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Abstract: The hippocampus is decisive for the storage
of conscious memories. Current theories suggest that
experience-dependent modifications in excitation-in-
hibition balance enable a select group of neurons to
form a new cell association during learning which
represents the new memory trace. It was further pro-
posed that particularly GABAergic-inhibitory in-
terneurons have a large impact on population activity
in neuronal networks by means of their inhibitory
output synapses. They synchronize active principal
cells at high frequencies, thereby supporting their
binding to cell assemblies to jointly encode informa-
tion. However, how cell associations emerge in space
and time and how interneurons may contribute to this
process is still largely unknown. We started to address
this fundamental question in the dentate gyrus (DG) as
the input gate of the hippocampus, which has an
indispensable role in conscious memory formation. We
used a combination of in vivo chronic two-photon
imaging of population activity in the DG and the
hippocampal areas CA1-3 of mice exposed to a virtual
reality, in which they perform a goal-oriented spatial
memory tasks, with high-density in vivo recordings and
multiple whole-cell recordings in acute slice prepara-
tions, to determine how memory engrams emerge
during learning. We further examine how GABAergic
interneurons may contribute to this process. We
believe that these lines of research will add to a better
understanding on the mechanisms of memory forma-
tion in cortical networks.
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Zusammenfassung: Der Hippocampus ist fiir das Abspei-
chern bewusster Geddchtnisspuren entscheidend. Aktuelle
Theorien besagen, dass erfahrungsabhingige Anderungen
in dem Verhiltnis von Exzitation zu Hemmung es aus-
erwdhlten Neuronen ermoglichen neue Zellassoziationen
wiahrend des Lernvorgans zu bilden, die die neue
Gedidchtnisspur reprasentieren. Es wird weiterhin ange-
nommen, dass GABAerge hemmende Interneurone mit
Hilfe ihrer inhibitorischen Ausgangsynapsen erheblichen
Einfluss auf die Populationsaktivitat neuronaler Netzwerke
nehmen. Sie synchronisieren aktive Prinzipalzellen mit
hohen Frequenzen und erméglichen damit die funktionelle
Kopplung aktiver Neurone zu Zellassoziationen, die
gemeinsam Information kodieren. Wie sich diese Zellas-
soziationen zeitlich und rdumlich ausbilden und welchen
Beitrag hemmende Interneurone in diesem Prozess ein-
nehmen ist allerdings weitgehend unklar. Wir begannen
diese zentrale Frage im Gyrus Dentatus (DG) als der Ein-
gangsregion des Hippocampus, der eine unersetzliche
Rolle in der bewussten Gedachtnisbildung einnimmt, zu
untersuchen. Wir setzen die zwei-Photonen angeregte
bildliche Darstellung von Kalziumsignalen ein, um die
Populationsaktivitdt von Prinzipalzellen im Hippocampus
kopffixierter Maduse, die zielorientierte rdumliche
Gedachtnisaufgaben in einer virtuellen Umgebung durch-
fiihren, zu messen und kombinieren die erfassten Daten
mit elektrophysiologischen in vivo Ableitungen und
simultanen Mehrfachableitungen von Neuronen in akuten
Schnittprdparaten, um zu bestimmen, wie Geddcht-
nisspuren sich wahrend des Lernprozesses aushilden und
welche Rolle Interneurone in diesem Prozess einnehmen.
Wir sind davon iiberzeugt, dass diese multidisziplindre
Forschungsrichtung zu einem verbesserten Verstdndnis
der Geddchtnisbildung in kortikalen Netzwerken beitragen
wird.

