. Bone wax was gently inserted into the burr 

holes to seal the skull, and two to three sterile sutures were used to close the wound. Post-

operative subcutaneous injections of Buprenorphine (0.1 mg/kg) and Ketoprofen (5 

mg/kg) were administered for three days following surgery and Enrofloxacin (10 mg/kg) 

for five days post-surgically. 

Behavioral assays and engram tagging 

All behavioral assays were performed during the light cycle of the day (7:00 - 

18:00). Mice were handled 2-5 min per day for two days before behavioral training. To 

increase training motivation, mice were water restricted during the training period, 

tagging and re-exposure period to 20 minutes of ad libitum water access daily, in addition 

to sucrose consumed in the maze. 

Behavior was run in a two-arm T-maze, as previously described (Fig. 2.1; Levy et 

al., 2021). The paradigm consisted of a sampling phase and a testing phase, separated by 

a 15-second delay period in a closed-off start box. During the sampling phase, mice were 

forced to run a particular arm of the maze by the application of a barrier closing off the 

other reward arm. In the following test phase, mice were allowed to choose either arm 

and reward was only delivered for choosing the opposing arm to the preceding sample 

phase. Each mouse received five, 15-minute sessions of pre-training on the DNMP 



 

 

31 

paradigm with gradually increasing delay in the week prior to surgery. Five additional 

training sessions of the same length, with full 15-second delay, were delivered after 

surgical recovery. All of these initial training sessions were carried out in the training 

maze, Context T: a grey, wooden, rectangular T-maze (66 cm long x 31 cm wide x 19 cm 

high), with opaque walls forming the central stem and different wall cues on each reward 

arm.  

During the tagging window, mice were taken off dox for 48 hours and 

subsequently performed the DNMP paradigm in a novel T-maze, referred to as Context 

A: a beige, triangular, linoleum-lined T-maze (78 cm long x 78 cm wide x 18 cm high) 

with novel cue cards on the walls of the reward arms. The maze location, odor and floor 

texture were also changed relative to Context T. Context A had no walls on the stem, 

allowing mice to see the entire arena even when reward arm barriers were present. All 

mice were exposed to Context A for 20 minutes, with a minimum of ten DNMP trials 

performed. Food consumption was not explicitly recorded, but all animals maintained 

healthy body condition on both regular and dox chow. Visual observation of each 

subject’s feces confirmed presence or absence of dox during suppression or opening of 

the tagging window respectively. Gene induction in hippocampus further confirmed the 

success of the tagging manipulation. Immediately after tagging, the mice were placed 

back on dox for the remainder of the study.  

The following day, mice were pseudo-randomly split into three groups, 

counterbalancing for sex. The first group ran the full T-maze in Context A under the 

DNMP paradigm discussed above, for 20 minutes. The second group ran for 20 minutes 
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on a one-sided route inside the same physical maze and at the same room position as 

Context A, but with the other arm blocked by opaque barriers (Fig. 2.2C, Context B). The 

mice in this group were evenly split between the left and right Half-T routes via 

pseudorandom assignment and were counterbalanced by sex. The third group was placed 

in a novel arena (Context C) at the same room position as Contexts A and B and explored 

for 20 minutes without reward. This Open Field Context C was an empty, opaque gray 

box (41.5 cm long x 39.5 cm wide x 28.5 cm high) with no top. 

Deeplabcut (Mathis et al., 2018) was used to extract mouse position during 

behavioral trials from 50fps video recorded on an overhead Mako G-131c GigE camera 

(Allied Vision). Video timestamps, spatially scaled position, distance, and velocity 

information were calculated using the CMBHome framework 

(https://github.com/hasselmonians/CMBHOME/wiki).  

Immunohistochemistry 

Mice were euthanized 90 minutes after final behavior on Day 2 by administration 

of Euthasol (390 mg/kg) and anesthetized with Isoflurane prior to transcardial perfusion 

with saline and 10% formalin. Extracted brains were kept in formalin for 48 to 72 hours 

at 4 ℃ and transferred to 30% sucrose solution for approximately 72 hours at 4 ℃ to 

undergo cryoprotection. Cohorts included tissue from animals in all three groups, such 

that fixation and cryoprotection times were matched across groups. Brains were sliced 

using a cryostat into 50μm slices, and blocked for 2 hours at 4 ℃ in 1x phosphate-

buffered-saline + 2% Triton (PBS-T) and 5% normal goat serum (NGS). Consistent with 

prior studies (Chen et al., 2019) slices were incubated for 48 hours at 4 ℃ with primary 
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antibodies diluted in 5% NGS in PBS-T as follows: rabbit anti-cFos (1:1000, Abcam, 

#190289) and chicken anti-GFP (1:1000, ThermoFisher, #A10262). Subsequently, the 

slices were washed three times for 10 minutes in PBS-T, followed by a 2 hour incubation 

in the secondary antibodies diluted in 5% NGS in PBS-T as follows: Alexa 555 goat anti-

rabbit (1:200; ThermoFihser, #A21429) and Alexa 488 goat anti-chicken (1:200, 

ThermoFisher, #A11039). Finally, the slices were mounted on slides using 

VECTASHIELD® Hardset™ Antifade Mounting Medium with DAPI (Vector Labs, #H-

1500) and sealed with nail polish. 

Image acquisition 

Images were acquired with an FV10i confocal laser-scanning microscope, using 

60x magnification / 1.4 NA oil-immersion objective. For each image, three z-slices, 

separated by approximately 19.5μm, were acquired. The first z-slice was positioned at the 

lowest in-focus portion of the sample, the second was positioned at the center of the 

sample and the first was positioned at the highest in-focus portion of the imaged sample. 

The depth between the slices has been adjusted accordingly to ensure this composition, 

but was never set below 17 μm to minimize the potential of imaging the same cell in 

different z-planes. DAPI was acquired at 405nm with average laser power of 17.4% 

(SEM 1.43%), eYFP at 473nm with average laser power of 2.38% (SEM 0.17%) and 

cFos at 559nm with average laser power of 12.21% (SEM 0.40%). Before acquiring each 

image, the laser power of each channel (R, G, B) was configured to yield approximately 

equivalent intensity between all slices. To ensure images were collected with similar 

parameters across groups, we tested the laser power of each image on each channel 
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across groups and found no significant differences in laser power between groups (Fig. 

2.1A). To rule  out differences in overlap count across groups arising from the ratio of 

cFos and eYFP channel laser power, the ratio between the deviation of each mouse’s 

average power away from the mean channel power was calculated as (Mouse cFos- Mean 

cFos Power)/(Mouse eYFP-Mean eYFP Power). No differences in R/G channel ratio was 

found across groups (Fig. 2.1A). 

Each image was acquired as a series of 1024x1024 pixel tiles which were 

subsequently stitched end-to-end to produce the final image 

(https://imagej.net/plugins/image-stitching). Only one set of stitching parameters was 

used, ensuring any stitching artefacts were consistent across groups. The images used 16 

bit-depth encoding and all image processing was handled in ImageJ / FIJI 

(https://imagej.nih.gov/ij/) with the Bioformats toolbox (https://imagej.net/formats/bio-

formats). 

Cell counting 

Image acquisition was performed only on slices with successful targeting to the 

dorsal DG. cFos+ and eYFP+ cells in the upper and lower DG blades were counted using 

five 50um coronal slices of dorsal DG in each animal. Cell counts from each of the three 

z-planes were summed for that slice and averaged across slices for each mouse. DAPI 

was counted using a StarDist neural network trained and validated on a subset of the data 

(Fig 2.1B, Schmidt et al., 2018; Weigert et al., 2020). Segmentation metrics (precision, 

recall, and matching to ground truth labels) confirmed model performance over a range of 

label matching thresholds. An intersection-over-union threshold of 0.5% was used as a 
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tradeoff between match score and other metrics. The number of cFos+ and eYFP+ cells 

in the DG region was quantified using an automated ImageJ pipeline that carried out 

iterative thresholding followed by exclusion of non-circular objects 

(https://mcib3d.frama.io/3d-suite-imagej/plugins/Segmentation/3D-Iterative-

Segmentation/). Parameters were calibrated to include cells even where stitched images 

showed intensity variability. In order to quantify the number of overlapping cFos+ and 

eYFP+ cells, an automated algorithm was used to carry out pairwise comparisons 

between the pixels of each eYFP and cFos cell and the results were filtered to only 

include overlapping cells of a comparable size (within at least 50% of each-other’s size) 

that were mostly overlapping (85% of smaller object). The accuracy of the automatic 

counter was verified against a manually scored dataset created by two experimenters 

blind to the experimental conditions (Fig. 2.1C-E). Automated counts were used for 

increased reproducibility. Statistical chance for overlap was calculated as 

(eYFP+)/DAPI*(cFos+)/DAPI  and compared against the counted overlaps normalized to 

the whole dentate population as (cFos+ & eYFP+)/DAPI.  

Statistical analysis 

Bar graphs are reported as means +/- SEM. One way and mixed effects ANOVA 

tests were used to assess group differences for both cell counts and behavior, and follow-

up comparisons made where appropriate using independent T-tests (Tukey’s HSD). 

Repeated measures comparisons including overlap against statistical chance were 

performed using paired t-tests while all other comparisons were made with independent t-

tests. Bonferroni-Holm corrected p-values are reported where multiple t-test and 
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correlation tests are made. Correlations were run using Pearson’s R. Percentile tests were 

performed against a chance distribution of P bootstrap means created by averaging n 

samples drawn with replacement from the statistical chance values of all mice, where n 

was the number of mice in the original group, and P was the number of bootstrap means. 

Two mice were excluded (1 Full-T, 1 Half-T) from velocity and distance comparisons 

(Fig. 2.4C,D) on the basis of corrupted video files but were otherwise included for all 

other tests. Test statistics, groups sizes, number of bootstrap samples, and p-values are 

reported in figure legends. All tests were performed in Matlab using publicly available 

functions. For all figures, * = p < 0.05, ** = p < 0.01, *** = p < 0.001.  

Data availability 

 All relevant data supporting the findings of this study are available from the 

corresponding author upon reasonable request. 

 

Results 

Behavioral and viral tagging paradigm used to visualize the spatial engram 

To investigate cells in dentate gyrus (DG) associated with spatial navigation 

memories, we trained mice on a delayed-non-match-to-position (DNMP) task (Fig. 

2.2A). A dox-inducible viral labeling strategy was used to selectively label cFos+ DG 

cells associated with learning (Fig. 2.2B). After pre-training and surgical recovery, dox 

diet was removed from the cage and mice were exposed to a novel T-maze (Context A) in 

which they performed the DNMP task for 20 minutes (Fig. 2.2C). The mice were 
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returned to dox to prevent off-target labeling and exposed on the following day to another 

environment in the same position with respect to room cues as Context A. The first group 

(Full-T) repeated the DNMP behavior in Context A as before. The second group was 

returned to the same physical arena as Context A, but with one arm permanently blocked 

(Context B). This arena was otherwise similar with respect to timing delays and sucrose 

rewards and allowed mice visual access to the other side of the maze. The final group 

was exposed to a novel open field arena without reward contingency (Context C). 

Histological staining reveals distinct, partially overlapping spatial engram populations 

in DG 

We first examined the size and degree of overlap between DG cell ensembles to 

determine the level of representational similarity across days in each group. 

Immunohistochemical staining revealed two populations, the first from the Day 1 

experience (eYFP) and the second from the Day 2 experience (cFos) with partial 

reactivation (overlap; Fig. 2.3A-F). Performance of the DNMP T-maze task on Day 1 

yielded similar ensemble size across groups as expected (Fig. 2.4A). Interestingly, no 

difference was found in Day 2 ensemble size across groups despite the Open Field group 

experiencing a novel environment.  

DG encodes different routes within a maze using partially non-overlapping populations 

Next, we normalized the number of overlapping cells to the whole dentate 

population and compared each group to statistical chance. This allowed testing of the 

primary hypothesis of the experiment as summarized in Figure 2.4B. Both the Full-T and 



 

 

38 

Half-T exposures resulted in significantly overlapping populations, while the Open Field 

exposure did not (Fig. 2.4B). Additionally, we found a dissociation of reactivation level 

across groups, with the Full-T experiencing highest overlap and Open Field experiencing 

the least (Fig. 2.4B). Because each group had relatively few samples, we performed an 

additional test of the group means and individuals against a chance distribution generated 

by bootstrap sampling. In agreement with the first analysis, the Full-T and Half-T group 

means were both above the 99th percentile of the chance distribution, while the Open 

Field group was not (Figure 2.4C). Taken together, these results suggest an effect of both 

novelty and trajectory experience on the recruitment and reactivation of the DG spatial 

engram ensemble. 

DG spatial engram composition relates to experienced trajectories not distance or 

velocity 

To rule out the possibility of confounding effects such as task engagement, laps 

traversed, and behavioral activity level on engram ensemble recruitment, we analyzed 

behavior across groups. All groups performed the task above chance nor did we find a 

difference in accuracy across groups on Day 1 (Fig. 2.5A). There was no change in 

accuracy across days for the Full-T group. These data demonstrate that the mice grasped 

the task and transferred learning successfully from training Context T to the novel 

Context A. Next, we examined the number of laps, defined as a trajectory from the start 

box to the reward then back to the start box, across groups and days. The Full-T and 

Half-T groups performed similar numbers of laps on Day 2 despite the difference in 

behavioral demand between Contexts A and B, nor did either group perform differently 
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than its Day 1 baseline (Fig. 2.5B). For a more general comparison of behavior, we 

analyzed total distance traveled and average running speed in all groups across days. We 

found a main effect of day but no effect of group or interaction in either metric (Fig. 

2.5C,D).  

Engram reactivation does not correlate to behavioral outcomes or learning across days 

To follow up this result, we tested for possible correlations between ensemble 

reactivation and behavior. No correlation was found between the normalized ensemble 

overlap and any behavioral metric (task accuracy, number of laps, distance, or average 

speed) on Day 2 in any group (Fig. 2.6A-D, top). Further, we correlated the overlap 

values against the difference in behavioral measures between Days 1 and 2 for possible 

effects of learning across days, but found no relationship (Fig. 2.6A-D, bottom). These 

analyses suggest that the degree of engram reactivation is not a result of trajectory length, 

self-motion cues, or differences across days, but is instead related to behavioral 

contingencies and experienced trajectories, as hypothesized. 

Engram composition and behavior does not appear to differ across sex or experienced 

trajectory in the Half-T  group 

Finally, we examined our data broken down by subject sex and direction of the  

maze experienced in the Half-T group. While each group lacked sufficient number of 

subjects for rigorous comparison by sex within groups, observationally we saw little 

difference in average Day 1 or Day 2 ensemble size or in normalized engram reactivation 

(Fig. 2.7A). At the behavioral level, male and female mice exhibited little difference in 
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any behavioral metric on either day (Fig. 2.7B). In the Half-T group, we observed 

minimal difference between the Left-T and Right-T subgroups at either the ensemble 

level (Fig. 2.7C) or the behavioral level (Fig. 2.7D). These similarities were used as 

grounds to combine animals by sex and by Half-T subgroup in the previous analyses, 

although follow up studies with larger group sizes would be needed to confirm the lack of 

effect. 

 

Discussion 

We trained mice to run a delayed-non-match-to-position (DNMP) T-maze task 

and used an activity-dependent viral labeling strategy to visualize cell populations from 

different days associated with goal-directed navigation, i.e. spatial engrams. We found 

that repeated experience with the same two-route spatial working memory task and 

physical location across days yielded the highest degree of engram similarity (Full-T; 

Fig. 2.4B,C). Mice performing a navigation task in the same physical arena and room 

position but with only one route (Half-T) showed higher reactivation of the original 

population than chance levels, but less than the Full-T group (Fig. 2.4B,C). The Open 

Field group exhibited the least overlap, no different than chance (Open Field, Fig. 

2.4B,C). In addition, we observed no difference in the size of the Day 2 ensemble despite 

differences in memory demand and novelty based on the experienced arena (Fig. 2.4A). 

Together, these results are consistent with past studies implicating the DG in spatial 

memory processing (McNaughton et al., 1989; Emerich & Walsh, 1990; Xavier et al., 

1999), including T-maze tasks with long delays (Emerich & Walsh, 1989; Costa et al., 
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2005) and build on previous applications of immediate early genes (IEGs) to study the 

overlap of populations involved in hippocampal spatial and task-specific memories 

(Guzowski et al., 1999; Satvat et al., 2011).  

