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Abstract
The structures of the medial temporal lobe (MTL) have been shown to be causally involved in
episodic and recognition memory. However, recent work in a number of species has demonstrated
that impairments in recognition memory seen following lesions of the perirhinal cortex can be
accounted for by deficits in perceptual discrimination. These findings suggest that object
representation, rather than explicit recognition memory signals, may be crucial to the mnemonic
process. Given the large amount of visual information encountered by primates, there must be a
reconsideration of the mechanisms by which the brain efficiently stores visually presented
information. Previous neurophysiological recordings from MTL structures in primates have
largely focused on tasks that implicitly define object familiarity (i.e., novel vs. familiar) or contain
significant mnemonic demands (e.g., conditional associations between two stimuli), limiting their
utility in understanding the mechanisms underlying visual object recognition and information
storage. To clarify how different regions in the MTL may contribute to visual recognition we
recorded from three rhesus macaques performing a passive viewing task. The task design
systematically varies the relative familiarity of different stimuli enabling an examination of how
neural activity changes as a function of experience. The data collected during this passive viewing
task revealed that neurons in the MTL are generally not sensitive to the relative familiarity of a
stimulus. In addition, when the specificity (i.e., which images a neuron was selective for) of
individual neurons was analyzed, there was a significant dissociation between different medial
temporal regions, with only neurons in TF, but not CA3 or the perirhinal cortex, altering their
activity as stimuli became familiar. The implications of these findings are discussed in the context
of how MTL structures process information during a passive viewing paradigm.

Keywords
macaque; sparse; medial temporal lobe; passive viewing; tuning

Introduction
The ability of an organism to classify a stimulus as familiar has been proposed to rely on
parallel processes of accurate object identification and detection that an item was previously
encountered (e.g., Mandler, 1980; Yonelinas, 2002). The behavioral signature of these
processes can often be measured as a preferential viewing of novel over familiar images
(Gunderson and Swartz, 1985; Fagan, 1972; Bachevalier et al., 1993; Buffalo et al., 1999;
Pascalis and Bachevalier, 1999; Gothard et al., 2004; Richmond et al., 2007). Deficits in
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visual recognition memory are closely linked to the integrity of structures in the medial
temporal lobe (Mahut et al., 1982; Zola-Morgan and Squire, 1985; Zola-Morgan et al.,
1994). For example, lesions of the perirhinal cortex in humans (Buffalo et al., 1998;
Yonelinas et al., 2002) and monkeys (Meunier et al., 1993; Tang et al., 1997; Buffalo et al.,
2000) produce a significant deficit across different recognition memory tasks. Impairments
in familiarity discrimination due to hippocampal (HC) lesions however are more
ambiguous; with evidence both for (Beason-Held et al., 1999; Zola et al., 2000) and against
(Murray and Mishkin, 1998a; Nemanic et al., 2004). Consistent with these observations,
neurophysiological studies in primates have identified a putative mechanism by which the
brain represents, and presumably tracks, stimulus familiarity. Subpopulations of neurons
throughout the inferior temporal cortex (IT) and non-hippocampal structures of the medial
temporal lobe (MTL; i.e., perirhinal cortex, PRh; parahippocal cortex, TF/TH; and the
entorhinal cortex, EC) respond to the second presentation of a stimulus by reductions in
their firing rate. This response suppression is seen across non-hippocampal regions of the
MTL and ITC in a variety of mnemonic tasks (e.g., Miller et al., 1991; Riches et al., 1991;
Fahy et al., 1993; Xiang and Brown, 1998). Single unit data from hippocampal recordings
are equivocal in their support for a similar recognition memory signal (e.g., Brown et al.,
1987; Rolls et al., 1993; Xiang and Brown, 1998; Jutras and Buffalo, 2010).

Critically however, the observed correlations between firing rate and recognition memory
tasks may be confounded due to the statistical properties of task design. For example, during
an active mnemonic task (e.g., delayed non-match to sample - DNMS) subjects are shown a
stimulus and after a delay, are presented with a repeat of the original sample stimulus in
addition to a non-matching stimulus. While these tasks undoubtedly contain a mnemonic
component (i.e., working memory), it also contains a major statistical regularity involving
the sample and sample-repeat nature of the task. It has been demonstrated that animals can
use the simple strategy of detecting stimulus repetition rather than comparing stimulus
content (Miller and Desimone, 1994). Importantly, the activity of IT neurons recorded
during this task was suppressed by any stimulus repetition, even when the initial stimulus
was already familiar (Miller and Desimone, 1994). Therefore, decrements in firing rate by
PRh neurons are not necessarily evidence for an explicit recognition memory signal. Rather,
it is possible that the activity of PRh neurons either reflects the statistical features of a task
or an animal’s specific behavioral strategy. Thus it is possible that the response decrement
signals observed in serial presentation or preferential looking tasks emerge because of the
inherent sample/sample-repeat structure of those tasks and do not necessarily reflect the
computational properties of the circuit.