Schliisselworter: Gyrus Dentatus; Engramm; Gammaos-
zillationen; Interneuron; Gedachtnis.
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Introduction and objectives

Our daily life depends on the processing and storing of a
continuous stream of information, which enables us to
rapidly adapt our behaviour to changes in our environ-
ment. Current theories of memory formation suggest that
experience-dependent modifications in the balance be-
tween excitation and inhibition enable a selected group
of neurons to form a new cell association during the
learning process, which represents the newly formed
memory trace, the engram (Buzsaki & Draguhn, 2004;
Eichenbaum, 1993; Leutgeb et al., 2005; Neunuebel &
Knierim, 2014). The functional changes at the level of
synapses, single cells and cell populations that are
associated with the learning process are, however,
largely unknown. This is a crucial issue because impaired
memory is a global problem implicated in various dis-
eases including post-traumatic stress disorder, anxiety
and depression and can have various causes such as
stress, sleep deficit or medication (Kheirbek et al., 2012).
In order to be able to effectively treat memory disorders,
we first need to understand how new memories are
formed in the central nervous system. We aim to address
this question in the rodent dentate gyrus (DG) as the main
input region of the hippocampus, functionally vital for
the acquisition of new memories. Functional and lesion
studies in animals proposed several memory functions
for the DG, including spatial pattern separation (Gilbert
et al., 2001; Neunuebel & Knierim, 2014; Treves & Rolls,
1994), pattern completion (Nakashiba et al., 2012), nov-
elty detection (Hunsaker et al., 2008) and binding of
sensory information or objects to a spatial context (Lee
and Jung, 2017). However, only recent technical ad-
vances in neuroscience, particularly in two-photon cal-
cium imaging of population activity with single-cell
resolution, allowed us to study the activity of identified
DG neuron types in behaving animals during learning on
subsequent days (Danielson et al., 2016; Diamantaki
et al., 2016; Hainmueller & Bartos, 2018, 2020). These
data together with state-of-the-art in vitro recordings of
interconnected cells (Bartos et al., 2002, 2007; Elgueta &
Bartos, 2019; Savanthrapadian et al., 2014; Striiber et al.,
2015, 2017), and in vivo high-density single-unit and local
field potential recordings provided information on the
synaptic, cellular and network mechanisms, which may
underlie the emergence of DG-dependent memory traces.
Thereby, this work massively propelled our understanding
on the mnemonic functions of the DG. Here, we will focus
on our recent published investigations on two main
objectives:
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(1) Identification of the temporal and spatial emergence of
learning-related cell associations representing new
memories in the DG, and

(2) Examination on the potential contribution of GABAer-
gicinhibitory cells in the formation of memory engrams
by synchronizing cell assemblies at high gamma (30—
150 Hz) frequencies.

We will show that chronic two-photon calcium imaging in
head-fixed mice enables us to perform a multiple-day
spatial memory task in a virtual environment and to record
neuronal activity from the same set of neurons in all major
hippocampal subfields. We provide evidence that pyra-
midal cells in the hippocampal areas CA1-3 show precise
and highly environment-specific but continuously chang-
ing representations of the learned spatial sceneries. In
contrast, granule cells (GCs), the glutamatergic principal
cells of the DG, have a spatial code that is stable over many
days with low place or context specificity. Moreover, we
show that fast-spiking parvalbumin-expressing in-
terneurons (PVIs) in the DG contribute to the synchroni-
zation of cell assemblies and thereby may add to the
encoding of contextual information.

Structure and function of the DG

Memories about our interactions with the environment are
fundamental for our daily behavior. Conscious or ‘declar-
ative’ memories can be divided into semantic memories
including factual knowledge (e.g., Berlin is the capital of
Germany), whereas episodic memories represent unique
experiences (e.g., my first train ride to Berlin). Episodic
memories associate individual events with the spatial and
temporal context in which they were experienced. Mem-
ories must be first encoded as a permanent ‘engram,’
maintained and ‘consolidated’ over time (Tonegawa et al.,
2018) for its subsequent recall and their usage in daily
cognitive processes. The hippocampus, located in the
temporal lobes of the brain (Figure 1), is crucial for
declarative memories. Hippocampal principal cells encode
with their activity spatially defined places, distinct ele-
ments of the environment or the association of elements
with a context (e.g., blackboard in a lecture hall; O’Keefe &
Dostrovsky, 1971). The hippocampus is divided into three
areas, the CA1, the CA3 and the DG, which are inter-
connected by excitatory synapses, thereby forming the
canonical trisynaptic path (Figure 1). The DG is situated
between the entorhinal cortex and the CA3 area, forming
the first stage of the trisynaptic circuit. Current theories
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propose that the DG receives a rich multimodal input from
the entorhinal cortex which carries information on various
modalities of the environment and its objects and trans-
lates the rich input stream into sparse and segregated
(‘orthogonalized’) representations, a process called pattern
separation (Leutgeb et al., 2007; Marr, 1971; Santoro, 2013;
Treves & Rolls, 1994). By decorrelating the rich input
stream into nonoverlapping sparse memories, the DG is
proposed to allow a high resolution of information (Marr,
1971). Consistent with the sparse coding theory, GCs in the
DG, discharge at low mean frequency (~0.5 Hz; Pernia-
Andrade & Jonas, 2014) and labeling studies of immediate
early genes indicate that small differences in spatial envi-
ronments are represented by nonoverlapping GC ensem-
bles (Ramirez et al., 2013).