Spatial vs fear engrams 

We set out to test whether methodologies typically used to label contextual 

memories in dorsal DG could be used to probe aspects of navigational memory for 

specific routes within a larger environment. Previous studies of memory ensemble, or 

engram, composition have largely focused on the formation and reactivation of 

contextual memories with strong emotional valence, in particular fear (Liu et al., 2012; 

Ramirez et al., 2013; Redondo et al., 2014; Chen et al., 2019; Sun et al., 2020). However, 

physiological recordings from DG during navigation have revealed spatial preferences of 

DG granule and mossy cells (M. W. Jung & McNaughton, 1993; J. K. Leutgeb et al., 

2007; Neunuebel & Knierim, 2012, 2014; GoodSmith et al., 2017, 2022) which may be 

stable across days (Hainmueller & Bartos, 2018; Cholvin et al., 2021). While IEGs have 

been used to examine cell population reactivation across or within open field navigation 

contexts (Guzowski et al., 1999; VanElzakker et al., 2008), this approach could not 

distinguish an engram ensemble coding for contextual cues (e.g. odor, distal visual 

landmarks, etc.) from one encoding specific navigational trajectories (e.g. serially 

activated place fields). In our study, the Half-T group had lower ensemble reactivation 

than the Full-T group, but higher reactivation than the Open Field group and statistical 

chance (Fig. 2.4B,C). Some contribution of pattern separation as a result of differences in 

behavioral demand between a spatial reference memory task (Full-T) and a sensory-
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guided navigation task with similar delays and rewards (Half-T) is possible (Satvat et al., 

2011). However, we found largely no difference in behavior across groups (Fig. 2.5). We 

found largely no correlation between engram reactivation and behavioral measures or 

task learning across days (Fig. 2.6) in agreement with past work showing little 

relationship between freezing and fear engram ensemble activity (Zaki et al., 2022) or 

locomotion and Fos levels in hippocampus (VanElzakker et al., 2008). Based on these 

finding and previous evidence for spatial specificity in DG granule cells, we hypothesize 

that experiences of different routes are encoded by different spatial engram populations. 

The relationship between Fos expression, memory encoding, and spatial 

correlates of cell activity is complex. One recent study linked the degree of Fos 

expression to the reliability and stability place fields in CA1 during familiar task 

performance (Pettit et al., 2022). Interestingly, clusters of co-active cells with strong Fos 

expression exhibited place fields across large sections of the environment, consistent with 

prior work in replay and theta sequences suggesting that correlated cells chunk spatial 

information (Foster & Wilson, 2006; Johnson & Redish, 2007; Gupta et al., 2012). 

Conversely, a previous engram study using electrophysiology found that cFos tagged 

CA1 cells displayed strong contextual firing but poorer spatial stability than non-tagged 

cells (Tanaka et al., 2018). One possible explanation for the disparity is the level of 

experience with the environment, because cFos is both driven by firing activity and helps 

maintain spatial coding accuracy in existing place cells (Pettit et al., 2022). In our study, 

mice were exposed to novel environments during tagging, likely driving formation of 

new engram ensembles similar to Tanaka et al. However, the animals had extensive pre-
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training on the task itself and transferred learning across environments (Fig. 2.5A). It is 

therefore unsurprising that the Full-T group displayed reactivation above chance levels 

and above the Half-T group, indicating stability of the cFos tagged ensemble across days 

despite the novel environment, in line with the experienced animals and findings of Pettit 

et al. Follow up studies could compare ensembles tagged in the training context, or pre-

trained versus naïve mice, to disambiguate the competing factors of pattern completion 

and pattern separation on spatial engram recruitment (Nakashiba et al., 2012; Santoro, 

2013). Further, investigating the cellular dynamics in DG during task demand updating 

(as in the Half-T group on Day 2) would provide valuable insight into real-time feedback 

influencing memory and spatial-associated cell ensembles. 

Size of the engram ensemble 

 cFos IEG expression in granule cells arises from neural activity and plasticity-

related changes within a cell (Labiner et al., 1993). Novelty is an important factor for 

inducing plasticity in the hippocampus, including DG (McNaughton & Morris, 1987; 

Kitchigina et al., 1997; Straube, Korz, & Frey, 2003; Straube, Korz, Balschun, et al., 

2003; Davis et al., 2004). We observed a larger Day 1 ensemble relative to the Day 2 

ensemble in all groups, consistent with a novelty effect in the Full-T and Half-T groups 

(Fig. 2.4A) and with prior work using similar techniques (Zaki et al., 2022). However, we 

made no formal comparison of this effect due to the difference in cFos detection between 

IHC and viral tagging methods and because animals ran less distance and at lower speed 

on the second day (Fig. 2.5C,D). Past work using alternate Fos detection methods 

similarly demonstrated increases in DG Fos expression after novel, but not familiar, 
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environmental exploration (VanElzakker et al., 2008). Interestingly, the Open Field group 

underwent a novel context exposure on each day and exhibited a similar Day 2 ensemble 

size to the other groups, which suggests an impact not only of novelty but also task in this 

study (Fig. 2.4A). Given similar ensemble detection methods to the other groups, we 

might have expected the Open Field group to have larger average Day 2 ensemble size, 

but this was not the case. The open field free-exploration task has no route constraints by 

design, and these mice were just as active as their Full-T and Half-T counterparts (Fig. 

2.5C,D). Thus, both the navigational memory demand and reward contingencies likely 

play a role in DG ensemble recruitment in addition to novelty alone (Costa et al., 2005). 

Composition of sub-ensembles for pattern separation 

 One question concerns whether the DG contains cells with task-modulated spatial 

tuning, i.e. splitter cells, like those observed in CA1 (Wood et al., 2000; Ferbinteanu & 

Shapiro, 2003; Griffin et al., 2007; Kinsky et al., 2020). Splitter cells can emerge early in 

learning and may be modulated by the turn direction, task phase, or both on the DNMP 

T-maze task (Levy et al., 2021). DG place fields remap based on task engagement, 

hinting at the flexibility of DG cells within the same physical location (Shen et al., 2021). 

Interestingly, CA1 splitter cells appear more stable than classic place fields across days, 

which might help to explain increased overlap observed in the Full-T group relative to the 

Half-T group which had no chance to demonstrate splitter behavior (Fig 2.4B; Kinsky et 

al., 2020). Splitter cells may indeed serve an additional pattern separation function in DG 

for this task by discriminating otherwise similar stem trajectories and improving pattern 

completion of orthogonal sub-ensembles coding for separate reward arm routes (O’Reilly 
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& McClelland, 1994; Wood et al., 2000; Ferbinteanu & Shapiro, 2003; Hasselmo & 

Eichenbaum, 2005; Nakashiba et al., 2012; Neunuebel & Knierim, 2012, 2014; 

GoodSmith et al., 2017, 2019; Senzai & Buzsáki, 2017; Hainmueller & Bartos, 2018). 

Conclusions 

We tested whether experience with specific navigation routes could be dissected 

in the dentate gyrus using engram tagging and visualization strategies. We found that 

repeated experience of a two-route maze task across days recruited a more similar 

ensemble than exposure to a novel open field arena or exposure to a one-route task within 

the same T-maze arena. The experimental design offers a means to study aspects of 

spatial navigation using traditional engram tagging techniques. Additionally, our results 

suggest the dentate gyrus performs its role in pattern separation and spatial navigation by 

the activation of partially non-overlapping sub-ensembles for different routes in a larger 

context. 
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Figures 

Figure 2.1 

 

Figure 2.1. Similarity of cell counts supports the use of automated counting 
methods.  
A) Left: Average laser power used during image acquisition across groups. No difference 
in power was found in the DAPI (F(2,122) = 0.83, p = 0.44), eYFP (F(2,122) = 0.66, p = 0.52) 
or cFos (F(2,122) = 0,21, p = 0.81) channels, n = 40 images for Full-T and Half-T, 45 
images for Open Field. Right: comparison of cFos to eYFP channel laser power ratio 
finds no difference across groups (F(2,22) = 0.17, p = 0.85). 
B) Automated DAPI cell counts. Raw, manual label and automated label example from 
the training validation set. Colors for visualization purpose only. Raw and automated 



 

 

48 

label example from the main data set. Bottom right: model validation metrics 
demonstrating high precision, accuracy, and matching to ground truth labels over a range 
of matching thresholds. Dashed black line indicates threshold used in dataset. True 
Positive, Negative, and False Negative rates shown normalized to ground truth. 
C) Left: Automated overlap counts strongly correlate with human raters. Pearson’s r and 
p values reported in figure. Right: no difference was found between average overlap 
counts of human raters and automated counting methods (t = -0.19, p = 0.85). n = 125 
images per group.  
D) Left: Same as C but for cFos counts. Right: No difference in human or automated 
counting of cFos (t = -0.70, p = 0.47). n = 30 images per group.  
E) Left: Same as D but for eYFP counts. Right: No difference in human or automated 
counting of eYFP (t = 1.79, p = 0.079). n = 30 images per group.  
Error bars represent +/- SEM. Scatter plots denote individual image samples jittered for 
clarity. 
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Figure 2.2 

 

Figure 2.2. Behavioral and viral tagging paradigm used to visualize the spatial 
engram.  
A) Schematic representation of the delayed-non-match-to-position (DNMP) T-maze task. 
In the sample phase, an opaque barrier is inserted to force the mouse to traverse one route 
and receive sucrose reward. After a 15-second start box delay, the mouse must choose to 
traverse the opposite route to receive a second reward in the test phase.  
B) Viral constructs AAV9-cFos-tTA and AAV9-TRE-eYFP used in the engram labeling 
system. Endogenously expressed cFos in transfected Dentate Gyrus cells drives 
tetracycline-transactivator (tTA) which binds to the tetracycline response element (TRE) 
and drives expression of eYFP in the absence of doxycycline (Dox).  
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C) Behavioral timeline. Mice (n=25) were pre-trained for 10 sessions, 5 before and 5 
after surgical injection of the viral constructs outlined in B. Dox diet was removed from 
the home cage to open a memory labeling window. Day 1 performance of the DNMP-
task in a novel Context A for 20 minutes caused cFos Dentate Gyrus cells to express 
eYFP. On Day 2 mice were exposed for 20 minutes to the full maze task (Full-T, Context 
A, n=8), the same maze but with one arm blocked (Half-T, Context B,  n=8), or a novel 
arena (Open Field, Context C, n=9). Brains were collected 90 minutes after the 
behavioral experience on Day 2. Created with BioRender. 
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Figure 2.3 

 

Figure 2.3. Histological staining reveals distinct, partially overlapping spatial 
engram populations in DG.  
A-C) Representative 60x confocal images of DG from the Full-T, Half-T and Open Field 
groups. Top row: cFos signal. Upper middle row: eYFP signal. Lower middle row: merge 
of the above rows (cFos red, eYFP green). Bottom: Zoomed section from the above 
merge indicated by the white dashed box. White triangles indicate overlap cells active on 
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both days. 
D-F) Further examples from four different animals per group outlined above in A-C.  
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Figure 2.4 

 

Figure 2.4. DG encodes different routes within a maze using partially non-
overlapping populations. 
A) There was no difference in Day 1 ensemble size (eYFP; F(2,22) = 76, p = 0.48) or in 
Day 2 ensemble size (cFos; F(2,22) = 0.11, p = 0.90) across groups. 
B) Experience of the Day 2 environments and tasks resulted in ensemble reactivation 
(overlap) above statistical chance in the Full-T (t = 6.23, p = 0.0012) and Half-T (t = 
4.09, p = 0.0093), but not the Open Field groups (t = -1.04, p = 0.33). Additionally, 
normalized reactivation in all groups differed from one another (F(2,22) = 20.44, p < 
0.001). Post-hoc comparisons revealed significant differences between all groups 
(Tukey’s HSD; Full-T vs Half-T: p = 0.0040; Full-T vs Open Field: p < 0.001; Half-T vs 
Open Field: p = 0.038) 
C) The true Full-T and Half-T DAPI-normalized ensemble overlap group means were 
above the 99th percentile of a chance distribution of shuffled overlap values (Chance; n = 
1000 sample means), while the  Open Field mean was not (11th percentile). Vertical lines 
indicate observed group means.  
Error bars represent +/- SEM. Scatter plots denote individual subjects (triangle = Full-T, 
circle = Half-T, square = Open Field). N = 8 mice in Full-T and Half-T groups, 9 mice in 
Open Field. 
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Figure 2.5 

 

Figure 2.5. DG spatial engram composition relates to experienced trajectories not 
distance or velocity.  
A) All groups performed above chance (One-sample t-test; Day 1: Full-T t = 3.05, p = 
0.018; Half-T t = 5.99, p = 0.0022; Open Field t = 5,44, p  = 0.0018; Day 2: Full-T t = 
4.92, p = 0.0034). No differences in DNMP task accuracy were found across groups on 
Day 1 (F(2,22) = 0.85, p = 0.44)) nor did the Full-T group perform differently across days 
(t = -1.78, p = 0.12). 
B) Groups did not run different numbers of laps on Day 1 (F(2,22) = 0.097, p = 0.91), nor 
did the Half-T group run fewer laps relative to the Full-T group on Day 2 (t = 0.217, p = 
0.83). The Full-T group ran similar laps across days (t = 1.94, p = 0.28) as did the Half-T 
group (t = 0.90, p = 0.80).  
C) The total distance traveled did not differ across groups (F(2,20) = 0.47, p = 0.63) but 
was lower on Day 2 (F(1,20) = 41.11, p < 0.001) with no interaction effect (F(2,20)  = 2.82, p 
= 0.084).  
D) The average velocity did not differ across groups on Day 1 (F(2,20) = 0.43, p = 0.66) 
but was lower on Day 2 (F(1,20) = 24.02, p < 0.001) with no interaction effect (F(2,20)  = 
1.77, p = 0.20).   
Error bars represent +/- SEM. Scatter plots denote individual mice. N = 9 mice in the 
Open Field group. For accuracy and lap comparisons, N = 8 mice in Full-T and Half-T 
groups. N = 7 mice in Full-T and Half-T groups for velocity and distance comparisons. 
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Figure 2.6 

 

Figure 2.6. Engram reactivation does not correlate to behavioral outcomes or 
learning across days.  
A) Top: No relationship was found between Day 2 DNMP accuracy and degree of 
engram reactivation in the Full-T group. (r = -0.20, p = 0.63). Bottom: Same as above but 
for difference in accuracy Day 1 vs Day 2 (Full-T: r = 0.07, p = 0.87). 
B) Same as A but for number of laps on Day 2 (Full-T: r = -0.47, p = 0.47; Half-T: r = -
0.23, p = 0.58) and difference in laps Day 1 vs 2 (Full-T: r = -0.07, p = 0.88; Half-T: r = -
0.60, p = 0.24). 
C) Same as B but for distance traveled on Day 2 (Full-T: r = -0.27, p = 1.00; Half-T: r = -
0.28, p = 0.55; Open Field: r = -0.13, p = 0.62) and difference in distance Day 1 vs 2 
(Full-T: r = -0.04, p = 0.92; Half-T: r = -0.16, p = 1.00; Open Field: r = -0.27, p = 1.00). 
D) Same as C but for average speed on Day 2 (Full-T: r = -0.44, p = 0.55; Half-T: r = -
0.28, p = 0.54; Open Field: r = -0.47, p = 0.62) and difference in average speed Day 1 vs 
2 (Full-T: r = -0.30, p = 1.00; Half-T: r = -0.26, p = 0.58; Open Field: r = -0.33, p = 1.00). 
N = 9 mice in the Open Field group. For accuracy and lap comparisons, N = 8 mice in 
Full-T and Half-T groups. N = 7 mice in Full-T and Half-T groups for velocity and 
distance comparisons. 
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Figure 2.7 

 

Figure 2.7. Engram composition and behavior does not appear to differ across sex 
or experienced trajectory in the Half-T  group. 
A) The size of the Day 1 and Day 2 ensembles, as well as degree of reactivation (overlap 
cells) appears similar between male and female mice of all groups. 
B) Only minor sex differences were observed for any behavioral metric on either Day 1 
(Left column) or Day 2 (right column) for all groups. 
C) Same as A but comparing the Left-T and Right-T subgroups in the Half-T group, 
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similarly little difference observed.  
D) Only minor subgroup differences were  observed for behavioral metrics on Day 1 and 
Day 2.  
Error bars represent +/- SEM. Scatter plots denote individual mice. 
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CHAPTER THREE: NONSPECIFC ENSEMBLE REACTIVATION IN 

MOUSE DENTATE GYRUS DISRUPTS SPATIAL WORKING MEMORY 

Data and portions of the text in this chapter were originally submitted as: 

Wilmerding, L.K., Kondratyev, I., Shi, W.B., Ramirez, S. & Hasselmo, M.E 

(2023). Ensemble reactivation in mouse dentate gyrus disrupts spatial working 

memory. Journal of Neuroscience. I designed the experiments, performed 

behavioral and imaging experiments, analyzed data, and wrote the manuscript 

submitted to Journal of Neuroscience. 

 

Introduction 

The ability to separate recent memories of familiar locations to guide 

navigational decision making is an important tool for behavioral flexibility and 

involves structures including hippocampal region CA1 (Wang & Cai, 2006; 

Hyman et al., 2010; Spellman et al., 2015). Spatial working memory appears to 

rely on intact regions upstream of region CA1, such as the dentate gyrus (DG; 

Emerich & Walsh, 1989; McNaughton et al., 1989; Costa et al., 2005; Sasaki et 

al., 2018). The DG has been hypothesized to play a role in separating partially 

overlapping pattern inputs for subsequent decoding and completion by the rest of 

hippocampus (Marr, 1971; McNaughton & Morris, 1987; O’Reilly & McClelland, 

1994; Treves & Rolls, 1994; Hasselmo & Wyble, 1997). Physiological recording 

studies demonstrate specific and stable spatial correlates of DG granule and 

mossy cells which may be used for spatial pattern separation (Neunuebel & 
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Knierim, 2012, 2014; GoodSmith et al., 2017; Hainmueller & Bartos, 2018; 

Cholvin et al., 2021). Answering how DG outputs actively shape downstream 

circuit computations will be important for understanding its role in spatial 

working memory, pattern separation and completion. 

