Antibiotic-mediated gut microbiota depletion affects
behavioral and neuronal correlates of spatial cognition

A dissertation submitted to the faculty of
The School of Graduate Studies
State University of New York
Downstate Health Sciences University

in partial fulfillment of the requirements
for the degree of Doctor of Philosophy

by

Jordi Chanovas Colomé

Program in Neural and Behavioral Science
August 29, 2024

Thesis Advisor: Juan Marcos Alarcon, Ph.D.

The Robert F. Furchgott Center for Neural and Behavioral Science
Department of Pathology



Jordi Chanovas Colomé

ORCID: 0000-0002-1718-8797



In loving memory of

Francesc Boluna Tomas (1964-2023) and Dr. Kathleen E. Powderly (1951-2021)



Abstract

Trillions of microbes —comprising communities of bacteria, viruses, fungi, and other mi-
croorganisms— inhabit the gastrointestinal tract. Known as gut microbiota, these microor-
ganisms are central to human health. Growing evidence connects imbalances of microbial
communities with several neurological and psychiatric conditions, and signals to the modu-
lating role of gut bacteria on brain function, including learning and memory. However, how
the microbiota influences cognitive behavior remains unclear. Here, we investigated whether
gut microbiota depletion disrupts the behavioral and neuronal correlates of spatial cogni-
tion. We depleted gut bacteria in mice by giving a cocktail of non-absorbable antibiotics
and characterized 1) learning and memory performance in modalities of a place avoidance
task with different cognitive demands and 2) Arc and c-Fos-expressing neuronal ensembles
in the supra and infrapyramidal blades of the dentate gyrus. We found impaired learning
and memory performance in place avoidance tasks that require high, but not low, cognitive
demand and blade-specific alterations in Arc and c-Fos-expressing granule cell ensembles
with microbiota depletion. Our results suggest that gut microbial signaling may regulate

the expression of neural mechanisms underlying cognitive control.
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Chapter 1. Introduction

1.1. The gut microbiota

All animals, including humans, evolved in intimate association with microbial communities,
comprising bacteria, archaea, fungi, and viruses (Hou et al. 2022). These collections of
microorganisms |microbiota| inhabit every environmentally exposed body surface, with

the community in the gastrointestinal (Gl) tract| gut microbiota| representing the greatest
density and absolute abundance of microorganisms in the human body (Donaldson, S. M.
Lee and Mazmanian 2016; McCallum and Tropini 2024). Although gut microbiota research
includes analyses of fungi, archaea and viruses, the greatest amount of information comes
from studies of bacteria. Bacterial cells equal the number of human cells in the body (Sender,
Fuchs and Milo 2016; Sender, Fuchs and Milo 2016) and the genetic repertoire found in the
collective gut microbiome is estimated to include a staggering 232 million genes (Tierney
et al. 2019), which greatly expand the metabolic potential of humans. Rather than being
passive passengers in our bodies, the gut microbiota regulates the function of our immune
system, metabolism, and even the development of various organs, including the nervous

system (Morais, Schreiber and Mazmanian 2021; Fung, Christine A Olson and Elaine Y



Hsiao 2017). Unsurprisingly, perturbation of the gut microbiota has been associated with

various neurological and psychiatric diseases (Morais, Schreiber and Mazmanian 2021).

1.1.1. The \healthy" gut microbiota

In healthy conditions, the gut microbiota exhibits stability, resilience, and symbiotic inter-
action with the host. A healthy microbiota demonstrates high taxonomic diversity and high
microbial richness (Hou et al. 2022). However, the relative distribution of microorganisms
is unique between individuals and undergoes variations throughout life within the same in-
dividual (Benson et al. 2010; Martino et al. 2022). Furthermore, gut microbiota varies in
di erent anatomical parts of the gastrointestinal tract (Figure 1.1a, Donaldson, S. M. Lee
and Mazmanian 2016; McCallum and Tropini 2024). For exampl®&roteobacteriaare largely
found in the small intestine, wherea8acteroidetesare primarily found in the colon (She et al.
2024). Such variations are largely due to di erent environments (Figure 1.1b) | a gradient