The activity of GCs stays under tight inhibitory control
of GABAergic interneurons. Among the various types of
GABAergic cells in the DG (Hosp et al., 2014), particularly
PVIs attracted highest attention owing to the strong peri-
somatic inhibition they provide onto GCs (Bartos et al.,
2002, 2007; Vida et al., 2006). Enhanced activity of the
entorhinal cortex onto GCs can induce long-lasting
potentiation leading to input strengthening (Schmidt-
Hieber et al., 2004) and enhanced activation of a selected
group of GCs. They contact PVIs, which in turn provide
feedback inhibition to the DG circuitry. Thus, once a
selected group of GCs is recruited, this group will provide
inhibition to the DG network and silence less-excited GCs.
This mechanism may increase the signal-to-noise ratio in
the network, ensure sparse coding and enhance the storage
capacity of the DG. Thus, changes in excitation and inhi-
bition on the level of single cells during learning may
define who is the member of the cell assembly and who
falls out.
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Emergence of memory engrams in
the DG

To study the emergence and dynamics of hippocampal
memory engrams during the course of long-term learning,
we established a virtual environment-based, goal-oriented
learning task for head-fixed mice (Figure 2). By running on a
spherical treadmill, mice move along a 4-m-long virtual
linear track with four soymilk reward locations, displayed
on monitors covering the mouse’s visual field. After
>10 days of familiarization to this track (‘familiar’ context),
imaging sessions started in which mice run alternatingly in
this familiar context and additionally on a ‘novel’ linear
track with only two reward sites and different visual cues.
Thus, mice have to discriminate between the two novel and
familiar contexts and to identify the new rewarded sites on
the novel track. We showed that mice recognize the reward
site by consistently licking more often inside versus outside
the reward zone. Initially, the reward-related licking is
lower in the novel than in the familiar context. These dif-
ferences vanish with learning over the next subsequent
~3 days, indicating that mice remember the new rewarded
locations; they do learn (Hainmueller & Bartos, 2018). To
measure the activity of hippocampal neurons, we inject
unilaterally the recombinant adeno-associated virus
(rAAV) encoding the fluorescent calcium indicator
GCaMPé6f in the hippocampus and panneuronally labelled
cells of the DG, CA1 and CA3 of transgenic mice expressing
the red fluorophore tdTomato (tdT) in PVIs. This allowed us
to visually differentiate principal cells from PVIs. We
chronically implanted an imaging window (Figure 2A and
C) allowing us to image the same set of cells on subsequent
days during learning (Dombeck et al., 2010).