Prior work has used activity-dependent expression of immediate early 

genes such as c-Fos to drive the expression of fluorescent labels and optogenetic 

proteins to visualize and manipulate fear memory-associated cell ensembles or 

‘engrams’ in DG (Liu et al., 2012; Ramirez et al., 2013; Redondo et al., 2014; 

Chen et al., 2019). One previous study used similar engram labeling to visualize 

populations of DG neurons associated with specific navigational trajectories in a 

T-maze (Wilmerding et al., 2023). In the present study, we used c-Fos driven 

engram tagging methods but in a non-temporally windowed fashion, allowing 

labeling of numerous cell ensembles in mice during multiple experiences on a 

spatial working memory task, the delayed-non-match-to-position T-maze. We 

optogenetically reactivated these ‘nonspecific’ ensembles during trials on a 

second T-maze arena to assess the contribution of DG to spatial working memory 

and transfer of learning between contexts. We found that nonspecific ensemble 

stimulation specifically disrupted spatial working memory accuracy with minimal 

disruption of other behavioral markers. Performance impairment was 

heterogeneous across days, suggesting an initial vulnerability of task 

representations to DG disruption as well as consistent impairment after the mice 

had more extensive experience of the secondary maze context. Our study suggests 



 

 

60 

a role of the DG in encoding spatial working memories as well as transferring task 

learning across contexts, in line with theories of its role in pattern separation and 

completion. 

Materials and Methods 

 

Subjects 

12 wildtype (WT) C57B6J male and female mice (Jax) were segregated by 

sex and group-housed prior to surgery. They were housed on a reverse 12 hour 

light-dark cycle throughout the study. Mice received food and water ad libitum 

and were placed on a diet containing 40 mg/kg doxycycline (dox; Bio-Serv) at 

least 1 week prior to surgery at the age of 17-36 weeks. Post-surgically, the mice 

were returned to standard, non-dox chow and housed singly or in pairs (by sex). 

Mice were split equally into groups using random assignment, with 3 female and 

3 male in the control group, and 5 female and 1 male in the experimental group. 

The bias was unintentional as several male animals whose data are not reported 

here were excluded from the experimental group on the basis of seizure-like 

activity (see Discussion section 3.3). No formal comparison of sex differences 

was made due to low sample size and prior work suggesting no sex difference in 

learning rate or spatial working memory span (number of entries prior to first 

error) on the radial arm maze (Bimonte & Denenberg, 2000; Harris et al., 2016). 

All procedures related to mouse care and treatment were in accordance with 
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Boston University and National Institutes of Health guidelines for the Care and 

Use of Laboratory Animals. 

Viral constructs and packaging 

The pAAV9-cFos-tTA, pAAV9-TRE-ChR2-eYFP, and pAAV9-TRE-

eYFP were constructed as described previously (Ramirez et al., 2013) and 

sourced from Gene Therapy Center and Vector Core at the University of 

Massachusetts Medical School. The viral titrations were 1.5*1013 genome copy 

per mL for the cFos-tTA and TRE-eYFP and 1.0*1013 genome copy per mL for 

the TRE-ChR2-eYFP virus and are consistent with prior work (Chen et al., 2019; 

Doucette et al., 2020). 

Stereotactic injection and fiber placement 

All surgeries were performed under stereotactic guidance and all 

coordinates are reported relative to bregma. Anesthesia was induced with 5.0% 

isoflurane and maintained thereafter at a concentration of 1.5-2.0%. Two skull 

screws were inserted bilaterally above PFC without penetrating the dura. Bilateral 

burr holes were made at -2.2 mm (AP) and +/-1.3 (ML) using a 0.5mm drill and a 

pulled glass micropipette needle (Drummond Scientific, catalog no. 3-000-203 

G/X) was lowered to -2.0 (DV). 300nL of AAV virus cocktail (cFos-tTA 

construct plus either TRE-ChR2-eYFP or TRE-eYFP) was injected bilaterally at a 

rate of 60nL/min controlled by a MicroSyringe Pump Controller (Drummond 

Scientific, Nanoject III). Following injection, the needle was kept at the injection 
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site for 3 minutes and slowly withdrawn afterwards. Subsequently optic fibers 

(200um core diameter; Doric Lenses) were lowered bilaterally at -2.2 (AP), +/-1.3 

(ML) and -1.6 (DV) targeting dorsal DG. In some cases viral diffusion as well as 

light from the fiber may have spread to the intermediate dentate, so terminology 

will only refer to the dentate generally, rather than dorsal DG. Kwik-Sil (World 

Precision Instruments) was applied around the fiber shanks at the skull and then 

each fiber was fixed in place with C&B metabond (Parkell) and dental cement 

(Henry Schein). Post-operative subcutaneous injections of Buprenorphine (0.1 

mg/kg) and Ketoprofen (5 mg/kg) were administered for three days following 

surgery and Enrofloxacin (10 mg/kg) for five days post-surgically. Targeting and 

viral expression was confirmed by histological assessment and data from off-

target mice were not included in analysis. 

Optogenetic methods 

Laser output was tested (Digital handheld optical power and energy meter 

console, ThorLabs) before each experiment to ensure at least 8mW power output 

at the end of a test fiber matching the implanted fibers. Implanted optic fibers 

were plugged into a branching patch-cable connected to a fiber optic rotary joint 

and a mono-fiber patch cable leading to a 473nm laser diode controlled by 

automated software (Doric Lenses). During experimental days, 20Hz square 

pulsatile stimulation (15ms pulse width) was delivered during the entire training 

phase of individual trials that were pseudo-randomly chosen. More specifically, 

on these trials stimulation started 5 seconds prior to trial onset, continued through 
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the training phase (running up the stem and into the training arm) and ended 

immediately upon re-entry into the start box at the start of the delay phase. Laser 

onset and offset was controlled manually by an experimenter in the room but did 

not differ between groups (Fig. S1A,B). 

Behavioral assays and ensemble tagging 

Prior to onset of behavioral training, mice were handled for 2-5 minutes 

per day for two days. All behavioral assays were performed during the light cycle 

of the day (7:00 - 18:00). To increase task acquisition speed, mice were water 

restricted throughout the training and experimental period to 20 minutes of ad 

libitum water access daily, in addition to the sucrose solution consumed in the 

maze. After surgery, mice were left off-dox for all subsequent days to allow 

activity-dependent expression of ChR2-eYFP or eYFP in the DG across 

behavioral training and experimental days. 

The Delayed-non-match-to-position (DNMP) task was performed in a 

two-arm T-maze, as previously described (Fig. 1A, Levy et al., 2021; Wilmerding 

et al., 2023). Briefly, during the Train phase mice exited a start box and were 

forced to traverse one reward arm by the insertion of a temporary barrier. They 

received a small sucrose solution reward (30% sucrose) delivered by a blunted 

needle inserted through the wall. After returning to the start box for a 15-second 

delay phase, the Test phase began. Mice were released back to the central arm and 

were required to choose the previously unsampled reward arm in order to earn a 

second sucrose solution reward from another blunt needle at the end of that arm. 
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A 15-second inter-trial-interval separated each trial. Mice received ten total pre-

training sessions, five prior to surgery with gradually increasing delay phase 

lengths, and five after surgical recovery with the full 15-second delay phase. 

These training sessions were carried out in one arena, Context T: a grey, wooden, 

rectangular T-maze (66 cm long x 31 cm wide x 19 cm high), with opaque walls 

forming the central stem and different wall cues on each reward arm. 

Starting twenty-one days after surgery, experimental days began in a novel 

arena, Context A. This arena was an elevated beige, triangular, linoleum-lined T-

maze (78 cm long x 78 cm wide x 18 cm high, 97.8 cm above ground) with novel 

cue cards, odor, floor texture, and room location. Instead of internal walls 

delineating the central stem, mice traversed a narrow central walkway to the 

choice point, allowing visual access to the reward arms. For consistency with 

another set of experiments (not included in this manuscript), mice experienced a 

20-min exposure to a version of Context A with one reward arm blocked 

(counterbalanced across mice). This exposure included 15-second delays and 

reward delivery on the single accessible arm, but had no memory-guided 

component.  

On the subsequent five days mice performed the full DNMP T-maze task 

for a minimum of twenty-five trials per day. The first five baseline trials of each 

day had no stimulation, while all following trials involved pseudo-randomly 

chosen combinations of training phase arm directions and stimulation conditions, 

such that on each day every mouse ran at minimum fifteen unstimulated trials, 
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and ten stimulated trials with counterbalanced left and right training phases. As 

noted above, stimulated ‘light-on’ trials involved 20Hz stimulation with 15msec 

pulse-width during the training phase of the selected trial. On the final day, mice 

were given a 2 hour rest after the final trial and then placed on a familiar neutral 

platform and given 5 minutes continuous stimulation (20Hz, 15msec pulse-width) 

for induction of c-Fos and later immunohistochemical visualization. Mice were 

sacrificed and perfused with 10% formalin 90 minutes after this stimulation. 

Deeplabcut (Mathis et al., 2018) was used to extract mouse position 

during behavioral trials recorded on an overhead Mako G-131c GigE camera 

(35fps, Allied Vision). DeepLabCut outputs were further refined by interpolating 

across occasional tracking jumps outside the arena caused by the superposition of 

the optic cable over the mouse. The choice point was defined as a 10 x 10 cm box 

centered on the T-intersection of the maze. Video and laser pulse timestamps, 

spatially scaled position, distance, and velocity information were calculated and 

aligned using the CMBHome framework 

(https://github.com/hasselmonians/CMBHOME/wiki). 

Immunohistochemistry 

Mice were euthanized 90 minutes after final neutral platform stimulation 

on Day 5 by administration of Euthasol (390 mg/kg) and anesthetized with 

Isoflurane prior to transcardial perfusion with saline and 10% formalin. Extracted 

brains were kept in formalin for 48 to 72 hours at 4 ℃ and transferred to 30% 

sucrose solution for approximately 48 to 72 hours at 4 ℃ to undergo 
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cryoprotection. Brains were sliced using a cryostat into 50μm slices, and blocked 

for 2 hours at 4 ℃ in 1x phosphate-buffered-saline + 2% Triton (PBS-T) and 5% 

normal goat serum (NGS). Consistent with prior studies (Chen et al., 2019; 

Wilmerding et al., 2023) slices were incubated for 48 hours at 4 ℃ with primary 

antibodies diluted in 5% NGS in PBS-T as follows: rabbit anti-c-Fos (1:1000, 

Abcam, #190289) and chicken anti-GFP (1:1000, ThermoFisher, #A10262). 

Subsequently, the slices were washed three times for 10 minutes in PBS-T, 

followed by a 2 hour incubation in the secondary antibodies diluted in 5% NGS in 

PBS-T as follows: Alexa 555 goat anti-rabbit (1:200; ThermoFihser, #A21429) 

and Alexa 488 goat anti-chicken (1:200, ThermoFisher, #A11039). Finally, the 

slices were mounted on slides using VECTASHIELD® Hardset™ Antifade 

Mounting Medium with DAPI (Vector Labs, #H-1500) and sealed with nail 

polish. 

Cell counting 

Images of non-consecutive slices were acquired with an FV10i confocal 

laser-scanning microscope, using 10x magnification / 0.25 NA objective. DAPI 

was acquired at 405nm with laser power of 49.3%, eYFP at 473nm with laser 

power between 4 and 12% and c-Fos at 559nm with laser power of 19.7%. 

The average DG granule cell layer c-Fos+ cell counts (indicating 

stimulation-induced activity) and eYFP+ cell counts (indicating total viral 

labeling) were obtained from three images from roughly equivalent AP positions 

in the dorsal DG of each animal. Each stain was counted using a StarDist neural 
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network trained and validated on a set of images from animals in each condition 

labeled by a trained, blinded rater, consistent with a prior study (Fig 1B, (Schmidt 

et al., 2018; Weigert et al., 2020; Wilmerding et al., 2023). Segmentation metrics 

(precision, recall, and matching to ground truth labels) confirmed model 

performance over a range of label matching thresholds. An intersection-over-

union threshold of 0.5% was used as a tradeoff between match score and other 

metrics. In order to quantify the number of overlapping c-Fos+ and eYFP+ cells, 

an automated algorithm was used to carry out pairwise comparisons between the 

pixels of each eYFP and c-Fos cell and the results were filtered to only include 

overlapping cells of a comparable size (within at least 25% of each-other’s size) 

that were mostly overlapping (75% of smaller object). Automated counts were 

used for increased reproducibility. 

Quantification and statistical analysis 

Independent and paired sample t-tests were used to compare effects across 

and within groups respectively. A mixed effects linear model with main effects of 

group and light condition was fit to the accuracy data in Figure 2A with 

coefficient tests. Error bars display +/- SEM, while shaded patches indicate 95% 

confidence intervals. Bonferroni-Holm corrected p-values are reported where 

multiple t-test and correlation tests are made. Correlations were run using 

Pearson’s R. Test statistics, groups sizes, and p-values are reported in figures and 

legends. All tests were performed in Matlab using publicly available functions. 

For all figures, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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Results 

Nonspecific activity-dependent ensemble tagging in a spatial working memory task 

To investigate the contribution of dentate gyrus (DG) to spatial working memory, 

we first trained mice in a Delayed-Non-Match-to-Position (DNMP) T-maze task (Fig 

3.1A). Briefly, this task assesses spatial memory in mice by dividing memory encoding 

and retrieval into a Train and Test phase respectively. Water-restricted mice are required 

to traverse one arm of the maze in the Train phase to receive a sucrose solution reward 

and then must choose the opposite trajectory during the Test phase to earn a second 

sucrose solution reward. Separating these phases with a 15-second delay increases task 

difficulty and involves the hippocampus (Costa et al., 2005).  

After initial training, we performed surgery to bilaterally inject the DG with the 

tet-tag activity-dependent viral labeling system and to insert fiber optic cannulae (Fig. 

3.1B,C). Endogenous c-Fos arising from cellular activity or plasticity in virally 

transfected cells drives the expression of ChR2-eYFP or eYFP in the experimental and 

control groups respectively. This viral expression is temporally gated by the presence or 

absence of the antibiotic doxycycline (dox) in the subjects’ chow. Due to very sparse 

labeling in a one-shot exposure tag paradigm used in pilot experiments (data not shown) 

we chose instead to leave the subjects off dox for the period of time after surgery, 

resulting in c-Fos activity-dependent labeling throughout the remainder of the experiment 

(Fig. 3.1C). This paradigm led to strong expression of viral constructs in many DG cells 

across repeated exposure to the maze and task (Fig. 3.1D and Fig. S3.1A,B). Instead of 
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random sparse expression, this paradigm ensured relevance of the ChR2-expressing 

ensembles to experiences post-surgery, including maze-learning experience We termed 

this temporally non-specific expression ‘nonspecific ensemble tagging.’ 

To disentangle effects of prior experience versus novel memory, we pre-trained 

the mice in one T-maze (labeled as Context T) and performed stimulation experiments in 

another T-maze (labeled as Context A), which differed in scent, texture, geometry, room 

location, and visual cues. For consistency and comparability with prior studies 

(Wilmerding et al., 2023), after pre-training we exposed them to a one-route maze task 

during a 20 minute behavioral session on Context A. During the following 5 days in 

Context A, 20Hz pulsatile optical stimulation of the DG was delivered during the entirety 

of pseudo-randomly chosen Train Phases in the DNMP task, counterbalanced for left and 

right turns (Fig. 3.1C). This manipulation was chosen based on prior work indicating the 

importance of hippocampal outputs during the Train Phase, but not the Delay or Test 

Phase (Spellman et al., 2015; Maisson et al., 2018). The mice remained off dox during 

this time, allowing nonspecific tagging of c-Fos expressing cells activated by learning 

and optical stimulation. This paradigm allowed us to examine the role of DG ensembles 

during individual memory encoding episodes and test for memory generalizability across 

contexts and learning time points. 

On the final day, mice performed the task as on previous days, received a rest, and 

then were placed on a familiar, neutral platform for 5 minutes. During this time they 

received pulsatile stimulation to optogenetically reactivate the same ensembles outside 
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the maze context. Mice were sacrificed and perfused 90-min. after this 5min. optogenetic 

stimulation period to visualize the stimulation-evoked c-Fos expression. 

Nonspecific ensemble stimulation disrupts spatial working memory 

First, we examined the outcome of Train Phase stimulation on overall DNMP 

accuracy (Fig. 3.2). To test effects between groups and across stimulation conditions, we 

created a linear mixed effects model on the average of each mouse’s performance across 

all days. We found a significant intercept coefficient (F(1,20) = 467.82, p < 0.0001), no 

main effect of group (F(1,20) = 0.16, p = 0.69) or light condition (F(1,20) = 0.060, p = 0.81) 

but a significant interaction of group and light condition (F(1,20) = 6.05, p = 0.023). We 

conclude that stimulation of nonspecific ensembles in DG reduced DNMP accuracy by 

11% (linear model coefficient). This finding indicates that DG ensembles can be used to 

manipulate spatial working memory, extending previous activity-dependent labeling 

studies driving fear, place preference, and spatial reference memory in a water maze 

(Ramirez et al., 2013; Redondo et al., 2014; Lamothe-Molina et al., 2022). 