of oxygen, antimicrobial peptides and pH limits the bacterial density in the small intestine,
whereas allows high bacterial density in the colon (Donaldson, S. M. Lee and Mazmanian
2016). The cecum and colon cultivate the most dense and diverse communities of all body
habitats. Gut microbiota also di ers with age (Figure 1.1c, Yatsunenko et al. 2012; Xiuying
Zhang et al. 2021). Generally, microbiota diversity increases between childhood and adult-
hood, where it reaches a stable state, and decreases at late age (Martino et al. 2022). The
adult microbiota is characterized by the presence of two major microbial phyl&irmicutes
and Bacteroidetes(Yatsunenko et al. 2012). Sex-dependent di erences in gut microbiota are
mainly found during puberty due to the dramatic changes in levels of sex hormones (Xiuy-
ing Zhang et al. 2021). However, biological sex is not one of the main factors explaining
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the variation of the gut microbiota in human populations (Figure 1.1e, Yatsunenko et al.
2012). Other factors such as genetics, environmental exposures, provision of adequate hy-
giene, diet, and antibiotic use exert a big in uence on microbiota composition and function
(Hou et al. 2022). Unsurprisingly, populations from di erent ethnicities/cultural traditions
display characteristic di erences in the gut microbiota (Figure 1.1d, Yatsunenko et al. 2012).
Despite the taxonomic diversity across individuals, functional gene pro les are quite similar
(Qin et al. 2010; Huttenhower et al. 2012). While there are important functionalities that
are conserved across many di erent human microbiota species, there are many key functions
that are only carried out by a relatively small number of microbiota species (Walker and

Hoyles 2023).



Figure 1.1: Biogeographical diversity in the gut and human populations

(Legend next page)



Figure 1.1 (previous page)

(a) Biogeographical features of the gastrointestinal tract such as bacterial organization and phys-
ical parameters of the gut vary at multiple scales from the whole gut (10-100 cm, organized by
gut compartments) to the host-microorganism interface (10-100um) and, nally, to microbial com-
munities. (b) Environmental parameters and bacterial composition vary along the longitudinal axis
of gut. For example, a gradient of oxygen, antimicrobial peptides (including bile acids, secreted
by the bile duct) and pH limits the bacterial density in the small intestinal community, whereas
the colon carries high bacterial loads. Adapted from McCallum and Tropini 2024. Age ¢) and
geography/culture (d), but not sex (e) explain the variation of enterotypes in human populations.
Relationship between the microbiota of 531 healthy children and adults from rural Malawi, Amazo-
nas of Venezuela (Amerindians) and US metropolitan areas evaluated using sequences from the 16S
rRNA gene in faecal samples and a principle coordinate analysis of unweighted UniFrac distances.
Adapted from Yatsunenko et al. 2012.



1.1.2. Methods to explore the e ects of the microbiota in health and disease

Animal models, particularly mouse and rat models, have been used to study the role of
gut bacteria in health and disease (Hugenholtz and Vos 2018). Similarities exist in the
anatomy of the GI tract between humans and rodents (Figure 1.2). However, di erences
in anatomical structures and pH at di erent sites along the Gl tract may contribute to the
divergence between the human microbiota and the microbiota in animal models (Nagpal
et al. 2018). For example, mice, like most herbivorous mammals, have a large cecum where
plant bers are digested by gut bacteria, whereas humans have a small pouch-like cecum with
an attached appendix (Treuting, Arends and Dintzis 2018). Still, human and murine gut
microbiotas share 90% and 89% similarities in phyla and genera (Xiao et al. 2015). Similar
to humans, the gut microbiota of mice is dominated byrirmicutes and Bacteroidetes(Xiao

et al. 2015).

Two main methods are used to explore the e ects of the microbiota on health and disease
in mice: germ-free models (GF) and antibiotic treatment regimens (ABX). Both approaches

have strengths and weaknesses.

GF mice, properly referred as axenic, are free of all microorganisms and must be main-
tained in isolators to fully block exposure to microorganisms. Initially conceptualized by
Louis Pasteur in 1885 (Pasteur 1885), rst breeding colonies of GF rodents were rst estab-
lished in the late 1940s (E. Neumann, Vieira and Nicoli 2019). GF technology allows for
the study of the complete absence of microbes. However, it requires specialized facilities,
in addition to the cost, labor, and skills required to the colonies, making them inaccessible

to many investigators (Fiebiger, Bereswill and Heimesaat 2016). Importantly, maintenance
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of mice in isolators makes conducting some studies (i.e., behavioral testing) impractical or

challenging.

Figure 1.2: Gastrointestinal tract in humans and mice

Human (left) and murine (right) gastrointestinal tract gross anatomy. See Treuting, Arends and
Dintzis 2018 for detailed anatomical comparison.

An alternative method to circumvent the technical diculties of rearing GF mice in
isolators and the high cost of GF technology is the use of antibiotics. Treatment with broad-
spectrum antibiotics is used to deplete gut bacteria from mice. Unlike GF conditions, under
which axenic conditions are maintained throughout life, antibiotics can deplete bacterial
populations in mice normally colonized. While GF mice display de cits in the development
and early immune education (Round and Mazmanian 2009), antibiotic treatment in adult

mice allows for the study of the role of bacteria following normal development.



A cocktail of di erent classes of antibiotics is often used to broadly deplete the gut mi-
crobiota, targeting gram-positive, gram-negative, and anaerobic bacteria. Often, antibiotics
are diluted in drinking water and given ad libitum. Additionally, antifungals are included
in the cocktail to avoid fungal overgrowth and confounding the results as fungi can alter
immune response (lliev et al. 2012; Noverr et al. 2004). While mice receiving antibiotics are
not completely cleared of bacteria, signi cant reductions in bacterial load are associated with

results paralleling what is seen in GF animals (e.g. cecal enlargement, Erny et al. 2015).