Figure 1: Hippocampal trisynaptic pathway.
Blue, dentate gyrus (DG); red circles,
granule cell (GC) somata forming mossy
fiber axons projecting to CA3. Pyramidal
cells in CA3 (red triangles) project to CA1
(blue triangles) with axons forming the
Schaffer collateral pathway.
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Figure 2: 2P-imaging of DG population activity in a virtual reality.
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A-C Experimental design. Mice are head-fixed and run on a Styrofoam ball in a virtual reality presented with four monitors in front of the

animal. The movement of the ball is detected and transferred in a movement of the virtual reality in real time. B Cranial window for DG imaging.
C Linear track in the virtual reality. The ground and walls of the linear track are decorated with symbols, which visually allow the mouse to
identify the virtual reality. The mouse is trained to obtain a reward at visually identifiable locations on the linear track. Lick frequency, running
speed and pupil size are detected throughout the behavior. D rAAV-GCAMP6f expression in DG/CA1 of PV-tdT mice. White, GCAMPé6f-
expressing cells; red, PVIs. For DG and CAl imaging, a cranial window was implanted above the hippocampus. For CA3 imaging, a cranial
window was implanted above CA3 and the objective was tilted by 20°. E Ca®" signals of a representative GC and a PVI; blue line, linear track.
Red, Ca?* transient in the GC. Note Ca** transients in PVIs have a slower time course than in GCs. F Activity in warm colors of a GC place cell

recorded on 20 subsequent runs on the linear track.

Our data showed that consistent with previous find-
ings, activity in the DG was sparse, markedly lower than
the one in CA1 and CA3. Moreover, approximately 35% of
these active neurons had place cell characteristics either
in the familiar, novel or in both contexts (Hainmueller &
Bartos, 2018). Place cells are active in a certain field of
the world (O’Keefe & Burgess, 1996) and thereby encode
with their activity a certain area of the linear track.
Several of these place cells jointly formed a map of the
virtual world. Pyramidal neurons in CA1-CA3 show pre-
cise and highly environment-specific but continuously
changing representations of the learned spatial sceneries,
whereas GCs of the DG had a spatial code that is stable
over several days, with low place or environment speci-
ficity (Haimueller & Bartos, 2020). Finally, activity of DG
GCs markedly declined on the first day of novelty expo-
sure and then increased on the subsequent days, indi-
cating that the memory engram emerged during the
learning process. This decline in activity was not caused
by PVIs (Hainmueller & Bartos, 2018) but more likely by

reduced activity of the entorhinal cortex (Qin et al., 2018).
Thus, our data showed that in contrast to previous views,
spatial context representation is stable over time in the
DG and the ability to discriminate between different
contexts is low. In contrast, representation of spatial in-
formation is dynamic over time in the hippocampal CA1-
CA3 and the ability to discriminate between spatial con-
texts is high. We therefore hypothesize that the DG pro-
vides a stable reference map of the global environment
(e.g., lecture hall) to the hippocampus, in which it is
combined with the temporally varying detailed contents
(e.g., different students) constituting an experience.

GABAergic inhibition contributes to
synchronization of cell assemblies

Elucidating the mechanisms underlying the formation of
cell assemblies is crucial to understand the function of
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Figure 3: Measuring local gamma oscillations in the DG.

A Multisite local field potential (LFP) recording in the DG in vivo. Two LFP recording locations (A and B) are shown. Right, local high-gamma
oscillations. Red colors show locally emerging oscillations as quantified by a focality index, which expresses how much the observed
oscillation is restricted to a single electrode of the recording array. CSD: current source density. B In vitro paired whole-cell recordings
between synaptically connected parvalbumin-positive interneurons (Plls) reveal distance-dependent properties of amplitude and kinetics of
inhibitory postsynaptic currents (IPSCs). The graph shows average IPSCs elicited by presynaptic action potentials (red) in a synaptically
connected Pll, at a short intersomatic distance (<100 pm; black trace). After the recording was obtained, the recording pipette was removed
and a second postsynaptic Pll; was recorded at a larger intersomatic distance (>100 pym; gray trace). Note: With increasing distance between
presynaptic and postsynaptic partners, the amplitude and time course of IPSCs declines. C Structure of a network model composed by
glutamatergic principal neurons (PNs, gray circles) and GABAergic inhibitory neurons (INs, black circles) with intersomatic distance of 50 ym
between neighboring cells connected by synapses (lines with dots). D Network simulations with distance-dependent inhibition (bottom, red)
create focal gamma oscillations upon excitatory stimulation with higher synchrony than in networks without distance-dependent inhibition
(top, black). Individual dots represent individual action potentials generated by PNs (gray) or INs (black, red). Bottom trace, LFP trace. Note,
network with distance-dependent inhibition shows highly synchronous LFP trace (bottom, red). Figure adapted from Striiber et al. (2017).