The effect on accuracy was heterogeneous across days, with strongest accuracy 

impairment on Day 1, and minimal accuracy change on Days 2 and 3 (Fig. 3.2B). While 

the control group exhibited some variability in performance across days, they showed no 

light-induced performance impairment on Day 1, suggesting that the robust effect in the 

ChR2-eYFP group was not due to the novelty of the light stimulus on its own. To 

validate this finding, we analyzed the average number of light pulses delivered across 

groups and found no difference in aggregate or on any experimental day (Fig S2A,B). 

Furthermore, the number of pulses delivered did not correlate to task accuracy during 
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light-on trials (Fig. 3.S2C). Finally, while Day 1 performance off-stimulation was high in 

both groups, we confirmed that mice were successfully generalizing learning from 

Context T to Context A within the first 5 baseline trials on Day 1. All ChR2 experimental 

mice were above chance prior to any light-on experience, as were most eYFP control 

mice (Fig. S3.2D). Several animals developed seizure-like behavior and near complete c-

Fos activation in the DG over the course of the experimental days and were therefore 

excluded from the main results (Fig. S3.5A). Nevertheless, on days prior to seizure 

development, these animals showed consistent performance impairment on most days, 

indicating a robust link between DG disruption and SWM (Fig. S3.5).  

Because of the Day 0 behavioral experience, each mouse had an additional 

experience with either the left or right maze trajectory. We first examined overall biases 

in performance based on the Train Phase trajectory and found no sidedness difference in 

stimulation impairment for either group (Fig. 3.2C). However, averaging across days 

could have obscured an effect present only on Day 1, so we examined each mouse on the 

day after the Day 0 one-sided experience. Although we were underpowered to make 

formal comparisons, we observed almost no difference in performance impairment 

between mice with Day 0 experience on the Left (L) or Right (R) maze trajectory on 

experimental Day 1. Taken together, these results indicate that Train Phase stimulation of 

nonspecific ensembles in DG produces robust, transient impairment of spatial working 

memory regardless of maze trajectory and prior experience. 

Lastly, we observed that several animals in each group exhibited some viral 

expression in the subiculum. We excluded the two ChR2-eYFP mice with prominent 
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subiculum labeling and performed the same accuracy comparisons. We observed a 

similar decrease in overall accuracy during light-on only, with similar accuracy changes 

across days and lack of sidedness bias (Fig. S3.3A,B,C). While we cannot rule out the 

possibility of the subiculum contributing to the accuracy impairment in some animals 

(see discussion), we confirmed that the DG was playing a role in our main effect. 

Nonspecific ensemble stimulation minimally affects other behavioral markers 

We next asked whether stimulation of nonspecific ensembles affected other 

behavioral metrics on the DNMP T-maze task, in case the manipulation globally affected 

decision making. Using DeepLabCut, we extracted mouse position on the maze relative 

to Train and Test Phase onsets and offsets to calculate lap time, time to choice point, 

choice point occupancy, and overall speed and distance (Mathis et al., 2018). Next, we 

normalized the on-stimulation score of each behavioral marker to the off-condition in the 

associated Train or Test phase and compared across groups. No difference was found in 

normalized lap time, time to choice point, or choice point occupancy across groups in 

either phase, although there was a trending difference in time to choice point in the Train 

Phase prior to correction for multiple comparisons (Fig. 3.3A,B,C). There was a small 

increase in overall distance traveled during Train phases and average velocity in both 

phases for the experimental group relative to control (Fig. 3.3D,E). Given that dorsal DG 

stimulation can increase exploratory drive we interpret this to mean that stimulation 

mildly increased overall locomotor activity without impacting deliberation times, lap 

completion times, or choice point dwell time (Kheirbek et al., 2013). We examined the 

evolution of behavior across days and found that mice in both groups became largely 
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more efficient, traversing less distance at higher speeds and improving lap times in both 

task phases (Fig. 3.3A-E).  

 While there were only minor differences in velocity and speed, we decided to rule 

out the possibility that differences in these behavioral markers drove the central effect on 

memory accuracy. We correlated the normalized on-stimulation scores of each behavioral 

metric to on-stimulation accuracy in each group and found no significant relationships 

(Fig. S3.4A-E). These results together suggest that the effect of nonspecific ensemble 

stimulation is largely specific to memory impairment in this paradigm, rather than simply 

increasing impulsivity or indecision. Our findings align with and extend previous work 

indicating that hippocampal engram stimulation evokes memory-like behavior, rather 

than inducing non-specific behavioral changes (Ramirez et al., 2013; Denny et al., 2014; 

Redondo et al., 2014; Chen et al., 2019). 

Tag strength does not correlate to accuracy impairment 

Lastly, we sought to correlate the strength of the nonspecific ensemble tag to the 

strength of the behavioral impairment on spatial working memory. Using automated cell 

counting methods, we extracted the average number of tagged nonspecific ensemble 

neurons in the DG granular layer, the number of c-Fos positive cells evoked by 

stimulation, and the overlap between these groups. We found a significantly higher 

number of overlap cells normalized to the total nonspecific tag population in the ChR2 

group (Fig. 3.4A). This result confirmed the successful optogenetic reactivation of 

ensembles in the experimental group. We next asked whether the strength of the overlap 

in these populations showed a relationship to spatial working memory accuracy. We 
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found no significant relationship between overlap and accuracy in either light condition 

or group, even though the ChR2 group was on average lower in accuracy under 

stimulation (Fig. 3.4B-C). This analysis suggests that memory impairment is achieved 

regardless of the exact strength of the nonspecific ensemble stimulation. 

 

Discussion 

We investigated the behavioral role of an upstream hippocampal subregion, the 

Dentate Gyrus (DG), during a delayed-non-match-to-position (DNMP) T-maze task (Fig. 

3.1A). Employing an activity-dependent labeling approach (Fig. 3.1B), we tagged DG 

cells with eYFP or ChannelRhodopsin2 (ChR2) across an extended time window to 

create so-called ‘nonspecific ensembles’ representing learning across repeated task 

exposures in both a training Context T and experimental Context A (Fig. 3.1C,D). 

Stimulation of nonspecific ensembles during the memory encoding phase of the DNMP 

task in Context A resulted in acute accuracy impairments (Fig. 3.2A) that evolved across 

recording days (Fig. 3.2B) without altering lap times or decision times (Fig. 3.3). Finally, 

we found no relationship of accuracy to either the quantity of cells nonspecifically tagged 

or cells activated by the stimulation (Fig. 3.4). Together, these results suggest that the DG 

contributes to spatial working memory computations previously examined in 

manipulations of region CA1 (Siegle & Wilson, 2014; Spellman et al., 2015). 

DG inputs to downstream HPC in spatial working memory computations 

The role of the DG in spatial memory is complex and has been dissected for 

decades (O’Reilly & McClelland, 1994; Treves & Rolls, 1994; I. Lee & Kesner, 2004; 
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Neunuebel & Knierim, 2012; Kesner, 2013; GoodSmith et al., 2017; Hainmueller & 

Bartos, 2020). The most parsimonious explanation of the observed DNMP accuracy 

impairment under nonspecific DG ensemble stimulation is that aberrant output from DG 

cells is sufficient to disrupt natural circuit behavior in CA3 and CA1 necessary for 

behavior. Even so, total silence of DG inputs to downstream HPC during normal working 

memory is unlikely. Colchicine lesion studies of the DG in DNMP T-maze and plus-

maze tasks suggest that lack of granule cell input impairs DNMP memory at delays 

greater than 3 seconds, though performance can be recovered with extensive re-training 

(Emerich & Walsh, 1989; Costa et al., 2005; Xavier & Costa, 2009; but see Jeltsch et al., 

2001). Further, loss of DG mossy fiber inputs to CA3 pyramidal cells degrades spatial 

tuning specificity and reduces sharp-wave ripple rate as well as task performance on an 

eight-arm radial maze (Sasaki et al., 2018). These findings of DG contributions to spatial 

memory tasks align with growing evidence for stable and specific spatial tuning of DG 

granule cells (M. W. Jung & McNaughton, 1993; J. K. Leutgeb et al., 2007; Neunuebel & 

Knierim, 2012, 2014; Diamantaki et al., 2016; GoodSmith et al., 2017; Hainmueller & 

Bartos, 2018; Cholvin et al., 2021). We hypothesize that coherent, decodable output from 

the upstream DG onto CA3 and subsequently to CA1 is used during normal spatial 

working memory encoding and retrieval in this task. While the mice had experience of 

one trajectory in Context A from the Day 0 behavioral experience (Fig. 3.1C), we 

observed no sidedness bias on the first day (Fig. 3.2D) or across all days (Fig. 3.2C). 

More temporally refined tagging and stimulation approaches, such as calcium integrators 
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and closed-loop stimulation, will be necessary to test the contribution of route-specific 

DG ensembles (Siegle & Wilson, 2014; C. K. Kim et al., 2020) 

Pattern Separation vs Completion in the Dentate Gyrus 

Generalization of learning across contexts while maintaining a representation of 

trial-specific memory information in the absence of sensory input is a difficult cognitive 

task to which the prefrontal cortex (PFC) and hippocampus (HPC) contribute 

complimentary computations (Euston et al., 2012; Eichenbaum, 2017; Shin et al., 2019; 

Samborska et al., 2022; Tang et al., 2023). Our task design allowed investigation of both 

of these cognitive functions. Mice generalized learning between the training Context T 

and the experimental context A on the first experimental day in control subjects, even 

within the first 5 trials prior to stimulation in the experimental subjects (Fig. S3.2D). 

However, stimulation of cell ensembles recruited by experience in a different context was 

sufficient to strongly impair accuracy on the first experimental day (Fig. 3.2B), consistent 

with prior disruption of CA1 output to medial PFC (Spellman et al., 2015). At a time 

when the subjects could only rely on a task structure learned in another context, 

behavioral accuracy was acutely degraded by aberrant activation of ensembles which 

prior work has shown to be labeled by both turn directions and task phases (Wilmerding 

et al., 2023). On the following two days, mice showed no consistent impairment, possibly 

by relying on maze representations formed in Context A on the first day during 

unstimulated trials. It is unlikely the mice switched to a different strategy given the short 

timescales of artificial perturbation and without the extensive retraining required 

(Emerich & Walsh, 1989; Costa et al., 2005; Goshen et al., 2011). On the final two 
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experimental days, when mice were most familiar with Context A, stimulation lead to 

smaller but consistent performance impairment. We interpret this to mean that sufficient 

nonspecific ensembles from Context A had been recruited to consistently disrupt memory 

encoding in that context. We hypothesize that while some compensatory process of 

pattern separation recovered accuracy on Days 2 and 3, initial generalization across 

contexts was vulnerable to DG stimulation. 

Cell ensemble recruitment 

We confirmed a higher overlap between the stimulation-induced c-Fos and 

nonspecific eYFP label in the ChR2 group, indicating successful optogenetic excitation 

(3.4A). Interestingly, less than 30% of nonspecific-tagged cells expressed c-Fos (Fig. 

3.4). A number of mechanisms may account for this result. First, artificial activation of 

granule cells and mossy cells in the hilus could recruit disynaptic inhibition of DG 

interneurons back onto the granule cell layer, limiting the activated ensemble size 

(Buzsaki & Eidelberg, 1981; Amaral et al., 2007; Scharfman, 2007; Larimer & 

Strowbridge, 2008). Perhaps during aberrant stimulation a winners-take-all effect leads to 

a constrained c-Fos ensemble size, given that NMDA-R plasticity, not activity, is linked 

to IEG expression (Labiner et al., 1993). Indeed, somatostatin interneurons may control 

ensemble size in the DG by suppressing dendritic activity needed for plasticity of 

perforant-pathway synapses in DG (Stefanelli et al., 2016; S. Kim et al., 2018). 

Therefore, while stimulation may have driven spiking in a larger proportion of the DG 

ChR2-expressing neurons, only a subset were observable using the c-Fos marker. 
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Additionally, we found no correlation between cell counts and accuracy (Fig. 

3.4B,C). Past work has shown little relationship between behavioral measures and 

memory ensemble reactivation in fear memories (Zaki et al., 2022), general locomotion 

(VanElzakker et al., 2008) or DNMP memories (Wilmerding et al., 2023). In some mice 

that were not included in the main analysis, we observed that nonspecific ensemble 

stimulation led to near complete ChR2-eYFP tagging and post-stimulation c-Fos 

expression in the DG (Fig. S3.5). These animals were excluded from the central results 

because they exhibited seizure-like behaviors at some point in the course of the 

experiment, but they also showed stronger accuracy impairments prior to seizure onsets, 

consistent with a relationship between excitatory:inhibitory balance and c-Fos expression 

levels. Our results are consistent with a hypothesis of tightly regulated memory ensemble 

size in DG under both natural and artificial network activation. 

Potential contribution of the nonspecific subiculum tag 

 A limitation of our study was the non-specificity of injection targeting in several 

animals leading to off-target viral expression in the subiculum (Fig. S3.1A,B). While we 

repeated analysis and found similar results after excluding animals with prominent 

subiculum tag in the ChR2-eYFP group (Fig. S3.3), we cannot rule out some contribution 

of subiculum to our central findings. Disruption of subiculum function can impair 

accuracy in delayed-non-match-to-sample Skinner box tasks at delays of up to 15 seconds 

in rats (Hampson et al., 1999; Hampson & Deadwyler, 2003). Recordings of subiculum 

and CA1 suggest a complementary role for each region, with the subiculum accurately 

encoding task variables for delays up to 15 seconds, as in our task, and the CA1 encoding 
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trial outcomes for longer delays (Deadwyler & Hampson, 2004). There exists a dearth of 

studies specifically examining the role of the mouse subiculum in more spatially 

distributed DNMP tasks like the one used in the present study. 

Conclusions 

We investigated the role of dentate gyrus outputs during spatial working memory 

using a Delayed-Non-Match-to-Position T-maze task. By labeling dentate gyrus neurons 

recruited during task learning across multiple days, we were able to stimulate these 

‘nonspecifically’ tagged ensembles to generate aberrant  dentate outputs during working 

memory computations. Stimulation in the experimental group only caused acute 

performance impairments that evolved across days. These deficits were largely confined 

to decision accuracy without impacting behavior around the choice itself, nor was the 

recruited ensemble size linearly correlated to memory ability. Our results are consistent 

with the hypothesis that the dentate contributes to spatial working memory while also  

demonstrating its broader function in pattern separation and completion. 
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Figures 

Figure 3.1 

 

Figure 3.1. Nonspecific activity-dependent ensemble tagging in spatial working 
memory task. 
A) DNMP paradigm. A-C created with BioRender. 
B) Activity-dependent viral labeling strategy (see Methods). 
C) Experimental timeline. Pre-training used Context T. On Day 0, mice were exposed to 
novel context A and ran one-sided laps. On experimental Days 1-5, mice performed the 
DNMP task on Context A with optogenetic stimulation in the Train phase on pseudo-
randomly interleaved trials. On Day 5 mice were perfused 90 minutes after 5-min. of 
pulsatile stimulation on a familiar, neutral platform. 
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D) Example histology demonstrating fiber placement and nonspecific ensemble tagging 
in the experimental (ChR2-eYFP, blue) and control group (eYFP, grey). Red-labeled 
cells indicate c-Fos expression 90-min. after familiar neutral platform stimulation. 
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Figure 3.2 

 

Figure 3.2. Nonspecific ensemble stimulation disrupts spatial working memory. 
A) Mean DNMP accuracy was impaired in the ChR2 group during stimulation (Mixed 
effect linear model; group by light condition interaction coefficient test, t = 2.46, p = 
0.023). 
B) Difference in accuracy on versus off stimulation was heterogeneous in the ChR2 
group. 
C) There was no clear sidedness bias as the change in accuracy on stimulation versus off 
stimulation was not significantly different for the left versus right side training phases in 
the control (Paired t-test; t = 0.94, p = 0.39) or experimental group (t = 2.48, p = 0.11). 
D) ChR2 animals displayed consistent impairment on both maze sides on Day 1 despite 
differential Day 0 experience on the Left (L) or Right (R) route of the maze. See Results 
text. 
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Error bars represent +/- SEM. Shaded patches represent 95% CI. Scatter plots denote 
individual subjects (circle = eYFP; diamond = ChR2). N = 6 mice in eYFP and ChR2 
groups.  
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Figure 3.3 

 

Figure 3.3. Nonspecific ensemble stimulation minimally affects other behavioral 
markers.  
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A) Left: On-stimulation lap time normalized to off condition shows no difference across 
groups in train phase (independent t-test; t = 0.96, p = 0.68) or test phase (t = 0.24, p = 
0.81). Raw lap time (seconds) in Train Phase (middle) and Test Phase (right) across days 
split by stimulation light on (solid) or light off trials (dashed).  
B) As in A, but for choice point occupancy, not differing across groups in train phase (t = 
0.94, p = 0.70) or test phase (t = 0.11, p = 0.91) 
C) As in A, but for time to choice point, not differing across groups in train phase (t = 
2.16, p = 0.07) or test phase (t = 0.40, p = 0.69). 
D) As in A, but for distance traveled, showing a difference across groups in train phase (t 
= 5.40, p < 0.001) but not test phase (t = 1.22, p = 0.23). 
E) As in A, but for average velocity, showing a difference across groups in train phase (t 
= 5.19, p < 0.001) and test phase (t = 2.30, p = 0.02) 
Error bars represent +/- SEM. Shaded patches represent 95% CI. Scatter plots denote 
individual subjects (circle = eYFP; diamond = ChR2). N = 6 mice in eYFP and ChR2 
groups. 
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Figure 3.4 