1.2. The gut microbiota-brain axis

The gut microbiota-brain axis (GMB) refers to the network of connections involving multiple
biological systems that allows the bidirectional communication between gut bacteria and the
brain. The GMB is crucial in maintaining homeostasis of the gastrointestinal, central nervous
system and microbial systems of animals (Long-Smith et al. 2020). In the past decades, gut
microorganisms have been identi ed as a key regulators of neurophysiology and behavior
(Vuong et al. 2017; Lynch and E. Y. Hsiao 2019). Studies have shown that gut bacteria
impact cognition, anxiety, depression-related behavior, and reward/addiction pathways in
rodents (Morais, Schreiber and Mazmanian 2021). Studies of the microbiota-gut-brain axis
in humans have shown comparable results regarding the connection between brain function
and gut microbial ecology (e.g. consumption of a probiotic in healthy humans was associated

with reduced stress and improved memory performance, Allen et al. 2016).

Many pathways have been proposed to mediate the communication between the gut
microbiota and the brain. The routes of communication involve the autonomic nervous
system (enteric nervous system (ENS) and the vagus nerve), the neuroendocrine system, the
hypothalamic{pituitary{adrenal (HPA) axis, the immune system and metabolic pathways

(Figure 1.3, Morais, Schreiber and Mazmanian 2021).



Figure 1.3: Gut microbiota-brain signaling pathways

(Legend next page)
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Figure 1.3 (previous page)

Bidirectional communication between gut bacteria microbiota and the central nervous system
(CNS) is mediated by several direct and indirect pathways. The routes of communication involve
the autonomic nervous system (the enteric nervous system and the vagus nerve), the neuroendo-
crine system, the hypothalamic{pituitary{adrenal (HPA) axis, the immune system and metabolic
pathways. Within the gut, the microbiota can produce neuroactive compounds such as neuro-
transmitters and microbial metabolites. These metabolites can travel through portal circulation to
interact with the host immune system, in uence metabolism and/or a ect local neuronal cells of
the ENS and a erent pathways of the vagus nerve that signal directly to the brain. The gut mi-
crobiota can also in uence gut barrier integrity that controls the circulation of molecules from the
gut lumen to the lamina propria, which contain immune cells and terminal ends of ENS neurons,
or to portal circulation. Within the nervous system, stress can activate the HPA axis response that
involves neurons of the hypothalamus that secrete corticotropin receptor hormone (CRH) into the
brain or the portal circulation, triggering the release of adrenocorticotrophic hormone (ACTH),
which then initiates the synthesis and release of cortisol. Cortisol regulates neuroimmune signaling
responses that, in turn, a ect intestinal barrier integrity. Stress hormones, immune-mediators and
CNS neurotransmitters can activate neuronal cells of the ENS and a erent pathways of the vagus
nerve, which can change the gut environment and alter the microbiota composition. Adapted from
Morais, Schreiber and Mazmanian 2021.
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1.2.1. Gut microbiota and brain disorders

Cross-sectional studies have shown that the composition of the gut microbiota di ers between
healthy and individuals with various neurological diseases (Jiang et al. 2015; Sampson et al.
2016; R. A. Luna et al. 2017). Gut dysbiosis|an imbalance in the gut microbiota|is as-
sociated with various behavioral and neurodegenerative disorders (Kang, llhan et al. 2018;
Peng Zheng et al. 2019; Jiang et al. 2015; Prehn-Kristensen et al. 2018; Vogt et al. 2017,
Scheperjans et al. 2015; Jangi et al. 2016; Fan et al. 2023). Furthermore, preclinical mod-
els of neurological disease recapitulate alterations in gut microbiota diversity (Needham,
Kaddurah-Daouk and Mazmanian 2020). Yet, establishing causal relationships between
gut dysbiosis and brain disease remains under investigation. Gut microbiome manipula-
tions have been shown to ameliorate pathological phenotypes of psychiatric and neurological
disease (Long-Smith et al. 2020). Faecal microbiota transplantation (FMT) from healthy
volunteers into patients with depression, alleviated depressive and anxiety-like symptoms
(Chinna Meyyappan et al. 2020). Neurological and cognitive symptoms were also improved
after microbiota transplantation in patients with Alzheimer's (S.-H. Park et al. 2021; Hazan
2020) and Parkinson's disease (Huang et al. 2019; Kuai et al. 2021). Gut microbiota modu-
lation with prebiotics and probiotics have also been shown to o er bene t to patients with
major depressive disorder (Goh et al. 2019; Noonan et al. 2020), Alzheimer's disease (Ak-
bari et al. 2016; Leblhuber et al. 2018), acute mania (Dickerson et al. 2018), and autism
spectrum disorder (Sandler et al. 2000; Kang, Adams et al. 2017). Nonetheless, gut micro-
biome manipulation in clinical practice still lacks su ciently robust evidence (Barbosa and

