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Abstract
It is widely acknowledged that the hippocampus plays critical roles in memory
encoding and retrieval. However, explaining how the hippocampal circuit can
reliably process and store memories under different learning conditions remains a
major question. To optimize the efficiency of the memory system, redundancy of the
information should be minimized to reduce the interference between pre-existing
information and new incoming information. It has been suggested that CA1 might
act as a comparator based on the information from CA3 (i.e., prior experience) and
entorhinal cortex (i.e., present experience). So far, several studies had demonstrated
that the activity of CA1 is elevated while subjects are experiencing an unexpected
stimulus. However, neural evidence of the model at the single-unit level is lacking,
and most importantly, the exact role of hippocampal subregion CA1, which is
the major cortical output of the hippocampal circuit, has been largely unknown
up to date. To examine the functional role of the hippocampal subregions in the
novelty detection, we recorded single units of CA1 and CA3 simultaneously in a
head-restrained rat navigating in a virtual reality (VR) environment system. As the
rat foraged in two distinct contextual environments, robust place fields were present
on the track and different visual environments were represented by place cells in
both CA1 and CA3. However, when foggy conditions in the familiar environment
were introduced after the rat finished normal laps as a baseline, nearly half of the
CA1 population are expected to form a new field representation while the most of
the CA3 population are expected to retain its firing field. These data will serve as
direct evidence to the hypothesis that the CA3 might provide the memory of a prior
environment by maintaining its field representation while subsets of CA1 might
generate the novelty signals by forming a new field representation.

1

Introduction

For the decades, the hippocampus has been known to play crucial roles in the memory system. These
include episodic memory based on clinical cases [7, 28, 32] or spatial memory based on cognitive
map theory [25] with the discoveries of place cells in the rodent hippocampus [24]. In our daily life,
even if similar routines are repeated, they are remembered separately. In this process, there has been a
hypothesis [4, 9, 10, 19, 20, 23, 26, 33] that the hippocampus requires computation that ‘retrieve’ the
existing experience and ‘compare’ it with the current experience. In addition, the unique anatomical
structure [2, 34, 35] of the hippocampus further emphasizes the hypothesis. The entorhinal cortex
(EC) sends sensory information to the hippocampus via the perforant pathway/temporoammonic
pathway, while recurrent collateral in the CA3 facilitates information retrieval [22, 30, 31]. It is
tempting to speculate that a match/mismatch comparator will occur in CA1 by interpreting these
anatomical features as memory components from CA3 and sensory components from EC. That
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is, if recall matches to the sensory stimulus, the hippocampal state will stay in the ‘recall’ mode.
In contrast, if recall does not match the sensory input, the hippocampal state will be available for
acquiring novel information. Several experiments have reported significantly modulated activity in
the CA1 [8, 12-14, 21] or increased expression of the immediate-early gene (IEG) in the CA1 [11]
under novelty conditions. However, causal evidence of the hypothesis is still lacking. For example,
in a situation where there are incongruencies between past experiences (i.e., memory) and present
experiences (i.e., sensory reality), what is expected to empirically happen in CA1 and CA3? It is not
clear how the relationship between CA1 and CA3 will be. Our goal is to examine the interactions
within the subregions in the hippocampus when there are incongruencies between the memory and
the sensory input that have occurred in the VR system.
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2.1

Methods
Virtual reality (VR) system

The VR system was designed for head-restrained rats (n=8) on a circular cylinder using game engine
Unreal 4.0 (Epic Software). The custom-made virtual environment was created with visually rich
contexts and auditory contexts. Three 24-in LG monitors were placed at a 135 ° angle to display the
virtual environments generated by the VR software. The optical sensor was positioned on the centeraxis platform to detect the rotation of the Styrofoam cylinder. The licking tube was positioned directly
in front of the animal to deliver water as a reward. The delivery of the reward was controlled by
events from the Unreal engine via ARDUINO connected to the solenoid valve. For each frame of the
Unreal engine, a TTL signal was triggered from the ARDUINO to Neuralynx for the synchronization
of neural data and the virtual reality system.

Figure 1: (A): Histology verification of the tetrodes (B): Virtual reality (VR) system setting (left);
Contexts used in the experiment (right);
2.2

Data collection and pre-processing

Single units were recorded simultaneously from the CA1, CA3, and visual cortex by implanting
hyperdrive as the head-fixed rat navigated in a virtual space by running in a cylindrical treadmill
surrounded by three LCD monitors. In each environment, rats were trained to move forward along a
linear track. Once the rats were trained to criterion (>100 meters for two consecutive days), single
units were recorded with tetrodes as the rat randomly foraged in two distinct contextual environments.
After four days of recording in the familiar environments, we manipulated the following environmental
components across days: a) auditory contextual reversal, b) sensory-motor gain manipulation, c)
visibility (controlled by fog density). Single units were isolated manually using custom software
(WinCluster) using multiple parameters such as peak, energy, and waveform [6, 15]. Only neurons
with the following set of criteria were used in the further analysis: (1) total numbers of spikes during
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the behavior session > 100, (2) average firing rate during the behavior session > 0.5Hz, (3) Proportion
of spikes within a 1ms refractory period <1% of total spikes, and (4) Spatial information score > 0.5.
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3.1

Experimental results
Robust place cells were observed in the VR system

To confirm whether place fields are activated in our VR system, single units were sampled from CA1,
CA3, and visual cortex (Fig.1A) as the rats run through the linear track in the virtual environments
(i.e., Context A : forest, Context B : city) to get water rewards in the random location (Fig.1B).
Each context was separated by inter-trial-zone in which there was no visual stimulus. As a result,
place-specific firing patterns were observed (CA1: 25.41%; 154/606, CA3: 19.38%; 126/650 from
the sampled population; Fig.2A) on the VR track. Each context was represented orthogonally by
subsets of population in CA1 and CA3 (Fig. 2C). In addition, Fields were formed as a uniform
distribution over the entire track (CA1: p=0.7483 / CA3: p= 0.1029, Kolmogorov–Smirnov test), and
no significant differences in the field distribution or numbers of fields between CA1 and CA3 were
observed (p = 0.4247, Kolmogorov–Smirnov test; Fig 2B).