 

Figure 3.4. Tag strength does not correlate to accuracy impairment 
A) Mouse-averaged nonspecific ensemble and c-Fos ensemble overlap normalized to 
eYFP population shows a difference in recruited population across groups (t = 5.34, p < 
0.001). 
B) No correlation between eYFP normalized overlap and accuracy in either group in the 
light off condition. 
C) Same as B but for the light on condition. Note the overall lower accuracy in the ChR2 
group, consistent with Fig. 3.2A. 
Error bars represent +/- SEM. Scatter plots denote individual subjects (circle = eYFP; 
diamond = ChR2). N = 6 mice in eYFP and ChR2 groups.  
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Supplemental Figures 

Figure S3.1 

 
Figure S3.1. Representative histology of nonspecific ensembles. 
Related to Figure 3.1. 
A) Histology from all ChR2-eYFP experimental mice.  
B) Histology from all eYFP control mice. 
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Figure S3.2 

 
Figure S3.2. Similar pulses delivered between groups does not correlate to task 
accuracy. 
Related to Figure 3.2.  
A) No difference in average pulses between groups (Independent t-test, t = 0.64, p = 
0.53). 
B) Mean number of pulses delivered in the training phase dropped across days in both 
groups. 
C) Mean number of train phase pulses did not correlate to DNMP accuracy. 
D) All mice in the ChR2 group performed above chance on Day 1 during baseline trials 
prior to stimulation, as did most eYFP mice. 
Error bars represent +/- SEM. Shaded patches represent 95% CI. Scatter plots denote 
individual subjects (circle = eYFP; diamond = ChR2). N = 6 mice in eYFP and ChR2 
groups, n = 30 sessions in eYFP and ChR2 groups (panel C).  
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Figure S3.3 

 
Figure S3.3. Behavioral accuracy impairment is not solely mediated by subiculum 
output.  
Related to Figure 3.2. 
A) Excluding 2 ChR2 mice with subiculum tag, no difference in accuracy between 
groups off stimulation (Independent t-test; t = 1.03, p = 0.33) but the ChR2 group 
decreases accuracy on stimulation (t = 3.11, p = 0.029). 
B) No sidedness bias emerges in accuracy after exclusion of 2 ChR2 subiculum-tagged 
mice (Paired t-test; t = 2.92, p = 0.12). 
C) Similar patterns in behavioral impairment emerge across days, with no correlation in 
either group. 
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Error bars represent +/- SEM. Shaded patches represent 95% CI. Scatter plots denote 
individual subjects (circle = eYFP; diamond = ChR2). N = 6 mice in eYFP and 4 mice in 
ChR2 group. 
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Figure S3.4 

 
Figure S3.4. Differences in granular behavioral metrics do not correlate to task 
performance. 
Related to Figure 3.3. 
A) Accuracy on stimulation trials does not correlate to on-stimulation lap time 
(normalized to off-stimulation) in the train or test phase in either group. 
B) Same as A but for normalized time to choice point. 
C) Same as A but for normalized choice point occupancy. 
D) Same as A but for normalized distance. 
E) Same as A but for normalized velocity. 
Scatter plots denote individual subjects (circle = eYFP; diamond = ChR2, open = train 
phase, closed = test phase). N = 6 mice in eYFP and ChR2 groups. 
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Figure S3.5 

 
Figure S3.5. Stronger labeling leads to larger spatial working memory impairment 
and seizure. 
A) Representative histology from a mouse which exhibited a seizure phenotype during 
behavior. Note that cFos-mCherry and ChR2-eYFP appear in most of the DAPI-labeled 
nuclei, confirming the seizure. 
B) Nonspecific ensemble stimulation decreases spatial working memory accuracy 
relative to baseline (RM t-test; t = 5.83, p = 0.01). 
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C) No sidedness bias in working memory impairment (RM t-test; t = 0.094, p = 0.93). 
D) Stimulation impairment relative to baseline does not increase or decrease across days 
(Spearman's R = -0.75, p = 0.15). Note some mice drop out across time due to seizures 
starting on day 3, 4, or 5.  
N = 4 mice (2 male, 2 female). Data for each mouse averaged across completed sessions 
only (no seizure sessions). 
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CHAPTER FOUR: PRELIMINARY ELECTROPHYSIOLOGICAL 

RECORDING OF HIPPOCAMPAL CIRCUIT RESPONSE TO FEAR ENGRAM 

STIMULATION 

Introduction 

The advent of immediate early gene (IEG) driven technologies and targeted 

control of well-defined neuronal populations has given unprecedented insight into the 

“irritable substance” of memories, or engrams, proposed by Richard Semon (Semon, 

1921; Ramirez et al., 2013; Josselyn & Tonegawa, 2020). However, care should be taken 

when interpreting the findings of engram manipulation studies claiming necessity and 

sufficiency of memory-related ensembles for memory-guided behavior in the absence of 

additional corroborating physiological evidence (Jou et al., 2023). In particular, the 

question remains whether artificial stimulation of memories eliciting behavioral 

responses occurs by generating new circuit responses or instead relies on activating 

innate circuit properties and dynamics, as suggested by a recent preprint (Jou et al., 

2023). To date, relatively little physiological data has been reported on engram cells in 

vivo. During initial exposure to a neutral arena, optogenetically identified engram cells in 

the absence of stimulation were recorded to determine their physiological correlates and 

found to be relatively unstable place cells that nonetheless differentiated contexts 

effectively (Tanaka et al., 2018). In contrast, another group recorded the calcium 

dynamics of Fos-expressing cells and found that Fos-high, engram-like, neurons had 

higher spatial tuning stability within and across days than non-engram neurons and 

formed reliable functional ensembles (Pettit et al., 2022). Unifying these inconsistent 
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results and characterizing the physiological ramifications of perturbing these engram 

ensembles will be an important step toward a unified explanation of memory function.  

To examine the circuit-level outcomes of engram reactivation, we recorded cells 

in the hippocampus using electrophysiology during artificial stimulation of a dentate 

gyrus (DG) mediated fear memory. A behavioral readout is a key component of 

identifying memory-related ensembles to which fear conditioning and the freezing 

response are well suited (Ramirez et al., 2013; Denny et al., 2014; Roy et al., 2016; 

Kitamura et al., 2017; Chen et al., 2019). We used contextual fear conditioning to induce 

temporally gated expression of the ChannelRhodopsin-2 construct in DG cells expressing 

the IEG c-Fos and tag a fear engram in mice. Subsequently, LFP was recorded from DG 

and CA1 and single units from CA1 during transient optogenetic reactivation in either a 

small arena mimicking the fear conditioning chamber or a large open field to detect place 

field activity. Preliminary evidence from four behavioral animals, two of which had 

confirmed hippocampal recordings, show a modest behavioral impact of CFC engram 

stimulation. Despite the lack of robust behavior change, engram stimulation acutely 

drove network oscillations at the stimulation frequency both within the target DG and 

downstream CA1 regions. Additionally, single unit analyses confirmed that upstream 

stimulation modulated the firing rate and reduced the spatial information of a 

subpopulation of recorded CA1 cells. Finally, a linear decoder successfully classified the 

presence or absence of stimulation based on the population firing rate. While these 

findings need further replication, the initial results suggest the DG strongly modulates 
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network oscillations in target regions and that artificial DG engram reactivation drives a 

partially replicable network state in CA1.  

 

Materials and Methods 

Subjects 

4 wildtype (WT) C57B6J male mice (Jax) were group-housed prior to surgery and 

kept on a reverse 12 hour light-dark cycle throughout the study. Mice received food and 

water ad libitum and were placed on a diet containing 40 mg/kg doxycycline (dox; Bio-

Serv) at least 1 week prior to surgery at the age of 16 weeks. They remained on dox diet 

except for a 48 hour window ending with the fear conditioning experiment described  

below. Post-surgically, the mice were housed singly. All procedures related to mouse 

care and treatment were in accordance with Boston University and National Institutes of 

Health guidelines for the Care and Use of Laboratory Animals. 

Viral constructs and packaging 

The pAAV9-cFos-tTA and pAAV9-TRE-ChR2-eYFP were constructed as 

described previously (Ramirez et al., 2013) and sourced from the Gene Therapy Center 

and Vector Core at the University of Massachusetts Medical School. The viral titrations 

were 1.5*1013 genome copy per mL for the cFos-tTA virus and 1.0*1013 genome copy 

per mL for the TRE-ChR2-eYFP virus. 
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Stereotactic injection and fiber placement 

Mice were surgically implanted with custom-made microdrives under aseptic 

conditions. Custom-designed, lightweight, enclosed, 3D printable microdrives with three 

independently moveable shuttles were fitted with eight nickel chromium tetrodes (12um, 

Kanthal-Sandvik). A polyimide guide cannula was glued to each shuttle and fed into a 3D 

printable guide array at the base of the drive. Each guide cannula housed two to three 

tetrodes pinned to a 32-channel EIB with omnetics connector (Open-Ephys). Tetrodes 

were plated with gold solution (Sifco ASC) to reduce impedance to ~250kOhm. Two 

optic fibers (NA 0.22, Doric Lenses) were inserted into the drive and fixed to the EIB 

with dental cement (Henry Schein). One fiber was positioned amidst the three tetrode 

guide cannulae in the guide array base, the other was contralateral and spaced 2.6mm 

away. The three tetrode cannulae and optic fiber spanned a region of ~0.8mm diameter. 

All surgeries were performed under stereotactic guidance and all coordinates are 

reported relative to bregma. 5.0% isoflurane was used for anesthetic induction and 

maintained at a concentration of 1.5-2.0%. Two skull screws were inserted bilaterally 

above PFC, and a third screw posterior to the coronal suture contralateral to the drive 

craniotomy. A ground screw with soldered, insulated wire was implanted above the 

cerebellum. Viral injections were targeted to -2.2mm (AP), +/- 1.3 (ML) and -2.0 (DV) 

through bilateral burr holes made using a 0.5mm drill. The 300nL viral cocktail infusions 

(equal parts cFost-tTA construct with TRE-ChR2-eYFP or TRE-eYFP) were performed 

with a  pulled glass micropipette needle (Drummond Scientific, catalog no. 3-000-203 

G/X) at a rate of 60nL/min controlled by a MicroSyringe Pump Controller (Drummond 
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Scientific, Nanoject III). The needle remained at the site for at least 3 minutes following 

the end of the infusion and was withdrawn slowly thereafter. Next, a larger craniotomy 

(1.5mm diameter) was made surrounding the right burr hole and dura was resected. The 

32-channel microdrive with bilateral optic fibers was lowered to the skull surface, with 

fibers targeting -2.2 (AP), +/-1.3 (ML) and -1.6 (DV) to reach dorsal DG. Sterilized 

Vaseline was applied between the base of the implant and the skull and around the 

contralateral optic fiber and burr hole. The implant was fixed in place with C&B 

metabond (Parkell) and dental cement (Henry Schein). Finally, the ground wire was 

soldered to a connector on the microdrive EIB. Post-operative subcutaneous injections of 

Buprenorphine (0.1 mg/kg) and Ketoprofen (5 mg/kg) were administered for three days 

following surgery and Enrofloxacin (10 mg/kg) and 0.9% sterile saline (as needed) for 

five days. Targeting and viral expression was confirmed by histological assessment. 

Electrophysiological Recording and Spike Sorting 

 Neural signals were amplified by a 32-channel digitizing headstage connected to 

the microdrive EIB and acquired by a SpikeGadgets Main Control Unit (SpikeGadgets) 

via an electrical commutator. Continuous signal from all channels was recorded at 30kHz 

for spikes and 1500Hz for LFP. One tetrode in each drive with clean signal but no single 

units was designated a reference for each session.  

After each experiment, data was imported to Plexon Offline Sorter 3 (Plexon Inc.) 

and spikes were detected above a threshold on any given electrode from each tetrode 

bundle. Spikes were manually clustered by the experimenter (LKW) into single units 

using the following features: peak, peak-valley, and principal components 1 to 3. Noisy 
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events were excluded based on the features of square root of energy and full-width half 

maximum. Clusters with >0.3% spikes within an inter-spike-interval of 2ms were 

excluded. Single units exhibiting significant drift were excluded by manual observation. 

Of the 125 single units, 82 hippocampal units were identified on the basis of histological 

verification of tetrode targeting and a combination of physiological signatures such as 

strong theta rhythm on the associated electrode or in the autocorrelogram, the presence of 

punctate place fields, or the absence of a strong head direction signal. Interneurons and 

pyramidal cells were separated on the basis of average firing rate above or below 10Hz 

respectively, or place field size greater or smaller than one half of the overall open field 

environment respectively. 

Optogenetic methods 

During experimental days, 20Hz square pulsatile stimulation (15ms pulse width) 

was delivered during stimulation epochs of the behavioral sessions during ongoing 

electrophysiological recording, consistent with prior fear engram reactivation studies 

(Ramirez et al., 2013; Chen et al., 2019). Laser output was tested (Digital handheld 

optical power and energy meter console, ThorLabs) before each experiment to ensure at 

least 8mW power output at the end of a test fiber matching the implanted fibers. 

Implanted optic fibers were plugged into a branching patch-cable connected to a fiber 

optic rotary joint and a mono-fiber patch cable leading to a 473nm laser diode controlled 

by automated software (Doric Lenses). Laser onset and offset was controlled by custom 

programs made in the Doric Studio software (Doric Lenses). 
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Behavioral assays and ensemble tagging 

Prior to onset of behavioral training and surgery, mice were handled for 2-5 

minutes per day for at least two days and placed on dox diet. Mice performed behavioral 

assays during the light cycle of the day (7:00 - 18:00). Prior to surgery, mice were 

acclimated to foraging for chocolate sprinkles in two mazes with identical proportions to 

the ones used for experimental recording but made of a white plastic material. After 

surgical recovery, mice were acclimated to foraging for sprinkles in a 2ft square wooden 

arena (Context C) painted entirely in orange with 1ft high walls for 10-20 minute sessions 

daily (Fig. 4.1A). Mice were also habituated to plug-in of both the recording tether and 

optical patch cord. Short recordings were made to identify electrophysiological signatures 

of hippocampal activity and guide tetrodes to either the CA1 or DG on the basis of theta 

phase reversal and spatial tuning properties of recorded well-isolated single units (not 

included in experimental analyses).  

Mice were also acclimated for one 10 minute period to a small, square wooden 

arena (Context B) painted entirely in blue with dimensions of 8in. x 8in. x 12in. tall 

mimicking the fear conditioning chamber dimensions. Immediately prior to opening the 

off-dox tagging window, mice were re-exposed to Context B while plugged into the 

optical patch-cord and underwent a pre-tagging stimulation and recording experiment 

(Fig. 4.1A). The stimulation protocol was 2 min. off, 2 min. 20Hz pulses on, 2 min. off, 2 

min. 20Hz pulses on., 2 min. off for a total 10 minute exposure (Fig. 4.1D). After this 

pre-tagging session mice were returned to a clean cage with regular (non-Dox) chow.  
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Contextual Fear Conditioning (CFC) was performed in a metallic 8in. x 8in. x 

11in. tall operant chamber (Context A) with shock grid floor (Coulborn Instruments). The 

grid floor was swabbed with a rag smelling of lemon (Lysol All Purpose Cleaner). The 

chamber was surrounded with a removable wall to limit distal cues. The implant was 

wrapped in a vet wrap adhesive bandage to minimize hard impact. Subjects were then 

placed in the chamber for 10 minutes during which they received 4 mild (1.0mA) foot 

shocks each of 2 second duration. After a baseline period of 210sec the first shock was 

delivered and the following shocks were separated by a 60sec. inter-shock-interval (Fig. 

4.1D). After CFC, mice were returned to a clean home cage with Dox diet. 

On the following day, mice were recorded in Context B for a post-tagging 

stimulation session with identical stimulation parameters as the pre-tagging session. After 

a four hour rest, and for the subsequent four days, mice performed the Open Field 

foraging task in Context C for 30 min. After a 10 min. baseline period, 30 sec on, 30 sec 

off trials of 20Hz optical stimulation were delivered for a total of 10x stimulation trials 

over 10 min (Fig. 4.1D). Recording was continued for 10 min post-stimulation. To 

minimize cable tangling, the recording was paused after 9 min, the optical patch cord was 

attached to the optic fibers, and the mice were given a short break. The mice were 

returned to the arena for the final minute of the baseline epoch before optical stimulation 

began. On the fifth experimental day mice underwent both the Context B and C 

paradigms, as on day 1 post-CFC.  

After a short break following the Context C open field arena stimulation on Day 

5, mice were briefly anesthetized and electrolytic lesions were made at the tip of each 
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tetrode (High Current Stimulus Isolator, World Precision Instruments inc.). The 

following day mice were returned to CFC Context A for 10 minutes and sacrificed 90 

minutes later to match peak c-Fos expression timing (see Immunohistochemistry section).  

Behavior was recorded by an overhead Mako G-131c GigE camera (35fps, Allied 

Vision) in Context B and C, or by an overhead Logitech C270 webcam (30fps, Logitech) 

in Context A. Position in all arenas was extracted using Deeplabcut (Mathis et al., 2018). 