Vieira-Coelho 2020).
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FMT from neurological and psychiatric patients into mice is su cient to transfer to
recipient animals pathological phenotypes of multiple sclerosis (Cekanaviciute et al. 2017;
Berer et al. 2011), Parkinson's disease (Sampson et al. 2016), Alzheimer's disease (Fujii et
al. 2019), depression (Kelly et al. 2016; P. Zheng et al. 2016), schizophrenia (Peng Zheng
et al. 2019), attention de cit hyperactivity disorder (Tengeler et al. 2020), autism spectrum
disorder (Sharon et al. 2019), and more recently, anorexia nervosa (Fan et al. 2023). How-
ever, the ability of these models to capture the inter-individual variability of the human
microbiome is limited by small donor numbers (one to ve) or pseudo-replication of animal
specimens (Walter et al. 2020). Hence, establishing causal inferences from human-murine mi-
crobiota transfer studies requires a more rigorous and critical approach (Walter et al. 2020).
More established bacterial manipulations, such as probiotic and prebiotic administration or
depletion of bacteria with antibiotics, have been shown to ameliorate disease symptoms in
mouse models of autism spectrum disorder (E. Y. Hsiao et al. 2013; Tabouy et al. 2018),
multiple sclerosis (Ochoa-Reparaz et al. 2009; Seifert et al. 2018; He et al. 2019), anxiety and
depression (Savignac et al. 2013; Bravo et al. 2011; Burokas et al. 2017), and Parkinson's
disease (Sampson et al. 2016). All this emerging evidence suggests that gut microorganisms

may impact neurological states.

13



1.3. The mammalian hippocampus: remembering the past to imagine the fu-

ture

Memory is the ability to use the past in service of the present or the future (Josselyn and

Tonegawa 2020). Memory is fundamental to our everyday lives and de nes who we are.
Without it, we are condemned to an eternal present. Conscious or \declarative memories"

come in two avors (Tulving 1985): semantic memories comprise factual knowledge about
the world (e.g. Brooklyn is a borough of New York), whereas episodic memories depict
unique experiences (e.g. rst train ride to Brooklyn). Episodic memories associate sensory
information with the spatial and temporal context in which they were experienced (Eichen-

baum 2011). Memories must be rst encoded as a permanent trace, be maintained and
consolidated over time, and nally be able to be recalled to become accessible to other cog-
nitive processes (Guskjolen and Cembrowski 2023). The hippocampus, located in the brain's

temporal lobes is crucial for declarative memory function (Eichenbaum 2001).

Two major ndings from the past decades shed light on the function of the hippocampus.
First, individuals with hippocampal lesions show severe memory de cits, particularly in the
episodic (L. Nadel et al. 2000) and spatial domains (Rosenbaum et al. 2000). They become
virtually unable to encode episodic memories (Corkin 2002) and their recollections of past
events or spatial sceneries are schematic and lack contextual details (L. Nadel et al. 2000;

Rosenbaum et al. 2000).

Second, the discovery of place cells| neurons activated at speci c locations in a spatial
environment (J. O'Keefe and Dostrovsky 1971; J. O'Keefe 1976). This nding promoted the
notion that the hippocampus acts as a repository for allocentric spatial maps (i.e., maps
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that are independent from the observer's view-point and solely represent the external world)
and plays a role in the formation of spatial cognitive maps. The cognitive map theory was
posited as brain's ability to form internal neural representations that systematically organize

knowledge for future generalizations and exible behavior (Tolman 1948; John O'Keefe and
Lynn Nadel 1978). This theory was expanded in the spatial domain after the discovery of
a large set of spatially-tuned cells, including place cells (J. O'Keefe and Dostrovsky 1971),
head-direction cells (Taube, Muller and Ranck 1990), grid cells (Hafting et al. 2005), border
cells (Solstad et al. 2008), boundary-vector cells (Lever et al. 2009), and landmark-vector
cells (Deshmukh and Knierim 2013) in the various sub-regions, and input/output regions of

the hippocampus.

The discovery of time cells (Manns, Howard and Eichenbaum 2007) tied together the
above two seemingly distant functions of the hippocampus, indexing memories and creat-
ing a spatial representation of the world. Time cells represent the ow of time in specic
memories (Eichenbaum 2014). The discovery of time cells provided a mechanism for the
involvement of the hippocampus in sequence learning and sequential memories, suggesting
that the hippocampus processes and organizes both spatial and temporal information in a
relational manner for the formation of cognitive maps (Eichenbaum and N. J. Cohen 2014).
This idea implied that the hippocampus maps and organizes memories in abstract cognit-
ive representations, indicating that the hippocampus might function as a librarian indexing

maps of cognitive space by storing spatial locations to episodic memories.
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1.3.1. Structure of the mammalian hippocampus

In spite of its highly complex a erent, e erent, and internal circuitry, the hippocampus is
traditionally depicted as having a relatively simple trisynaptic internal circuit (DG  CA3
CA1l), with entorhinal cortex as its major input (Figure 1.4a). However, the internal hip-
pocampal circuit is comprised of two segregated, yet partially overlapping, parallel streams
derived from the medial and lateral entorhinal cortex (MEC and LEC) (Figure 1.4b, Steward

1976; Canto, Wouterlood and Menno P. Witter 2008).

