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It is known that the hippocampus is involved in memory. Very little is known of how memory is
organized in this structure. We had previously shown a cluster-type organization for the encoding of
spatial memory. The current studies provide evidence that all types of memories are encoded in
clusters.

We undertook a set of experiments to determine: 1) functional neuronal

organization in the hippocampus for the encoding of different types of memories; 2) effects of sleep
on functional organization; and 3) possible differential role of medial and lateral entorhinal
cortex (MEC, LEC) in spatial and object memory. We found that indeed, there was a formation of
clusters in fear conditioned animals, in comparison to non-shocked controls. Further, sleep
following conditioning enhanced cluster formation. In a second study, we found a similar
cluster-type organization to encode sequential memory, suggesting that cluster-type is a fundamental
principle for memory formation in the hippocampus. In a third study, we found that optogenetic
suppression of neuronal activity in the MEC disrupted spatial memory while suppression of activity
in LEC disrupted object memory. Effects on hippocampal neuronal activity of such suppression on
hippocampal clustering are now being tested.
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1 . REBIPIOE R Background

[t is well known that the hippocampus plays a major role in spatial navigation and episodic
memory - that is, memory for discrete events. This has been based both on
lesion/pharmacological, as well as unit recording studies. Following the discovery of 'place
cells' in the hippocampus (O'Keefe and Dostrovsky, 1971), a question that has perplexed
hippocampal neuroscientists is 'what is the functional neuronal organization within the
hippocampus to encode memories'. Most recording studies have reported that place cells
encoding for a specific part of space are not topographically organized, since adjacent cells
do not necessarily have adjacent place fields. Thus, it has been concluded that the spatial
or cognitive map is organized in arandom fashion. This is very different than what has been
reported in primary sensory cortex (e.g., visual cortex), where the neuronal organization is
columnar. A major problem with recording studies is that they are limited to a few
simultaneously recorded cells which does not allow a broad view of the spatial map. A
similar observation (that is random organization) has been made for other types of
memories, although a handful of studies have reported that some type of topographic
organization may exist.

We have adapted a different approach to investigate functional neuronal organization by
using activity dependent immediate early genes (IEG's; Zif268; Homerla). IEG's are
activated immediately by various stimuli and they are activity dependent - that is, the
higher the cellular activity the higher these IEG's accumulate in cells. This allows the
mapping of activity in the entire hippocampus, indeed in the entire brain.

Using IEG's we have previously shown that in animals performing a spatial task, neurons
in the dorsal hippocampus formed clusters of a few active cells, spread across the dorsal
CA1 and CA3 hippocampal fields (Nakamura, et al., 2010; Pavlides, et al., 2019).

The studies performed under the current funding asked the question: is there a
topographic organization in the hippocampus for the encoding of different types of
memories? Further, we tested whether sleep plays a role in the consolidation of memories.
Lastly, we tested the hypothesis that the MEC/LEC play differential roles in spatial /object
memory, using optogenetic inhibition of these areas. This will allow us to determine how
entorhinal cortex may be providing the inputs for cluster formation. The findings from
these studies have the potential of transforming our view of how the hippocampus is
organized to encode for long-term storage of memory.

2 . W3O BHY Aim of the study

We performed three studies to determine: 1) functional neuronal organization in
hippocampus for encoding of different types of memories (contextual fear and sequential
memory); 2) effects of sleep on functional organization; and 3) the role of the MEC/LEC in
different - spatial vs object - types of memories and how these hippocampal afferents may
participate in hippocampal functional organization.

In the first study, we tested the hypothesis that a similar organization (i.e., clusters) must
exist in the hippocampus to encode all types of memories. Besides spatial information, the
hippocampus is also involved in contextual fear memory. Animals were fear conditioned or
used as non-shocked controls. 24h later, they were tested for fear memory and their brains
processed for Zif268 expression. In a second part of the study, experimental animals that
underwent conditioning and controls, were allowed to sleep or kept awake for
approximately 4h, tested 24h later and their brains processed for Zif268 expression.

In a second study we tested functional organization in the hippocampus for sequential
order memory, for which the hippocampus is also involved. Similar to the first study, we
tested the hypothesis that a principle mechanisms of topographic organization must be
operating in the hippocampus for all types of memories.



In a third study, we used optogenetic stimulation to suppress neuronal activity either in the
MEC or LEC while the animals underwent exposure to a shock. They were then tested 24h
later either for place or object memory. Previously, studies using mainly lesions suggested
that the two entorhinal subdivisions played distinct roles in memory.

3 . 3D A% Methods

Study 1.