DeepLabCut outputs were further refined by interpolating across occasional tracking 

jumps outside the arena caused by the superposition of the recording and stimulation 

cables over the mouse. Video, shock delivery TTL pulses, laser pulse timestamps, 

spatially scaled position, and neural timestamps were calculated and aligned using the 

CMBHome framework (https://github.com/hasselmonians/CMBHOME/wiki). 

Histology and immunohistochemistry 

On Day 6, 90 min after the final Context A fear extinction session, subjects were 

sacrificed with Euthasol (390 mg/kg) and Isoflurane to enable transcardial perfusion with 

0.9% saline followed by 10% formalin. Tetrodes were withdrawn and then brains were 

extracted and soaked in formalin for 2-3 days at 4 ℃. Subsequently, brains were 

cryoprotected in 30% sucrose solution for another 2-3 days at 4 ℃ prior to slicing on a 

cryostat.  

Immunohistochemistry was performed as previously described (Chen et al., 2019; 

Wilmerding et al., 2023). Briefly, 50μm slices were blocked for 2 hours at 4 ℃ in 1x 

phosphate-buffered-saline + 2% Triton (PBS-T) and 5% normal goat serum (NGS). 

Slices were then incubated for 48 hours at 4 ℃ with primary antibodies diluted in 5% 
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NGS in PBS-T as follows: rabbit anti-c-Fos (1:1000, Abcam, #190289) and chicken anti-

GFP (1:1000, ThermoFisher, #A10262). After the primaries, slices underwent 3x 10 min 

washes in PBS-T, followed by a 2 hour incubation in the secondary antibodies diluted in 

5% NGS in PBS-T as follows: Alexa 555 goat anti-rabbit (1:200; ThermoFihser, 

#A21429) and Alexa 488 goat anti-chicken (1:200, ThermoFisher, #A11039). Tissue was 

washed 3 more times for 10 min each in PBS-T. Slices were mounted, covered in a thin 

line of VECTASHIELD® Hardset™ Antifade Mounting Medium with DAPI (Vector 

Labs, #H-1500) and cover-slipped. Cover slips were sealed with nail polish 1 day later. 

Quantification and statistical analysis 

Cell counting 

Images of non-consecutive slices were acquired with an FV10i confocal laser-

scanning microscope, using 10x magnification / 0.25 NA objective. DAPI was acquired 

at 405nm with laser power of 49.3%, eYFP at 473nm with laser power between 4 and 

12% and c-Fos at 559nm with laser power of 19.7%. 

Custom-trained StarDist neural networks were used to automatically count c-Fos+ and 

ChR2-eYFP+ cells in the DG granule cell layer (Schmidt et al., 2018; Weigert et al., 

2020; Wilmerding et al., 2023). The overlap of each population was automatically 

calculated using an in-house pipeline (https://github.com/hasselmonians/ImageJ-

Automated-Cell-Counter-Algorithm) that performed pair-wise pixel correlations between 

each cell ROI and excluded cells of vastly different size (<25% volume) and minimal 
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overlap (<75% of the smaller object) as previously used (Wilmerding et al., 2023). 

Automated counts were used for increased reproducibility. 

Behavioral analysis 

Immobility (velocity < 0.5cm/sec) was used in lieu of freezing due to the lack of 

widely adopted freezing analysis packages for overhead video data with cable artifact. 

Previous fear conditioning studies employing electrophysiological recording tethers used 

a similar immobility threshold method (Moita et al., 2004). Immobility probability was 

calculated as the proportion of immobile frames for each behavioral epoch (e.g. the first 

stimulated 2min. period in Context B). In the fear chamber, 5x 60sec epochs were used 

starting one minute prior to the first shock and ending one minute after the final shock, 

with equivalent time points selected for the Day 6 fear extinction session. In the open 

field (Context C), the center dwell time (P(Center)) was calculated as the number of 

frames in which the mouse was within a 1-foot square box at the center of the arena 

divided by the total frames in that epoch.  

Local field potential analysis 

 Local field potential (LFP) was analyzed using the Spectral Connectivity package 

(https://github.com/Eden-Kramer-Lab/spectral connectivity) and visualized in Matlab 

(Denovellis et al., 2022). A linear regression model on the LFP using the binarized laser 

state at 0msec time lag as a predictor was created in order to remove potential opto-

electric artifact. The model residuals were used for subsequent analyses. Multitaper 

objects were constructed with a time half-bandwidth product of 3 and 60sec time window 
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durations. Spectra were averaged over time windows and tapers within epoch (off or on 

stimulation) for the purposes of calculating spectral power or within session for 

coherence. Model pulse trains of 15msec pulse width at 19Hz or 21Hz were generated for 

the purpose of comparing coherence magnitude and phase specificity to the true 20Hz 

pulse sequence (Fig. 4.2F,G). For visualization purposes, the spectrogram was calculated 

with 5 sec window durations and 2.5 sec overlap.  

Stimulation and spatial response analysis 

A nested GLM approach was taken to quantify the number of engram stimulation 

responsive cells using the Point Process Neuron package 

(https://github.com/hasselmonians/pippin) as previously described (Alexander et al., 

2020). Briefly, head direction, velocity, spatial position and binarized laser state (1’s in 

the laser-on time bins) were used as predictors of firing rate in 500 ms bins. A leave-one-

out approach tested the difference in deviance of the reduced model against the full 

model using a Chi-squared distribution. A conservative threshold of p < 0.01 was used as 

a cutoff for models that performed significantly better with the laser state predictor 

included, indicating an opto+ cell. 10-fold cross validation was used to test each cell. For 

the purposes of correlation and statistical testing, the Z-scored firing rate of each unit was 

also calculated against the mean and standard deviation of that cell’s firing rate in the 

pre- and post-stimulation epochs over 60sec intervals. 

Spatial information was calculated by epoch after thresholding each cell for 

spikes occurring above a velocity of 2cm/sec. Spatial correlations were calculated 
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between the speed-thresholded, occupancy-normalized spatial firing rate maps across 

epochs on a bin-for-bin basis. 

Population vector correlations 

 Population vector correlations (PVCs) were calculated using the binned firing 

rates (500msec bins) of pyramidal units. The mean rate of each bin was removed from the 

matrix of firing rates and the resulting matrix correlated to itself with a Spearman 

correlation for both the full matrix and trial-averaged matrix.  

Linear discriminant analysis (decoding) 

Linear classifiers were trained on 500 ms bin size population firing rate vectors 

using the classify function in Matlab. For the first set of decoders, a random 50% of the 

laser-on time bins (spanning trials) were selected and an equivalent number of bins from 

the laser-off time periods (spanning epochs) were used as training data. A random set of 

hippocampal neurons (Pyrs and INs) were drawn for each shuffle and used in both the 

training and testing of that decoder. Different numbers of neurons, up to n-1 of the whole 

population, were used to show the improvement of the classifier with additional network 

size. For the cell tuning specific classifiers, n = 25 random high Z-score magnitude (top 

20%), low Z-score magnitude (bottom 20%) and high pre to post-stim spatial correlation 

(top 20%)  cells were chosen per shuffle. Next, n = 25 cells were randomly drawn per 

shuffle from the top and bottom 20% of the sorted raw Z-scores to compare the 

contribution of positively and negatively stimulation responsive cells, respectively. 

Lastly, for the cross-epoch generalizing decoders, classifiers were trained on a 
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combination of 5/6ths of the data from one or more randomly selected stimulation trials 

and 60 randomly chosen laser-off time bins (spanning epochs; equivalent to one full 

laser-on trial). Decoding accuracy was tested on the 1/6th held-out data from the trained 

trials and on all bins from the held-out, untrained trials and equivalent random bins from 

the laser-off epochs. Equivalent control shuffles were created for the increasing cell # and 

epoch # classifiers using matched cell or epoch numbers but randomly shuffled bin 

labels. Prediction accuracy is reported as the mean of the true positive and true negative 

rate, with proportions of laser-on and off test data chosen such that chance stands at 0.5 

or 50%. 500 shuffles were performed for each decoder. 

Statistics 

One and two way repeated measures ANOVA models were run for behavioral 

analyses in Contexts A, B and C, for spatial information and spatial correlation tests, and 

for linear decoders with increasing cell counts and training trials. One way independent 

ANOVA models were made for the population vectors and for linear decoders using 

different subsets of cells. Pearson’s rank correlations were used for the spatial 

correlations and between the spatial correlation and Z-score values. Bonferroni corrected 

or Tukey’s HSD p-values are reported for all post-hoc tests. Throughout all figures, error 

bars indicate +/- SEM as do the shaded patches on the spike rasters in Fig. 4.3B. Test 

statistics, groups sizes, and p-values are reported in figures or legends. All tests were 

performed in Matlab 2019b using publicly available functions. For all figures, n.s. = p > 

0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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Results 

Experimental paradigm and histology of recording HPC fear engram ensembles 

To examine the circuit effects of artificial engram reactivation, we context fear 

conditioned (CFC) mice in a small fear chamber, and then optogenetically reactivated the 

fear ensembles in dentate gyrus (DG) while the mice explored other environments (Fig. 

4.1A). Mice were implanted with 8-tetrode custom microdrives with unilateral electrode 

targeting to right HPC and bilateral optic fibers to stimulate DG (Fig. 4.1B). In order to 

limit the temporal expression of the ChannelRhodopsin-2 (ChR2) construct to the CFC 

experience, we used the c-Fos-tTA immediate-early-gene tagging paradigm inhibited by 

doxycycline (Dox) in the subjects’ diet (Ramirez et al., 2013; Redondo et al., 2014; Chen 

et al., 2019). While on Dox, subjects were acclimated to an open field foraging task 

appropriate to detect place cells during which time bundles of tetrodes were advanced 

into hippocampal CA1 or DG based on local field potential (LFP) characteristics and 

preliminary analyses of spatial tuning property in single-units. Removal of the Dox diet 

opened a short window during which endogenous c-Fos produced by cellular activity or 

plasticity in virally transfected DG cells induced the expression of ChR2-eYFP (Fig. 

4.1C). Further expression was inhibited by reintroduction of dox diet during subsequent 

stimulation and recording experiments. Finally, mice underwent a final fear extinction 

session for 10 min in Context A and were sacrificed 90 min later to optimally visualize c-

Fos expression. Histological staining and visualization confirmed the recording location 

of the tetrode bundles and successful viral expression of ChR2-eYFP in a sparse cell 
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population limited to DG (Fig. 4.1E-G). Figure 4.1D summarizes the CFC and 

optogenetic methods used during the behavioral tasks. 

 

Fear engram reactivation drives slight freezing and robust network synchrony 

We first examined the outcomes of CFC and fear engram reactivation in the small 

box. Mice spent more time immobile (speed < 0.5cm/s) as a function of shock delivery 

during conditioning, indicating successful fear acquisition (Fig. 4.2A). During the fear 

extinction session, mice exhibited a high amount of immobility during baseline which 

modestly decreased across time, confirming an aversive memory for the Context A 

chamber (Fig. 4.2A). Prior to CFC engram tagging, laser pulse delivery did not increase 

immobility relative to baseline (Fig. 4.2B). After engram tagging, optogenetic 

reactivation of DG-mediated CFC fear ensembles in Context B drove a slight increase in 

immobility across the whole session, although there was no difference in freezing 

between laser-on and off epochs (Fig. 4.2B). The effect size and lack of laser epoch 

specificity were surprising and may be a result of the low number of subjects included 

relative to prior engram studies (Ramirez et al., 2013; Chen et al., 2019), or the use of 

contextual fear conditioning in lieu of tone-shock conditioning (Liu et al., 2012).  

After verifying the behavioral relevance of the artificial engram ensemble 

reactivation, we examined the effects on the hippocampal network during engram 

stimulation. We observed an increase in 20Hz (and its harmonics) power during Context 

B stimulation sessions after Day 0 CFC which matched the timing of stimulation epochs 

(Fig 4.2C). An opto-electric artifact could have driven the increase in 20Hz spectral 
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power, so the pulse sequence was regressed out of the LFP signal. We noted some 

remaining artifact at 20Hz during stimulation epochs prior to tagging on Day -1, 

suggesting leakiness of the Dox inhibitor labeling cells prior to the tag day (Fig. 4.2D). 

However, 20Hz spectral power strongly increased above this level after CFC in both the 

DG and CA1, suggesting that stimulation of DG engram ensembles promotes network 

oscillatory synchrony within region and downstream (Fig. 4.2D,E). As a comparison, the 

change in theta power in laser-on epochs relative to laser-off remained largely consistent 

across days (Fig. 4.2E). No formal hypothesis tests were made due to the confound of 

sampling individual electrodes from the same mice and region. To confirm this result, we 

compared the phase coherence between each electrode and a signal composed of the 

20Hz pulses and found a low coherence magnitude prior to CFC which increased 

strongly after tagging (Fig. 4.2F). No increase was observed for neighboring 19Hz or 

21Hz frequencies. The coherence phase also shifted to be largely consistent at an average 

of 69 degrees lagged to the 20Hz pulses (Days 1 and 5), although there was some 

heterogeneity between electrodes and across sessions (Fig. 4.2G). Together, these results 

suggest that artificial engram reactivation drives frequency-specific, phase coherent 

network synchrony within and across regions.  

Fear engram reactivation reduces spatial tuning in a downstream reader 

We next analyzed the effects of fear engram reactivation in the open field 

environment split across the three 10 min epochs of pre-stimulation (pre), stimulation 

(stim), and post-stimulation (post). Distance traveled, average run speed, and time spent 

in the center of the arena decreased slightly across epochs, suggesting an effect of 
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satiation on the foraging task (Fig. 4.3A). Curiously, the time spent immobile also 

decreased with time, perhaps as the animals shifted from a more ballistic start-and-stop 

strategy to a slower continuous exploration strategy. Arena exploration remained 

sufficiently broad to observe place fields during the stim and post-stim epochs, enabling 

further investigation (Fig. 4.3B example spatial coverage maps).  

To understand the effect of artificial engram stimulation of an upstream region on 

downstream dynamics, we explored the spatial firing and peri-stimulus spiking of CA1 

pyramidal cells. Many cells exhibited spatially-tuned firing properties, or place fields, as 

described previously (O’Keefe & Dostrovsky, 1971; O’Keefe, 1976; Muller et al., 1987) 

some with multiple firing fields as is more common in mouse than rat (Mou et al., 2018). 

While some cells were spatially stable across epochs (Fig. 4.3B unit 4), others increased 

their firing in a spatially non-specific manner (Fig. 4.3B unit 5), or spatially remapped 

(Fig. 4.3B unit 3) during engram stimulation. Stimulation trial-aligned rasters and 

average firing rate plots confirmed the effect of DG engram stimulation on acutely 

driving or suppressing single unit firing (Fig. 4.3B raster plots, see also 4.4A,B). Peri-

pulse histograms verified the consistent timing of spikes relative to individual pulses in 

responsive cells as compared to spikes in the baseline period or spikes in non-responsive 

cells (Fig. 4.3B). To quantify the proportions of engram stimulation-responsive cells in 

the CA1, each cell was fit with a generalized linear model (GLM) including spatial and 

laser-state predictors. Cells were classified as optogenetic stimulation-responsive (opto+) 

if the GLM outperformed a version of the model without the laser-state predictor (see 

Methods) or non-responsive (opto-) if not. Roughly 59% (45 cells) were opto+ across 
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both mice with HPC units (Fig. 4.3C). Note that while many cells were opto+, the 

changes in firing rate were indirectly driven by upstream stimulation in the DG acting on 

the CA3 and CA1 cells which were not virally transfected with ChR2-eYFP (Fig. 4.1E). 

These initial observations suggested a heterogeneous response of the CA1 network to 

external perturbation of a memory-associated DG population. 

We next quantified the outcome of engram stimulation on spatial tuning in opto+ 

and opto- units across epochs. Spatial information decreased during the stim and post-

stim epochs, with opto+ cells losing more spatial information during the stim epoch than 

opto- cells (Fig. 4.3D). While some drop in SI might relate to the decrease in distance 

traveled during the stim and post epochs (Fig. 4.3A), the specific decrease in the opto+ 

population represents an additional disruption of spatial coding. We built on this finding 

by examining the correlation of spatial firing maps across epochs, as it appeared that even 

strongly opto+ cells could have consistent place fields between the pre and post-stim 

epochs (Fig. 4.3B units 3 & 5). Indeed, there was no main effect of epoch on spatial 

correlation but an interaction effect such that opto+ cells specifically had higher spatial 

correlation between the unstimulated epochs (Fig. 4.3E). Lastly we correlated the spatial 

correlation value of all the cells to their Z-scored firing rate change during stimulation. 

No relationship was found for the pre to stim comparison (Fig. 4.3F) but the pre to post 

comparison showed a linear relationship with strength of engram responsiveness (Fig. 

4.3G). Taken together, these results reveal that the CA1 loses spatial specificity during 

engram stimulation but that opto+ cells can recover their pre-existing location tuning 

after acute artificial perturbation. 
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Population activity decorrelates during stimulation 

We then investigated the effects of engram modulation at the CA1 population 

level. The self-normalized firing rate of all HPC units across mice and sessions, including 

INs, was sorted based on each cell’s Z-scored stimulation responsiveness relative to 

baseline to create a “mega-mouse” firing raster (Fig. 4.4A). While subtle increases or 

decreases of firing rate during individual 30 sec stimulation trials could be seen, the 

response became clearer when the same map was created from a trial-averaged firing rate 

for each neuron, with matched averaged time periods from the pre and post epochs (Fig. 