The anatomical structure of the hippocampus was well established in the classical Golgi
studies of Ranon y Cajal (Ranon y Cajal 1892), and Lorente de No (Lorente de No 1934).
Anatomically, the hippocampus encompasses the dentate gyrus (DG) with their syprapyr-
amidal (SP) and infrapyramidal (IP) blades, the cornu ammonis (CA) and the subiculum.
Furthermore, CA is divided into three sub-regions, with CA1 and CA3 being the most prom-
inent, and CA2 forming a small intermediate zone between these two (Amaral and M. P.

Witter 1989).

Entorhinal cortex

The entorhinal cortex (EC) provides the main input to the hippocampus (Menno P. Witter,
Doan et al. 2017). It is structured into 6 layers, of which layers 2 and 3 send e erent
projections to the DG, CA3 and CA1, while layers 5 and 6 receive a erent projections from
CALl (Valero and Prida 2018). EC is divided into MEC and LEC (Steward 1976). The MEC
and LEC receive cortical projections from di erent cortical areas | MEC from postrhinal

cortex and presubiculum, LEC from the perirhinal cortex (Menno P. Witter, Doan et al.
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Figure 1.4: Parallel processing streams in the hippocampus

(a) Traditionally, the hippocampal circuit is depicted as a trisynaptic loop: DG CA3 CAlL.
(b) However, the hippocampus is comprised of two parallel streams: MEC{IP{CA3c{distal CA1,
denoted in light blue, and LEC{SP{CA3ab{proximal CA1l, denoted in light purple. Spatial inform-

ation (the “where’) is primarily provided by the former, while non-spatial information (the “what'

and “when') is primarily provided by the latter. Adapted from Berdugo-Vega, Dhingra and Calegari
2023.

2017). The two EC sub-divisions connect di erentially with the DG, forming two distinct
output streams of information. Speci cally, LEC projections mostly innervate the SP, while
MEC projections mostly innervate the IP blade of the DG (V. M. Luna et al. 2019; Tamamaki

1997; Menno P. Witter 2007D).

Dentate gyrus

The dentate gyrus (DG) is a clearly distinctive feature of the mammalian hippocampus, with
other vertebrates lacking obvious homologies (Bingman and Muzio 2017; Menno P. Witter,
Kleven and Kobro Flatmoen 2017). It mostly receives all its input from the EC. The DG,
traditionally considered homogeneous in cellular composition, connectivity, and function,
anatomically comprises of two sub-regions: the infrapyramidal (IP) and suprapyramidal
(SP) blades (Amaral and M. P. Witter 1989). Studies have found di erences in the two

blades of the DG: greater synaptic density and dendritic complexity of granule cells in the
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SP, as compared to those in the IP (Desmond and Levy 1985; Gallitano et al. 2016), as
well as heterogeneity at the level of intrinsic electrophysiological properties (Mishra and
Narayanan 2020), and distinct transcriptomic pro les between the two blades (Erwin et al.
2020). Projections from the EC to the DG are divergent, with EC neurons targeting granule
cells of the DG at a ratio of 1:5 (Amaral, Ishizuka and Claiborne 1990). This feature is
considered critical for the function of the dentate gyrus. These projections reach the DG
through the medial and lateral perforant path originating from MEC and LEC, and primarily
target the IP and SP blades, respectively (Amaral and M. P. Witter 1989). Remarkably, DG
is one of the only two neurogenic niches in the mammalian brain within which neural stem
cells generate newborn neurons over the course of life (Amrein 2015; Eriksson et al. 1998; Fred
H. Gage 2019). These newborn neurons are thought to be critical for ne-tuning hippocampal
function and cognitive behavior (Denoth-Lippuner and Jessberger 2021; Anacker and Hen

2017; Gorralves, Schafer and Fred H. Gage 2016).