memory processes. In a behavioral task, in which rats have
to repeatedly learn new spatial reward locations, local CA1l
interneurons become associated with the emerging cell
assembly, presumably by synaptic plasticity mechanisms
that selectively strengthen excitatory connections among
principal cells that encode the path to the reward locations

(Dupret et al., 2013). In contrast, synaptic inputs onto in-
terneurons from assemblies representing old target loca-
tions are weakened (Dupret et al., 2013). Thus, local
GABAergic interneurons are considered to play an impor-
tant role in the emergence of memory engrams during
learning.
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How do interneurons contribute to the organization of
cell assembly firing? Oscillations of the local field potential
are thought to provide temporal reference signals for as-
sembly activity (Buzsaki & Draguhn, 2004). Gamma fre-
quency oscillations (30-150 Hz) are a particularly
interesting candidate in this regard. First, during explor-
atory behavior, gamma oscillations appear in the hippo-
campal formation typically nested in slower theta (6—12 Hz)
oscillations. Second, gamma oscillations are prominently
visible during cognitive efforts like the execution of spatial
working memory (Yamamoto et al., 2014). Finally, the
emergence of gamma activity depends on synaptic inhi-
bition from and among GABAergic cells, particularly of
PVIs (Sohal et al., 2009). Gamma activities can be further
divided in two distinct functional components: low-
gamma oscillations (30-75 Hz), which are thought to be
generated in principle cell-interneurons synaptic loops,
and high-gamma oscillations (75-150 Hz), which originate
mostly from synaptic connections among interneurons
(Bartos et al., 2002, 2007; Bieri et al., 2014; Colgin et al.,
2009; Lasztdczi et al., 2016). Using current source density
analysis applied to freely moving mice, we demonstrated
that high-gamma oscillations are focal network phenom-
ena, essentially occurring independently at several places
within the DG, while low-gamma activities appear to be
more distributed global network events (Figure 3; Striiber
et al., 2017). These data suggest that local high-gamma
activities might contribute to the segregation of active cell
assemblies. Interestingly, using a combined in vitro whole-
cell patch-clamp and computational approach, we could
further show that the necessary prerequisites for the
emergence of focal high-gamma activities might be
embedded in the very fabric of the DG circuitry itself:
GABAergic connections between PVIs show distinct
distance-dependent changes in their basic properties, such
as connection strength and decay kinetics, which support
the occurrence of localized high-gamma activities in
neuronal network models (Figure 3; Striiber et al., 2017).
This functional configuration of the network might thus
permit the parallel processing of spatially confined inputs
by distinct gamma-modulated cell assemblies.

Conclusion and outlook

Our data propose that the DG provides a stable reference
map of the global environment to the hippocampus, in
which it can be flexibly associated with the temporally
varying detailed contents such as objects or events that
constitute a given experience in an environment (e.g.,
graduation ceremony on the Schlossberg in Freiburg).
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Activation of the map (e.g., by visiting the Schlossberg)
may allow the reinstatement of that memory. DGs’ sparse
activity supports the representation of a multitude of
reference maps and associated experiences. We propose
that among several mechanisms, distance-dependent in-
hibition in the DG supports the formation of multiple
noninterfering reference maps.

Although in vivo Ca*" imaging and electrophysiology
propelled our understanding on how hippocampal cir-
cuits contribute to memory processes, it will be important
to determine the dynamics of memory-bearing engrams
over time. Particularly, what synaptic, cellular and
network processes underlie the formation of memory en-
grams and their recall? Which roles do specialized classes
of neurons such as the various GABAergic inhibitory
neuron types play in shaping, maintaining and dissolving
engrams? The increasing availability of advanced mo-
lecular, imaging and electrophysiological methods will
put the field in the position to improve our understanding
of encoding and recall of memories and thereby may open
new avenues of study and eventually therapies for hip-
pocampal dysfunction.
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