4.4B). To confirm that this was not merely a gestalt effect of trial-averaging, the firing 

rate of the top 10% of opto+ cells was averaged to show trial-specific increases in spiking 

for each trial (Fig. 4.4C left). The same was done for the bottom 10% of Z-scored cells 

(which were also opto+) to show a decrease in firing rate during most stimulation trials 

and a modest rebound effect between trials (Fig. 4.4C right). Finally, we correlated the 

activity vector of the network for each time bin against all other time bins to create a 

population vector correlation (PVC) for the full firing rate matrix (Fig. 4.4D) and the 

trial-averaged matrix (Fig. 4.4E; S. Leutgeb et al., 2005; Jou et al., 2023). Comparison 

against the baseline epoch showed a slight ‘checkerboard’ effect of alternating high and 

low correlation during the stim period, although there were only minor differences in 

overall PVC across time (Fig. 4.4F,G). To tease out the effect of stimulation, we next 

examined the trial-averaged PVC which exhibited more obvious within-epoch synchrony 

and found the stim epoch to be most strongly decorrelated from baseline compared to the 

adjacent laser-off and post-stimulation periods (Fig. 4.4G). The network state partially 
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recovered during the post-stim period (Fig. 4.4G). In summary, fear engram stimulation 

drives a change in network state which is partially reversible.  

 

CA1 firing rate decodes a consistent network state during engram reactivation 

Lastly, we sought to determine whether single unit activity from the open field 

sessions could be used to reliably decode the presence or absence of optogenetic 

modulation. A linear classifier was trained on random samples of half the binned firing 

rate data from the stim epoch and an equal amount of data from all the laser-off epochs 

(see Methods). The decoder was able to predict the presence or absence of optogenetic 

stimulation above chance using even as few as 2 neurons (Fig. 4.5A). Increasing the 

number of neurons used by the classifier increased decoding accuracy significantly. Next, 

various subsets of HPC cells defined by their spatial or engram modulation responses 

were used to train new decoders. Matching for numbers of cells used, stimulation 

responsive units decoded significantly better than all other tested cell types (Fig. 4.5B). 

Furthermore, cells with high spatial correlation between the pre and post-stim epochs 

decoded at higher levels than non-responders or random pyramidal cells, corroborating 

the previous finding relating degree of engram modulation and spatial stability before and 

after stimulation (Fig. 4.5B, 4.3E,G). The increase in decoding accuracy was largely 

driven by cells that increased firing rate during stimulation, rather than decreasing it (Fig. 

4.5C).  

Finally, we trained another set of decoders using data from a subset of stimulation 

trials to test whether the network was repeatably modulated by engram reactivation. 
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Training on even a single trial (e.g. the fifth 30-sec laser-on period) yielded classification 

accuracy of other trials and laser-off periods above chance (Fig. 4.5D). Prediction of held 

out data from within each training trial confirmed the performance of the classifier (Fig. 

4.5D green line). Increasing the number of training periods used improved prediction 

accuracy. In sum, these results indicate the network state could be reliably decoded at the 

level of single units and that this artificially driven state was repeatable across stimulation 

periods given that data from one trial could accurately decode the network state during 

other trials.  

 

Discussion 

We present preliminary evidence exploring the outcome of artificial memory 

reactivation within the dentate gyrus of hippocampus on single unit and network 

dynamics in downstream CA1. Our early findings show a number of effects including the 

frequency-specific entrainment of multiple HPC regions during engram stimulation (Fig. 

4.2). Additionally, stimulation drove a reduction in spatially specific firing in a subset of 

CA1 neurons responsive to upstream engram stimulation (Fig. 4.3). Curiously, this same 

population exhibited  more consistent spatial firing before and after the stimulation (Fig. 

4.3). Lastly, we showed that in the absence of a strong overt behavioral phenotype during 

stimulation, the internal network dynamic nevertheless shifted to a partially replicable 

and readily-decodable state reflecting the stimulation (Fig. 4.5). These results are 

consistent with the hypothesis that engram stimulation drives pre-configured network 
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dynamics (Jou et al., 2023) but also suggest that uncommon rhythms (i.e. 20Hz) could 

support changes in behavior. 

Network dynamics bridging memories to behavior 

Early work on stimulating engram ensembles demonstrated marked effects on 

memory-guided freezing behavior and stimulus-driven spiking in anesthetized and ex 

vivo brains (Ramirez et al., 2013; Cowansage et al., 2014; Denny et al., 2014; Redondo et 

al., 2014) but the question remains how artificial memory stimulation alters networks 

during awake, freely-moving behavior. Fear conditioning, especially contextual fear 

conditioning (CFC), drives place field and rate remapping in CA1, especially around the 

shock location (Moita et al., 2004; Schuette et al., 2020). While our data do show some 

example cells transiently remapping their field location (Fig. 4.3B unit 1), these changes 

in firing pattern were largely limited to the stimulation epoch given the high rate of pre 

and post-stimulation map stability in engram stimulation responsive (opto+) cells. This 

transient disruption is consistent with a preprint study which altered CA1 network 

activity specifically during the period of stimulation of a CA1 engram (Jou et al., 2023). 

Furthermore, CA1 cells responded to transient perturbation by heterogeneously changing 

firing rate (Fig. 4.4A,B) and reducing spatial information (Fig. 4.3D), rather than largely 

decreasing firing rate but increasing spatial information as seen during CFC (Schuette et 

al., 2020). We did not observe a specific reduction in interneuron firing rate during 

engram stimulation as might be expected during novel experiences (M. A. Wilson & 

McNaughton, 1993), although very few HPC interneurons were recorded. Prior false 

memory creation studies stimulated engrams of a novel neutral context during shock 
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conditioning which allowed behavioral expression at later time points, suggesting a more 

permanent remapping  (Garner et al., 2012; Ramirez et al., 2013). Behaviorally, mice 

continued to show extensive pre-stim behavioral exploration across sessions in line with 

the transient network effects of DG engram reactivation (Fig. 4.3A). The maintenance of 

exploratory behavior even after negative memory recall is consistent with the ability for 

the HPC to support multiple maps of the same environment (Sheintuch et al., 2020). 

These preliminary findings suggest that short retrievals of negative memories in familiar, 

safe environments do not ‘overwrite’ the existing hippocampal map of that environment, 

which may be of interest in interpreting clinical treatment of anxiety and post-traumatic 

stress disorders involving negative memories.  

Memory or map? Between a Fos and a hard place cell 

The relationship between engram neurons and the cognitive map is still murky, 

especially given the ambiguity of immediate-early genes like c-Fos for neural activity. 

Individual action potentials do not monotonically relate to the quantity of c-Fos 

expression (Labiner et al., 1993). Indeed, a recent preprint study suggests c-Fos may be 

induced not by cellular action potentials but in response to slow (0.1Hz) or fast synaptic 

input (50Hz) but not intermediate frequencies (Anisimova et al., 2023).  The presence of 

c-Fos in CA1 pyramidal cells may drive functional ensemble formation via peptidergic 

signaling with interneuron populations (Yap et al., 2021) and contribute to place field 

formation, spatial stability, and reliable spatial maps (Pettit et al., 2022). Yet, prior 

electrophysiological evidence suggests that in novel environments c-Fos negative place 

cells are more reliable spatial anchors while c-Fos expressing place cells contribute more 
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to memory discrimination than navigation (Tanaka et al., 2018). The present study did 

not specifically address this debate, but the question of how sparse DG populations 

influence downstream CA1 spatial maps is relevant. We found that artificial stimulation 

reduced spatial information in a subpopulation of CA1 cells that nevertheless exhibited a 

stable spatial code outside of the memory recall epoch (Fig. 4.3D,E). Prior to stimulation, 

these cells were indistinguishable from non-responders in terms of spatial information, 

perhaps due to much more extensive experience with the arena, similar to Pettit et al. It is 

possible that the opto+ CA1 subpopulation constituted its own c-Fos expressing engram 

population, though chronic in vivo imaging methods would be needed to adequately 

investigate the relationship to c-Fos expression and spatial mapping. 

Considerations for neural outcomes of engram reactivation 

What are the consequences of artificial memory stimulation? Optogenetic 

reactivation entrained multiple HPC regions from the DG to CA1, consistent with a 

previous study demonstrating enhancement of theta power during 8Hz DG engram 

stimulation (Rahsepar et al., 2023). Interestingly, some studies were able to drive 

behavior by stimulating a CA1 engram at 20Hz (Ohkawa et al., 2015) while others were 

not (Ramirez et al., 2013) or had to rely on 4 or 8Hz stimulation (Rahsepar et al., 2023; 

Ryan et al., 2015). Both frequency and pulse shape are important to driving spiking 

(Padilla-Coreano et al., 2019; Wilmerding et al., 2022), which our paradigm 

circumvented by leveraging upstream regions to drive 20Hz spiking in CA1 pyramidal 

units (Fig. 4.3B). One preprint found that stimulation of a behaviorally verified CA1 

active place avoidance engram transiently drove cell firing for ~30sec and decorrelated 
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the population activity from baseline (Jou et al., 2023), similar to our findings (Fig. 

4.4G). During this time, however, Jou et al. found pre-existing spike relationships 

between individual cells were preserved as were low-dimensional population activity 

measures, suggesting that engram reactivation relies on pre-existing network architecture 

and functional connectivity (Dragoi & Tonegawa, 2013; Villette et al., 2015). The 

presence of engram modulation on the CA1 network state was readily decodable, even 

when training classifiers on a small subset of the stimulation trials suggesting a stable 

underlying circuit (Fig. 4.5). though it remains to be demonstrated whether pre-existing 

spike relationships between cells existed before the onset of stimulation in our data.  

Limitations and conclusions 

Further recordings will be needed to confirm the initial results discussed above. 

Additionally, the relationship of engram stimulation to sharp-wave ripples and replay 

would be valuable for understanding how specific contextual memories may be broadcast 

to the neocortex during memory consolidation. Analysis of the spike timing relationships 

between active CA1 cells before, during and after engram stimulation in DG would be 

informative for resolving the question of how simultaneous activation of sparse DG 

populations can lead to the expression of memory-guided behaviors, perhaps via 

meaningful sequence generation in the downstream CA3 and CA1 regions (Stark et al., 

2015). Our current results support the hypothesis that DG engram stimulation entrains 

downstream hippocampal regions at the network and single cell level by engaging an 

existing network of spatially tuned cells.  
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Figures 

Figure 4.1 
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Figure 4.1. Experimental paradigm and histology of recording HPC fear engram 
ensembles. 
A) Experimental timeline. N = 4 mice underwent bilateral viral injections in DG and 
surgical implantation of a microdrive containing unilateral tetrodes and bilateral fibers. 
Mice were acclimated to foraging in an open field (many exposures) and small box (1 
exposure) during tetrode lowering. Day -1: 1x pre-tagging stimulation session in Context 
B (see E) served as a behavioral and physiological recording control. Day 0: Contextual 
Fear Conditioning (CFC) and engram tagging in Context A (see E). Days 1-5: daily 
recording and stimulation session in Context C (see E). Days 1 and 5 included a Context 
B recording and stimulation session. Electrolytic lesions performed after final experiment 
on Day 5. Day 6: 10 min fear extinction 90 min prior to perfusion. Presence or absence of 
Dox inhibitor noted by green or white background, respectively. A & C created with 
BioRender. 
B) Example microdrive implant. 
C) Viral approach for ChR2-eYFP expression in DG cells temporally gated by absence of 
doxycycline (Dox) inhibitor in diet (see Methods). 
D) Shock and stimulation protocols. Context A (CFC): 4x moderate, 2-sec 1.0mA foot 
shocks administered at 60 sec intervals after a 210 sec acclimation period. Context B 
(small box): 2x 2 min optogenetic stimulation periods between 3x 2 min laser-off periods. 
Context C (open field): 3x 10 min epochs including pre-stimulation, stimulation and post-
stimulation. Stimulation comprised  10x 30 sec laser on, 30 sec laser off trials.  
E) Example histology demonstrating tetrode lesions (dark halos) in 2 mice delineated by 
dashed borders. One mouse had simultaneous CA1 and DG targeting.  
F) Cell counting example using automated neural network identification of c-Fos and 
eYFP positive cell bodies in DG granule cell layer.  
G) Visualization of average eYFP (engram) and c-Fos-mCherry (Context A re-exposure) 
populations and the overlap between them demonstrating similar quantities  in N = 4 
mice. 
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Figure 4.2 

 
Figure 4.2. Fear engram reactivation drives slight freezing and robust network 
synchrony. 
A) Contextual fear conditioning (CFC) increases immobility as a function of shock (F(4,12) 
= 5.02, p = 0.013). Fear extinction reduces immobility across equivalent non-shocked 
time points (F(4,12) = 3.65, p = 0.036). 
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B) Pulsatile stimulation does not increase freezing across time prior to CFC (grey lines; 
F(4,12) = 0.66, p = 0.63) but slightly increases freezing across the session after CFC (blue 
lines; F(4,12) = 4.29, p = 0.022). Inset: No difference was found in mean immobility 
between on and off epochs before or after CFC (RM t-test; Pre: t = 0.81, p = 0.48; Post: t 
= 2.18, p = 0.12).  
C) Spectrogram of DG LFP during Context B fear engram reactivation. Note the increase 
in 20Hz power at 2 and 6 minutes corresponding to the stimulation onset. 
D) Power spectra of three example electrodes (rows) from two regions and two mice 
before (left) and after tagging (right). Grey indicates average power during laser-off 
epochs, blue for laser-on. 
E) Difference in 20Hz power between laser off and on epochs increases after tagging and 
remains high across days. Change in theta power across epochs is largely identical pre 
and post tagging. No formal comparisons made for E-G due to confounded electrodes 
within the same region and mouse. 
F) Coherence magnitude between 20Hz LFP and 20Hz optogenetic pulse sequence, but 
not a 19Hz or 21Hz sequence, increases after tagging and remains high across days. 
G) Coherence phase offset between the LFP and 20Hz optogenetic pulses, but not 19Hz 
or 21Hz pulses, becomes more consistent across time. Individual electrodes plotted for 
20Hz only to improve readability. 
N = 4 mice for A-B. n = 7 electrodes for E-G  
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Figure 4.3 
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Figure 4.3. Fear engram reactivation reduces spatial tuning in a downstream 
reader. 
A) The average distance traveled, speed, immobility and arena center exploration 
decreased across time during open field foraging (Distance: F(2,6) = 17.56, p = 0.0031; 
Speed: F(2,6) = 19.60, p = 0.0023; Immobility: F(2,6) = 5.50, p = 0.044; Center: F(2,6) = 
8.61, p = 0.017). The change in behavior relative to baseline was not different between 
the stimulation and post-stimulation epochs for distance and speed (RM t-test; Distance: t 
= -0.041, p = 0.97; Speed: t = -0.20, p = 0.85) but slightly differed on immobility and 
center dwell time (RM t-test; Immobility: t = 4.25, p = 0.024; Center: t = 3.25, p = 
0.048). N = 4 mice.  
B) Example speed-thresholded spatial rate maps (upper panels, 3cm2 bin size) and trial-
aligned firing rasters (lower panels, 60-sec windows) for three CA1 cells during the same 
open field recording session. Whole session rate map displayed to the right of the post-
stim rate map. The first and third unit exhibit stable spatial tuning pre- and post-
stimulation and a marked increase in firing rate during the stimulation block. The second 
unit is unresponsive to stimulation and maintains a stable field across epochs. Below the 
session rate map, the laser pulse-timed spike histogram is shown as a 50 ms window after 
the onset of every pulse in the stimulation epoch (blue) and equivalent time points in the 
baseline epoch (grey) with smoothed average in red and black respectively. 
C) Visualization of the proportion of stimulation responsive/non-responsive pyramidal 
units determined by a GLM (see Methods) split by total population and N = 2 mice. Total 
number of cells per group included in each bar. 
D) Spatial information (SI) decreases during stimulation and post-stimulation (F(2,120) = 
28.59, p < 0.001) with a significant interaction between higher SI stimulation non-
responsive cells than responsive cells  (F(2,120) = 3.34, p = 0.034). n = 31 non-responsive 
pyrs, 45 responsive pyrs.  
E) No main effect of epoch on correlation between spatial rate maps relative to baseline 
(F(1,71) = 0.35, p = 0.56) but a significant interaction between stimulation responsive cells 
which showed higher correlation than non-responsive cells  (F(1,71) = 4.12, p = 0.046).  n 
= 31 non-responsive pyrs, 45 responsive pyrs. 
F-G) Spatial correlation between the pre-stim and stim epoch (F) did not correlate to the 
Z-scored firing rate modulation by stimulation (Pearson’s R = 0.18, p = 0.12) but did 
correlate between the pre-stim and post-stim epoch (G) and Z-scored firing rate 
modulation (R = 0.33, p = 0.004). n = 76 pyrs. 
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Figure 4.4 