CA3

DG granule cells project to CA3 via the mossy bers, which mainly target pyramidal neurons
and inhibitory interneurons (Amaral and M. P. Witter 1989). CA3 can be subdivided into
two regions along its transverse axis owing to its di erent cytoarchitecture and connectivity:
CA3ab (distal to the DG) and CA3c (proximal to the DG) (Lorente de No 1934; H. Lee,
GoodSmith and Knierim 2020). Mossy bers originating in the IP primarily target basal
dendrites of neurons in CA3c, whereas those originating from the SP mostly target apical

dendrites of neurons in CA3ab (Menno P. Witter 2007a).
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CAl

The nal stage in the trisynaptic circuit is CA1. CA1 pyramidal neurons primarily receives
inputs from CAS3 via the Scha er collaterals (Scha er 1892). CALl neurons distal to CA3
mainly receive inputs from the CA3c, whereas the proximal part of CAl is primarily innerv-
ated by CA3ab (Ishizuka, Weber and Amaral 1990). From CA1, the forward connectivity
pattern becomes more complex, with projections to the subiculum, back to the EC, as well

as to other cortical and subcortical areas (Strien, Cappaert and M. P. Witter 2009).

Summary

Altogether, the cellular and structural organization of the EC-DG-CA3-CAL1 circuit ap-
pears to support the separation of information into two parallel, yet interconnected, streams:
MEC{IP{CA3c{distal CA1 and LEC{SP{CA3ab{proximal CAl (Figure 1.4b). Spatial in-
formation (the "where') is primarily provided by the former, while non-spatial information
(the "what' and "when") is primarily provided by the latter (Deshmukh and Knierim 2013).
This idea gains support from studies showing that the MEC contains neurons that are activ-
ated speci cally in response to spatial metrics, including grid cells, border cells and others
(E. I. Moser, M.-B. Moser and McNaughton 2017), whereas LEC neurons are posited to
integrate time (Tsao et al. 2018) and changes in local cues and objects (Knierim, Neunuebel

and Deshmukh 2014).
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1.4. Memory-associated neuronal ensembles

The study of neurophysiology was largely in uenced by Ranon y Cajal and Sherrington that
considered individual neurons and the linear ow of information as the axis to understand
neuronal microcircuits (Ranon y Cajal 1906; Sherrington 1906). Decades later, the explor-
ation of memory was strongly impacted by Richard Semon and Karl Lashley that pondered
the loci of engrams- the physical manifestation of memory, also called memory trace- to com-
prehend learning processes (Semon 1921; Lashley 1933). Both theories evolved to converge
in the idea proposed by Lorente de No (Lorente de Nb 1938) and developed by Hebb (Hebb
2002), that the interaction between recurrent groups of neurons de ning ensembles could
explain the mechanisms that support brain functions, including memory (Carrillo-Reid and

Yuste 2020; Sweis et al. 2021; Josselyn and Tonegawa 2020; Yuste, Cossart and Yaksi 2024).

A neuronal ensemble is de ned as a group of neurons with coordinated and recurrent
activity related to a particular function, experimental condition or feature of a mental state
(Carrillo-Reid and Yuste 2020). Consistently, we de ne a memory-associated neuronal en-
semble as a group of neurons with coordinated and recurrent activity related to the consol-
idation, storage or expression of a learned experience. For memory processes, a permeating
idea is that particular neuronal ensembles distributed across brain regions could represent
speci c attributes of engrams (Josselyn and Tonegawa 2020; Sweis et al. 2021; Ghandour

et al. 2019).

Experimentally, the identi cation of engram cells has relied on the visualization of activity-
dependent markers known to express (or increase their expression) during memory processes.
Among the rst, we nd the calcium calmodulin kinase Il (CamKIll) and the transcription
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factor CAMP responsive element binding protein (CREB), most precisely the phosphorylated
specie of CREB (pCREB) (Dash, Hochner and Kandel 1990; Bartsch et al. 1995; Deisseroth,
Bito and Tsien 1996; J. Lisman 1994; J. E. Lisman 1985; J. E. Lisman and Goldring 1988).
The link between pCREB and memory foreshadowed one of the seminal discoveries in the
eld of learning and memory, that the consolidation of a fear memory required the activation

of a group, or ensemble, of cells expressing pCREB in the basolateral amygdala (Han et al.
2007). The requirement of gene expression for memory consolidation was well known in the
early 2000's, and a vast number of genes were and continue to be identi ed to be expressed
in association with memory processes (Ortega-de San Luis and Ryan 2022; Asok et al. 2019).
An important group of these genes belong to those that are the rst line of transcriptional
mechanisms and that rapidly express in response to changing cellular processes or demands,
such as during development; these genes are known as immediate early genes (IEG) (Sheng
and M. E. Greenberg 1990; Yap and Michael E. Greenberg 2018; Flavell and Michael E.
Greenberg 2008). Unsurprisingly, some of these IEG have been found to rapidly express
upon memory acquisition or reactivation (Ortega-de San Luis and Ryan 2022; Asok et al.
2019). One can think that IEG contribute to learning and memory processes by recruiting
and recapitulating developmental mechanisms in the service of neuronal plasticity to encode
memory information. Further experiments crystallized the fundamental role of IEG as activ-

ity markers of cells recruited in learning and memory processes. Inactivation or reactivation
of a group of neurons in vivo tagged by the expression of IEG during a learning experience
(Figure 1.5a), inhibited or elicited in the animal the behavior of the learned experience, re-

spectively (Figure 1.5b, Josselyn and Tonegawa 2020). Noteworthy, in our studye de ne
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memory-associated neuronal ensembles as the group of neurons that display robust expression

of IEG.