Experiment 1. Two groups of animals were used. Group 1 animals were contextual fear
conditioned while Group 2 animals were used as non-shock controls. 24h later, the animals
were exposed to the same context (no shocks); keptin an isolation chamber of 90min (peak
Zif268 expression); sacrificed and their brains processed immunohistochemically for
Zif268 expression. Hippocampal sections were captured at high magnification on a
microscope and possible topographic neuronal organization of Zif268 expressing cells was
analyzed.

Experiment 2. Following conditioning (or controls), animals were allowed to sleep for 4hrs
or were kept awake during that time. There were four groups: 1) fear conditioned/sleep;
2) fear conditioned awake; 3) non-shocked controls sleep; and 4) non-shocked controls
awake. 24h later, animals were placed in conditioning chamber, sacrificed after 90min and
their brains processed for Zif268 expression.

Study 2.

Animals were conditioned in a sequential order discrimination task. They were presented
with a set of seven different odors, and then presented with 2 odors in a probe. They had
to chose the odor presented first in the sequence in order for them to receive a reward.
Control animals received a reward regardless of which odor they chose - thus they did not
have to remember a sequence. Animals were trained to a criterion of 80% correct on three
consecutive trials for two days. Once they reached criterion, they were allowed to rest for
2d. They were then presented with 10 trials of the task and if they performed to criterion,
they were placed in an isolation chamber for 90min, sacrificed and their brains processed
for Zif268 expression. The brains were then analyzed for possible topographic
organization.

Study 3.

Animals were injected with a virus (AAV encoding NpHR3.0) either in the MEC or LEC.
Three weeks later they were also implanted with a probe for optogenetic stimulation and
an electrode for recording unit activity. They were then trained on a plus maze which had
an object placed at the end of one arm that was electrified to deliver a shock. Food was
placed on top of the object which animals (that had been food deprived), were trained to
retrieve. On the day of the experiment, animals underwent three trials during which they
approached the object to retrieve food. Upon touching the object they would get shocked
(0.3mA/1sec). One group of animals was optogenically inhibited during the acquisition
trials, while a second group was not optogenetically stimulated. The animals were then
tested 24h later for memory of the shock. For one group of animals the object was placed
on the same arm as training, to test for object memory. For another group, the object was
moved to a different arm, thus testing for place. Time to retrieve food and staying on the
arms was recorded. The brains of these animals were also examined for effects of
optogenetic stimulation on neuronal inhibition in MEC and LEC, using Zif268 expression.

4 . AR Results

Study 1. (Cho and Pavlides, 2022. Hippocampal cellular functional organization for fear
memory: effects of sleep. Hippocampus, 32, 839-856).



A) Similar to our previous studies of spatial memory (Nakamura, et al., 2010; Pavlides, et
al., 2019), we found a topographic organization (clusters) in the dorsal hippocampus of
animals contextually fear conditioned, especially in the CA1 hippocampal field. This was
true for both total number of cells as well as number of clusters. Surprisingly, clusters were
also observed in the control animals, although to a lower level. This is most likely due to
the fact that contextual fear memory has both a fear component as well as a spatial
component.

B) In a second set of experiments, we found that sleep (in comparison to animals kept
awake) following conditioning had an enhancing effect, on cell clusters. This supports our
previous findings (Pavlides, and Winson, 1989; replicated by a number of labs) of a replay
of neuronal activity in sleep following awake learning. We had previously also shown
enhanced IEG expression in sleep following learning (for review, see Pavlides and Ribeiro,
2003).

Study 2. (Cho, Arai and Pavlides, Submitted. Hippocampal functional neuronal organization
for the encoding of episodic memory).

Proof positive that 'topographic’ cellular organization is a fundamental principle for
memory encoding in the hippocampus, it is necessary to show that all functions involving
this structure follow the same principle. We found that indeed, in animals performing a
sequential order discrimination task (previously shown to be hippocampus dependent),
there were clusters of active cells in the dorsal CA1 and CA3 fields. This was not the case in
animals that performed a simple discrimination task which is not hippocampus dependent.

Study 3. (Arai, Sypniewski and Pavlides, In Preparation. Differential role of medial and lateral
entorhinal cortex for spatial and object memory).

It has been reported previously that MEC/LEC play different roles in information
processing - the former being more tuned to spatial, while the latter more tuned to object
memory. Most of these studies, however, used lesions to permanently remove these areas.
In the present study we showed that inhibiting MEC/LEC specifically at the time of memory
acquisition with optogenetic stimulation (aimed precisely at each subregion), that indeed
the MEC processes spatial while the LEC processes object information.

This will allow us to optogenetically stimulate (instead of inhibiting) unit activity to
determine how the entorhinal inputs may play a role in the formation of clusters in the
hippocampus and whether different hippocampal cells may form unique clusters or the
same cells can switch function depending on task at hand. These are ongoing experiments
that would require further analysis for conclusive results.
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