 
Figure 4.4. Population activity decorrelates during stimulation. 
A) Normalized firing rate (500 ms bins) of all HPC units sorted by Z-scored stimulation 
response across 5 min pre-stim, 10x 30 sec stim trials interleaved with 10x 30-sec 
adjacent off periods and 5-min post-stim. Interneurons separated below the red dashed 
line. n = 82 cells. 
B) The same as A but with trial-averaged data of 10x 30 sec trials from within each 
epoch. Adjacent off stim period between stim trials shown to the right of the stim bins. 
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C) Average of the normalized firing rate of the top (left) and bottom (right) 10% Z-
scored stimulation responsive units across the same time periods depicted in A. n = 8 
units each. 
D) Population vector correlation (PVC) of pyramidal units across the same time periods 
depicted in A. Black dashed boxes mark example comparisons used in F. Individual 
demarcation of stim trials not shown to improve readability 
E) Trial-averaged PVC of pyramidal units across the same time periods depicted in B. 
Black dashed boxes mark all comparisons made in G.  
F) The average PVC to baseline differed across epochs (F(3,2394) = 3.61, p = 0.013) with 
post-hoc tests revealing a minor difference in the pre-stim and adjacent groups (p = 
0.034) and pre-stim and post-stim groups (p = 0.016) but no other differences. n = 600 
bins per group. 
G) Same as F but for the trial-averaged PVC to baseline differing across epochs (F(3,236) = 
272.24, p = < 0.001) with post-hoc tests revealing differences between all groups at the 
level of p < 0.001. n = 240 bins per group. 
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Figure 4.5 

 
Figure 4.5. CA1 firing rate decodes a consistent network state during engram 
reactivation. 
A) Linear decoder predicts laser state based on single unit firing rates, improving with 
more cells (F(11,10978) = 3037.1, p < 0.001). There was an interaction between # of cells 
and label type (F(11,10978) = 2944.7, p < 0.001), and the true labels outperformed the 
shuffled labels in all cases (Bonferroni-corrected p < 0.001 for all comparisons). n = 2, 4, 
9, 14, 19, 24, 29, 34, 39, 49, 74, or 81 cells per shuffle. 
B) Classification accuracy differed based on subsets of hippocampal cell types (F(3,1996) = 
13,053, p < 0.001). Post-hoc comparisons revealed significant differences between all (p 
< 0.001). n = 25 cells per shuffle. 
C) Stimulation-responsive cells that increased firing rate contributed more than cells that 
decreased firing rate (t = -87.61, p < 0.001). n = 25 cells per shuffle. 
D) Prediction of laser state in untrained, held-out epochs increased as a function of the 
number of included training epochs (F(8,7984) = 182.55, p < 0.001). There was an 
interaction between # of epochs and label type (F(8,7984) = 180.82, p < 0.001) and the true 
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labels outperformed the shuffled labels in all cases (Bonferroni-corrected p < 0.001 for all 
comparisons). Prediction accuracy was near 100% on held-out data from trained epochs 
(green). n = 1 – 9 training epochs per shuffle, 81 cells per shuffle. 
n = 500 shuffles per group in all cases.  
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CHAPTER FIVE: SUMMARY AND DISCUSSION 

 The work contained in this dissertation sought to explore contributions of  the 

dentate gyrus to memory and navigation with an emphasis on the recruitment and 

reactivation of sparse, experience-associated cellular ensembles, or engrams. Landmark 

studies manipulating such ensembles in the DG and other regions to drive or suppress 

learned behavior motivated the present work (Ramirez et al., 2013; Denny et al., 2014; 

Cowansage et al., 2014; Ryan et al., 2015; Kitamura et al., 2017). The data here represent 

a logical extension of the use of immediate-early-gene dependent tagging technologies 

(Radulovic et al., 1998; Guzowski et al., 1999; Reijmers et al., 2007; Tayler et al., 2013) 

to study sparse hippocampal populations  involved in spatial memory and the cognitive 

map hypothesis (Tolman, 1948). Recent functional recording of DG cell responses 

offered evidence of stable spatial tuning within environments and across days 

(GoodSmith et al., 2017; Hainmueller & Bartos, 2018; Cholvin et al., 2021) which further 

informed the experimental design used to investigate key aspects of DG populations in 

spatial memory and navigational representation. The above experiments examined 1) the 

encoding of specific routes by IEG-defined DG populations, 2) the importance of the DG 

population subserving spatial working memory and learning transfer across 

environments, and 3) the functional outcomes of reactivating a DG-mediated fear engram 

on downstream regions during navigation. 

 The unique architecture and loss of function studies in the hippocampus, outlined 

in Chapter 1, led to specific roles assigned for individual hippocampal subregions 

including pattern separation (DG), completion (CA3), and comparison (CA1; Marr, 1971; 
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McNaughton & Morris, 1987; O’Reilly & McClelland, 1994; Treves & Rolls, 1994; M. 

Hasselmo et al., 1995). On its face, these delineations seem reasonable, especially given 

the evidence of functional specialization within regions (Nakazawa et al., 2002; J. K. 

Leutgeb et al., 2007; Neunuebel & Knierim, 2014). In Chapter 2 we examined the ability 

for two sparse DG populations to separate a specific sub-route within a larger maze 

context. The results revealed that while the DG separated two dissimilar contexts to the 

degree expected by statistical chance, visiting a single familiar sub-route produced 

pattern overlap above chance but below the maximum overlap expected by repeated 

exposure to the full maze. Surprisingly, therefore, the DG performed a role of both 

pattern separation and completion in this navigational task. 

 Should the apparent pattern separation / completion dichotomy be revisited? The 

initial theoretical work detailing hippocampal function (Marr, 1971) defined the 

following rules for a memory system: 1) the storage of events by “memorizer” cells, 2) 

the recognition of subevents (separation), and 3) the completion of “simple” 

representations. While Marr identified the CA pyramidals as natural memorizers due to 

modifiable synapses and low event rates, and noted the obvious recurrent anatomy of the 

CA3 pyramidals as supporting a completion function, the job of subevent recognition was 

largely assigned to the inhibitory population. This last hypothesis is supported by a recent 

engram tagging study demonstrating multiple engram populations within DG for the 

same event defined by different IEGs (Sun et al., 2020). One population received 

excitatory input from entorhinal cortex, the other from DG interneurons and they played a 

functional role in fear memory generalization or separation respectively. Marr also 
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classified the granule cells of DG as memorizers which form an extended collateral 

network with the CA regions, thus including them in the role of pattern completion. 

Subsequent anatomical observation of the DG to CA3/hilus to DG connectivity 

strengthens this case further (Ribak et al., 1985; Frotscher et al., 1991; X.-G. Li et al., 

1994; Scharfman, 2007). Other theorists also remained region-agnostic in their 

interpretation of the principles of hetero-associativity (feedforward excitatory loops such 

as DG to CA3 to DG) as merely a variant of the broader concept of auto-associativity 

(feedforward self-excitation such as CA3 to CA3) leading to synaptic weight 

modification necessary for memory storage (McNaughton & Morris, 1987; Lisman, 

1999). Some authors merely required the CA3 to arrive at a pattern separated 

representation of the EC input, with aid from DG (O’Reilly & McClelland, 1994). 

One of the primary computational arguments in favor of the DG acting as a 

pattern separator is Marr-Albus theory or “expansion coding:” the principle of divergent 

feedforward excitation from a small input region onto a much larger output region 

leading to minimally-overlapping representations in the downstream reader (Marr, 1969; 

Albus, 1971; Cayco-Gajic & Silver, 2019). The enlargement in DG granule cells relative 

to the number of EC input cells led to the hypothesis that separable representations of 

similar events would arise in DG (Treves & Rolls, 1994; Cayco-Gajic & Silver, 2019). 

However, the DG population is only one order of magnitude larger than EC (Amaral et 

al., 1990), whereas the ratio of all cerebellar to all cerebral cortex neurons is 3.6 to 1 

across multiple mammalian species and in rats the roughly 140 million cerebellar cells 

must necessarily receive input from regions several orders of magnitude less populous 
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(Herculano-Houzel & Lent, 2005; Herculano-Houzel et al., 2006; Herculano-Houzel, 

2010). While expansion coding may play a role in pattern separation from the EC to DG, 

other mechanisms such as sparse coding and decorrelation of firing pattern may also 

contribute (Cayco-Gajic & Silver, 2019).  

Chapter 3 revealed insight on pattern separation and completion by manipulating 

nonspecific, IEG-defined populations in the DG during spatial working memory in novel 

and familiar environments. Stimulation of nonspecific ensembles tagged by exposure to 

both training maze routes disrupted performance, likely due to a failure of pattern 

separation of the current trajectory during the memory encoding phase of the task. 

Interestingly, during the initial learning transfer from the training context to the 

experimental context mice performed the task well, but were also most impaired by 

subsequent disruption of the DG, suggesting an initial dependence on this region for 

learning generalization (completion). Leutgeb et al. found that cells in the DG (or hilus, 

see Chapter 1) were shown to exhibit immediate decorrelation during subtle shifts in 

environmental cues, while CA3 cells demonstrated more gradual remapping to more 

obvious environmental differences (J. K. Leutgeb et al., 2007). However, the DG/hilus 

cells performed less rate remapping when the rats were placed in another room, whereas 

an entirely different population of CA3 cells were recruited, leading to pattern separation 

by this region and not the DG. The observation of CA2/3 and CA1 place cells 

discriminating across contexts via global remapping while the DG place map remains 

stable has been repeated with large scale calcium imaging (Hainmueller & Bartos, 2018; 

Cholvin et al., 2021). These distinctions could also explain why the use of firing rate 
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correlations, not field stability, demonstrated obvious pattern separation in the DG but not 

CA3 within a single environment with altered cues (Neunuebel & Knierim, 2014). If a 

similar population of task-related cells were recruited in DG by both training and 

experimental mazes, perhaps with decorrelated firing rates but not spatial maps, then the 

effects of learning transfer and disruption vulnerability would be well explained (Chapter 

3).  

While lesion and KO studies certainly indicate a role of CA3 in pattern 

completion (Nakazawa et al., 2002; Gold & Kesner, 2005), this does not preclude the 

possibility that DG also contributes to this process (Hainmueller & Bartos, 2018) nor that 

CA3 simultaneously contributes to pattern separation. Nor do the lesion and NMDA 

receptor KO studies in DG (Gilbert et al., 2001; McHugh et al., 2007; Sasaki et al., 2018) 

that show errors in spatial and contextual discrimination rule out that CA3 neurons 

participate in pattern separation (O’Reilly & McClelland, 1994; J. K. Leutgeb et al., 

2007; Hainmueller & Bartos, 2018). Other cell types such as mossy cells and 

interneurons may serve specific roles in this computational process (Andrews-Zwilling et 

al., 2012; Jinde et al., 2012; GoodSmith et al., 2019). For example, lesion of mature but 

not adult-born GCs actually increases behavioral context discrimination while irradiation 

of the newborn GC population impairs discrimination (Nakashiba et al., 2012). Despite 

near total ablation of mature GC outputs to CA3, spatial discrimination within a radial 

arm maze task was preserved, suggesting pattern separation could be accomplished by 

adult-born GCs and CA3 together. Lastly, hidden platform escape latency was slower in 

mature GC KO mice indicating that rapid pattern completion relies on these cell types.  
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Ultimately, the debate of pattern separation vs completion is hampered by the lack 

of key empirical data. First, there is a need for studies employing identical behavioral 

tests alongside cell-type or connection specific lesion of both DG and CA3 together and 

separately (Senzai, 2019). Second, the ability to record large populations of cells in all 

the relevant regions simultaneously – EC, DG, and CA3 – during behavioral tests of 

context discrimination or transfer learning would do much to reconcile inconsistencies 

inherent to assessing this cognitive process in only one region at a time (Santoro, 2013). 

Calcium imaging with prism lenses or multi-site pixel probes would be appropriate 

methods for addressing this last point. We propose that such studies would reveal, in 

addition to joint pattern separation and completion across the DG and CA3, that both 

phenomena would evolve not merely across the circuit, but also across time. This is 

suggested by the anatomy of HPC itself, with a tri-synaptic loop connected at both ends 

to the EC and the proposed need for a comparator function to align memory patterns to 

input cues (O’Reilly & McClelland, 1994; Hasselmo et al., 1995; Lisman, 1999). This 

comparison would necessarily involve a difference in time for the first instance as EC-

DG-CA3-CA1 requires more processing than EC-CA1, but may also involve iterative 

updating of the retrieved representation to better match the cue from EC. More formally, 

the Similarity, S, of two patterns, A and B, decreases across regions such that: SEC (A,B) 

> SDG (A,B) > SCA3 (A,B) and across time, t, such that: SDG (At1,At2) > SDG (At2,At3). 

This process is likely to evolve rapidly in time, on the order of tens or hundreds of 

milliseconds as with theta sweeps (Johnson & Redish, 2007), to enable rapid decision 

making at the level of behavior.  
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What then, are the neural consequences of a separated, completed pattern arriving 

in downstream target regions? Our final set of experiments lacked single unit readout 

from DG and CA3, so we must focus instead on the outcome of specific memory 

stimulation on altering ongoing behavior and spatial map representation in CA1. In 

Chapter 4 we found that DG engram stimulation altered the firing rates and spatial 

information content of a subpopulation of CA1 cells that were otherwise stable 

navigational anchors. The CA1 contains pre-existing connectivity biasing certain 

populations to fire together in reliable sequences or “syllables” prior to new experiences 

or even in the absence of experience (Dragoi & Tonegawa, 2011, 2013; Villette et al., 

2015; Grosmark & Buzsaki, 2016; McKenzie et al., 2021). Excitable cells become 

incorporated into engrams according to the allocation hypothesis, hinting at the nature of 

existing circuit architecture to which novel experiences becomes mapped (Han et al., 

2009; J. Kim et al., 2014; Cai et al., 2016). Our data fit with these observations, given 

that the network took on a repeated state other than baseline across different stimulation 

trials. Whether these cells exhibit pre-existing functional correlation (Jou et al., 2023) or 

if new ensembles are recruited by this artificial reactivation of memory remains to be 

demonstrated. New place fields can be formed in DG and CA1 during awake behavior by 

artificial stimulation of dendritic plateau potentials (Diamantaki et al., 2016; Bittner et al., 

2017) and naturalistically by target signals from EC onto CA1 (Grienberger & Magee, 

2022). The theory of Hebbian experience-dependent plasticity (Hebb, 1949), and 

evidence of HPC engrams stabilized by post-learning synaptic plasticity (Ryan et al., 

2015; Choi et al., 2018) argues in favor of a balance between existing architecture and 
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updated connectivity following learning. We suggest a refinement of the hippocampal 

indexing theory (Teyler & DiScenna, 1986; Teyler & Rudy, 2007) such that unique 

activations of cortical modules map onto and update preconfigured cell ensembles in 

HPC creating new chains of sub-ensemble “syllables” (Malvache et al., 2016) which 

involve both inhibitory/discriminatory and excitatory/generalizing components (Sun et 

al., 2020). During recall, evolving pattern separation and completion is accomplished by 

these complimentary sub-ensembles which reactivate sequentially to regenerate the 

broader representation across cortical modules and actively construct the memory.  

 

Limitations 

 Throughout the optogenetic experiments conducted, only a single stimulation 

frequency was used (20Hz). While this allowed consistent comparison within study and 

with prior DG engram reactivation literature (Ramirez et al., 2013, 2015; Chen et al., 

2019), other stimulation patterns may be more effective for driving neural and behavioral 

outcomes. Stimulation of the basolateral amygdala at 4Hz or 8Hz can differentially drive 

or suppress freezing behavior in a context dependent manner (Ozawa et al., 2020). In 

CA1, 4Hz engram stimulation effectively drives freezing while 20Hz may not (Ryan et 

al., 2015). Similarly, stimulation of vHPC terminals in PFC at 8Hz, but not 2, 4, or 20Hz, 

drove place avoidance (Padilla-Coreano et al., 2019). Phase specific stimulation, 

especially the trough of theta, improves memory recall generally (Siegle & Wilson, 2014) 

and with DG engram-specific reactivation (Rahsepar et al., 2023). These results are in 

keeping with models of specific theta phases of memory encoding versus retrieval at the 
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peak or trough of the CA1 theta phase respectively (Hasselmo et al., 2002; Hasselmo & 

Stern, 2014). Thus, driving DG engrams at the trough of theta, or at another stimulation 

frequency such as 6-8Hz to match and entrain the theta rhythm, might have elicited 

stronger behavioral response during CFC engram reactivation (Chapter 4). During spatial 

working memory, theta trough-specific stimulation of a one-route maze engram might 

have been more effective in biasing behavior in the limited number of cells tagged by a 

single neutral context exposure (Chapter 3 Discussion section). 

 Lastly, it should not escape notice that the brains and behavior of rodents differ 

conspicuously from those of humans. While pains were taken to assess multiple forms of 

episodic memory – navigational and fear conditioning – the behavioral affordances of 

rodents and reductive nature of the experimental conditions limit generalizability to 

humans and other mammals. 

 

Conclusion 

We began by asking how the architecture and activity of our brains could support 

the evolutionarily adaptive phenomenon of memory. Early researchers defined strict 

functional roles for memory-associated brain regions such as pattern separation within 

the dentate gyrus and completion within the CA3. While such models beneficially drove 

the testing of falsifiable hypotheses, the evidence accumulated from experiments testing 

those ideas has mounted to the point that the theories must be re-examined and revised. 

We present empirical and theoretical evidence for the role of the dentate gyrus as a single 

node of an extended separation/completion circuit distributed anatomically and 
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temporally as a neural mechanism supporting episodic memory. Finally, we offer 

preliminary evidence of the outcome of dentate gyrus-mediated episodic memory recall 

(albeit artificially induced) on entraining specific downstream populations in a decodable 

manner. 
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