1.4.1. Using immediate early gene expression to visualize memory ensembles

The link between engrams and neuronal ensembles has been analyzed in one study recently
(Ghandour et al. 2019). The study combined calcium imaging and in vivo IEG tagging tech-
niques to identify engram (IEG tagged) and non-engram (non-tagged but actively showing
calcium spikes) cells. Within a single engram population, distinct sub-ensembles collectively
activated during learning (Ghandour et al. 2019). Some of these sub-ensembles preferentially
reappeared during post-learning sleep, and these replayed sub-ensembles were more likely to
be reactivated during memory retrieval, indicating that sub-ensembles could represent dis-
tinct pieces of information of the entire memory, which are then orchestrated to constitute

an entire memory (Figure 1.5¢, Ghandour et al. 2019). In two other studies investigating
the link between hippocampal place cells and engram cells, engram neurons were found to
encode context rather than space in novel environments (Tanaka et al. 2018), whereas in

familiar environments, they represented stable place cells (Pettit et al. 2022).
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Figure 1.5: Interacting neuronal ensembles underlie memory engrams

(a) Neuronal populations active during a learning event (black contour). Using immediate early
gene-based tagging techniques, engram cells are tagged (green)b) (Bulk optogenetics is used
to activate tagged cells and is su cient to induce memory recall of the learned event in another
context. (c) Schematic representation of the same engram shown in (a) but from the neuronal
ensemble perspective. Note that sequential activity patterns between neuronal ensembles (including
tagged and non-tagged cells) de ne the memory engram. Adapted from Carrillo-Reid 2022.
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1.4.2. Activity-regulated transcription

Sensory experience results in neurotransmitter release at synapses within a neural circuit,
which in turn leads to membrane depolarization and calcium in ux into individual neurons.
Calcium in ux into the postsynaptic neuron activates a number of signaling pathways that
converge on transcription factors within the nucleus, which in turn control the expression of
IEGs (Figure 1.9, Flavell and Michael E. Greenberg 2008; Bito, Deisseroth and Tsien 1997;
Bartel et al. 1989). IEGs encode transcriptional factors, such as c-Fos, as well as e ector

proteins that function in dendrites and at synapsis, such as Arc.
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Figure 1.6: Signal transduction networks mediating neuronal activity-dependent gene expression

Calcium in ux through either NMDA receptors or voltage-gated calcium channels (VSCC) leads
to the activation of many calcium-regulated signaling enzymes, which sets in motion several signal
transduction cascades. These pathways converge on preexisting transcription factors in the nucleus
and lead to their activation through direct posttranslational protein modi cations. Several of the
activity-regulated genes encode transcriptional regulators, which in turn promote the transcrip-
tion of additional activity-regulated genes. Many other activity-regulated genes encode proteins
that function in dendrites or at synapses and thereby coordinate activity-dependent dendritic and
synaptic remodeling within the neuron. Only a subset of the signaling pathways that mediate
activity-dependent transcription are shown here. Adapted from Flavell and Michael E. Greenberg
2008.
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Activity-regulated cytoskeleton protein (Arc)

Arc transcription is induced through various signaling cascades (reviewed in detail in Epstein
and Finkbeiner 2018). Signaling via NMDA receptors and voltage-gated calcium channels
induces Arc transcription (Steward and Worley 2001; A. E. West et al. 2001) through one or
multiple downstream kinases, such as CAMK, PKA, and PKC (Bito, Deisseroth and Tsien
1996; Deisseroth, Bito and Tsien 1996; Xing, Ginty and M. E. Greenberg 1996; Harding-
ham et al. 1997; Sheng, M. A. Thompson and M. E. Greenberg 1991). Several pathways
converge upstream of ERK (Nikolaienko et al. 2017). Signaling is further relayed on nuc-
lear transcription factors and co-activators, such as CREB, MEF2, SRF, or TCF, that bind
distinct regulatory elements in the Arc promoter (Flavell, Cowan et al. 2006; Ying et al.
2002; Pintchovski et al. 2009). After transcription, Arc mRNA is transported to dendrites
to serve local translation and synaptic function (Fujimoto et al. 2004; Chowdhury et al.
2006; Shepherd, Rumbaugh et al. 2006). Arc can also function as a nuclear protein. Half
an hour after induction, Arc shuttles to the nucleus where it regulates homeostatic scaling

(Figure 1.7, Korb et al. 2013; Shepherd, Rumbaugh et al. 2006).
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Figure 1.7: Arc acts as a cytosolic and nuclear protein