Figure 2: (A): Raw example of a hippocampal place cell. The trajectory of the animal in the virtual
track (gray-dotted). Each red dot indicates the spike on the track. Rate maps were generated by raw
spike maps (right). Red areas indicate the most active position of the place cell (B): Total number
of fields in each hippocampal subregion (top); Field distribution over entire track per each context
(bottom) (C): Rate maps are aligned by peak position. This data suggests the uniform distribution of
the visually induced place fields in the VR system
3.2

Different population dynamics are expected to be observed in the hippocampal
subregions CA1 and CA3

To investigate the interaction of CA1 and CA3 in detecting the novelty of the environment, we have
added visual noise in the familiar environment. To quantitatively manipulate the visual scene, the
structural similarity index (SSIM) was calculated from the original scene (i.e., the scene used in
the standard session). As rats finished the normal laps, foggy conditions (e.g., 0%, 15%, and 30%)
in the familiar environments were introduced. As previously reported [8, 13], firing rates in CA1
was significantly increased (p < 0.001, Kruskal-Wallis test; Data not shown). To further analyze
the heterogeneous activity of CA1, the population will be classified into the stable population vs
remapped population to see whether there will be subregion differences in the heterogeneity. Also,
principal component analysis (PCA) will be conducted to test the temporal impact of the novelty
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induced in the environment on the hippocampal system. These data will serve as direct evidence of
the novelty detection model where CA1 acts as a comparator by maintaining the pre-existence map
while signaling novelty induced in the environment.

Figure 3: Working model of the hippocampal system in detecting novelty (A): Heterogenous modules
in the CA1. Each module consists of sets of pyramidal neurons and inhibitory neurons. These
heterogeneous modules are in a position to play a role in providing feed-forward inhibition to each
other. (B): It is assumed in the model that there will be a recall module and acquisition module
in CA1 depending on the difference in synapse strength from CA3 or EC. If the expected sensory
stimulus processed in CA3 and the sensory stimulus coming from the EC match, the recall module is
dominantly activated. (C) On the other hand, if the expected sensory stimulus and sensory stimulus
do not match, the degree of activation of the recall module decreases. This leads to disinhibition of
the acquisition module.
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Discussion

In our virtual reality system, we could confirm that the activity of the cell firing was mainly affected
by the visual contexts. Previous studies using VR systems have also shown that the activity of place
fields is sustained by visual stimulus [1, 3, 5]. Also, the proportion of the active place cells were
equivalent to the previous studies [3, 27]. The main findings of this study are expected to come
from where the visual novelty was induced in the familiar environment: Heterogeneous population
dynamics are observed in the CA1 (Fig 3A). Although several studies up to date have produced
the discrepancy in the familiar environments to examine the roles within hippocampal subregions
[16-18], there has been a limitation. It has not been easy to dissociate the novelty factor from the
place components. For example, Lee, et al. (2004b) examined the activities of CA1 and CA3 in
the double rotation paradigm but interpreting the results of CA1 was not easy due to the mixed
responses of the local cue, distal cue, and combined. However, in our study, modification in the
environment was added in a uniformly distributed manner to dissociate the place factor. In this
way, we will be able to observe a coherent, but the heterogeneous activity of CA1. The population
that maintained the field representation will be likely to have a similar state dynamic to the CA3,
while the population that newly formed the field representation will be likely to signal the novelty
in the environment (Fig 3C) to facilitates the new learning. Overall, to our knowledge, this result
will serve as the direct physiological evidence of hippocampal match/mismatch computations in the
context of CA1 receiving two anatomical inputs (i.e., perforant pathway/ temporoammonic pathway)
adopted as the basis for the novelty detection model (Fig 3B, C). In addition, discriminating what
is remembered from what is experienced is important for efficient learning. To be successfully
recognized as an artificial intelligence machine imitating the intelligence of the baby, it must be
able to explore and learn the unknown world on its own, while the surrounding circumstances are
dynamically changing. Although this study lacks the computational modeling or the developmental
relevance, understanding the role of the hippocampal subfields should suggest the flexibility in the
model (i.e., adaptive machine learning).
4

Broader Impact
The experimental evidence sought in the current research is expected to find some breakthroughs
in the current systems neuroscience field. This is largely due to discrepancies found between the
predictions made from the theory and the existing empirical data. In addition, episodic memory is
closely related to our everyday life and is gradually affected by aging and dementia. The results
from the current study will contribute to the early diagnosis and treatment of these debilitating brain
disease-related cognitive dysfunctions related to the hippocampal memory system. The techniques
used in the current study and the results from the application of those techniques will contribute to
implementing virtual reality and artificial intelligence in the industrial fields as well.
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