Neuronal activity promotes intracellular calcium in ux via NMDA and voltage gated calcium chan-
nels (VGCC). Arc transcription is induced through various signaling cascades. For example, sig-
naling via NMDA receptors induces Arc transcription through one or multiple downstream e ector
kinases, such as calcium/calmodulin-dependent kinase (CAMK), protein kinase A (PKA), and pro-
tein kinase C (PKC). Several pathways converge upstream of extracellular-signal-regulated kinase
(ERK). Signaling is further relayed on nuclear transcription factors and co-activators, including
cAMP responsive element binding protein (CREB), myocyte enhancer factor 2 (MEF2) or serum-
response-factor (SRF) that bind distinct regulatory elements in the Arc promoter. After transcrip-
tion, Arc mRNA is exported to the cytoplasm and translated into protein. Arc performs a dual
role in homeostatic scaling. On one hand, Arc is targeted to activated excitatory synapses and
facilitates AMPA receptor endocytosis in the dendrites. On the other hand, Arc translocates to
the nucleus and hampers transcription of GluAl. Compiled by Jordi Chanovas Colorre.
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c-Fos

Signaling via NMDA receptors and voltage-gated calcium channels induces c-Fos transcrip-
tion. The rapid induction of Fos depends on pre-existing transcription factors, including
CREB and SRF (Sheng, Dougan et al. 1988; Norman et al. 1988). However, since these
transcription factors are constitutively expressed rather than induced in response to neur-
onal activity, their activation is dependent instead on their ability to integrate signaling
from multiple calcium-dependent pathways and undergo post-translational modi cations,
such as ERK/MAPK-dependent phosphorylation (Aizawa et al. 2004; Chawla et al. 1998;
Deisseroth, Bito and Tsien 1996; Janknecht and Nordheim 1992; Flavell, Cowan et al. 2006).
Once in the nucleus, c-Fos, together with its partner c-Jun, form the major heterodimer of
the activating protein complex AP-1 (Figure 1.8,Pennypacker 1995; Chiu et al. 1988). AP-1
regulates hundreds of late-response genes (LRGSs) (T.-K. Kim et al. 2010; Malik et al. 2014;
Mardinly et al. 2016). LRGs typically encode e ector proteins that regulate cellular pro-
cesses such as dendritic growth, spine maturation, synapse elimination, and the development

of proper excitatory/inhibitory balance (Anne E. West and Michael E. Greenberg 2011).
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Figure 1.8: c-Fos forms AP-1 complex and regulates transcription of late response genes

c-Fos expression is mediated by extracellular signal-regulated kinase (ERK)/mitogen-activated
protein kinase (MAPK)-dependent phosphorylation of ELK1{serum response factor (SRF), phos-
phorylation, via ribosomal S6 kinase (RSK) or calcium/calmodulin-dependent kinase (CAMK), of
cyclic AMP (cAMP)-responsive element-binding protein (CREB) on the c-Fos promoter. After
translation c-Fos forms a heterodimeric complex (AP-1). AP-1 regulates hundreds of late-response
genes (LRGs) that encode e ector proteins that regulate cellular processes such as dendritic growth,
spine maturation, synapse elimination, and the development of proper excitatory/inhibitory bal-
ance. Compiled by Jordi Chanovas Colone.
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1.4.3. Memory ensembles are heterogeneous in their composition

Memory ensembles were traditionally thought to be homogeneous in their composition. Until
very recently, most studies have focused on ensembles de ned by a single IEG (Mayford and
Reijmers 2016). As noted in the previous section, IEG signaling is highly diverse (Flavell
and Michael E. Greenberg 2008). IEGs respond di erently to external stimuli and mediate
distinct cellular and synaptic processes (Yap and Michael E. Greenberg 2018; Anne E. West
and Michael E. Greenberg 2011). A recent study showed that a memory engram consists
of molecularly distinct sub-ensembles that can di erentially contribute to memory function

(X. Sun et al. 2020). A contextual fear memory trace in the dentate gyrus was de ned by
c-Fos-dependent versus Npas4-depdent transcriptional pathways. Neurons that expressed c-
Fos at learning supported memory generalization, whereas neurons that expressed Npas4 at
learning, which preferentially recruits inhibitory synapses onto excitatory neurons, regulated
memory discrimination. In summary, emerging evidence suggests that memory-associated
neuronal ensembles contain di erent cell types and signaling pathways to engage di erent

synaptic and circuit mechanisms to modulate memory-guided behaviors.
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Figure 1.9: Memory ensembles consist of heterogeneous sub-populations

Neurons belonging to an ensemble that represents a speci ¢ memory may be composed of distinct
sub-populations of cells de ned by molecular composition, circuit-speci city, and/or functional out-
put. Di erent immediate-early genes (IEG, e.g., c-Fos, Npas4, Arc) that are commonly used to tag
neurons tied to a speci c event in an activity-dependent manner can label separate sub-populations
of neurons that, for example, receive distinct inputs and are important for fundamentally di erent
behaviors. Adapted from Sweis et al. 2021.
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