In addition to possible confounds due to task design, a number experiments now suggest that
deficits in recognition memory may be more specifically related to perceptual deficits. For
example, rhesus monkeys with PRh lesions are impaired at identifying rotated views of
familiar objects as well as objects in scenes (Buckley and Gaffan, 1998; Buckley et al.,
2001). Monkeys and rodents with perirhinal lesions are similarly impaired in tests that
systematically vary the amount of overlapping features between two simultaneously
presented objects or image pairs (Bussey et al., 2002a, 2003; Norman and Eacott, 2004;
Bartko et al., 2007). Difficulties on perceptual discrimination tasks, however, do not persist
when animals are tested stimuli that are perceptually distinct (Eacott et al., 1994; Bussey et
al., 2003). The observed patterns of deficits, as well as the anatomical connectivity with
upstream cortical regions (Suzuki and Amaral, 1994; Lavenex et al., 2004), suggest that the
PRh sits at the top of the ventral visual stream/object-analyzer pathway and acts to unify
features of complex stimuli. Computationally, this process is thought to be supported by
PRh neurons whose activity is modulated during the learning of conditional associations
between two stimuli (Miyashita, 1988; Sakai and Miyashita, 1991; Erickson and Desimone,
1999; Fujimichi et al., 2010). This refined view of the PRh has been unified under the
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perceptual-mnemonic/feature-conjunctive model and raises a number of questions regarding
the general encoding properties of PRh neurons (Miyashita, 1993; Sakai et al., 1994; Murray
and Bussey, 2001; Murray and Richmond, 2001; Bussey et al., 2002b, Murray and Wise,
this issue; Cowell, this issue)

Neurons in the ITC and MTL are selective to a wide range of stimuli, including naturalistic
as well as geometrically complex (i.e., fractals) images (e.g., Desimone et al., 1984; Baylis
et al., 1985; Gross, 1992; Miyashita, 1993; Ishai et al., 1999; Mormann et al., 2008). Single
neurons are responsive to images from multiple different categories, with the final
representation of a stimulus being distributed across a group of neurons (Gochin et al., 1994;
Logothetis et al., 1995). The distributed activity pattern of these neurons suggests that these
brain regions use a population coding scheme to store information (Hinton et al., 1986;
Meunier et al., 1991). Population codes offer significant advantages for the storage of
information because they are robust against interference and increase the number of patterns
that can be stored in a network (Marr, 1971; Hinton et al., 1986; McNaughton and Morris,
1987; Amari, 1989; Rolls and Treves, 1990; Meunier et al., 1991). This encoding scheme
however may become unstable due to network saturation or when multiple stimulus
dimensions must be encoded simultaneously (Zhang and Sejnowski, 1999). From a
theoretical perspective, interference between representations (i.e., overlapping groups of
neurons) could be minimized by enhancing the sparseness of the population code (i.e., fewer
neurons responding to a given stimulus; McNaughton and Morris, 1987; Meunier et al.,
1991; Pouget et al., 1999).

At the level of a single neuron, changes in the signal-to-noise ratio of a population code can
occur either via a decrease in the firing rate to stimuli which elicit sub-optimal responses
(Baker et al., 2002; Freedman et al., 2006) or by increasing the firing rate to preferred
images (Sakai et al., 1994; Kobatake et al., 1998). The direction of the firing rate change has
been suggested to depend on whether a neuron is inhibitory or excitatory (Woloszyn and
Sheinberg, 2012). Ultimately, either type of adaptation would increase the specificity of a
neuron’s response to visual images. This enhanced specificity can be quantified by
establishing a tuning profile that reflects a neuron’s sensitivity to different images or stimuli.
For example, during learning of a perceptual discrimination task, neurons in the ITC are
initially responsive to a large proportion of visually presented images. However, following
learning, ITC neurons respond more selectively, resulting in a narrower tuning profile
(Logothetis et al., 1995; Sigala and Logothetis, 2002; Freedman et al., 2006), although see
Kobatake et al., (1998). Similarly, training on a variety of perceptual discrimination tasks
also results in narrower tuning profiles in both lower level visual (Schoups et al., 2001;
Vinje and Gallant, 2002; Yang and Maunsell, 2004) and somatosensory areas (Recanzone et
al., 1992). Importantly, response accuracy closely matches changes in the tuning profiles of
single neurons.

Experience-dependent modifications of PRh neurons, however, have primarily been
demonstrated during the learning of stimulus associations (e.g., during paired association
tasks). One prediction arising from the perceptual-mnemonic/feature-conjunctive model is
that PRh neurons should show task-related changes either when there is significant
ambiguity between a set of visually presented items or when temporal associations must be
encoded. The aim of the current experiment was to investigate whether passive viewing, in
the absence of associative learning demands or stimulus ambiguity, modulates the activity of
PRh neurons either as a function of stimulus novelty/familiarity or with respect to stimulus
selectivity. Towards this end, a passive viewing task was developed that systematically
varies stimulus novelty, establishing a gradient of familiarity. The design of this task
incorporated sufficient repetition of individual stimuli so that experience-dependent changes
in stimulus selectivity could be determined. Image presentation was randomized so that
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there was no association between stimulus type (i.e., novel or familiar) and either a motoric
demand or reward delivery. By controlling presentation order, stimulus repetition, motoric
components or reward associations, the present task eliminates these potential confounds.

Materials and Methods
Subjects

Three adult rhesus macaques (Macaca mulatta) were used in the present study. Monkey BZ
(14.0 kg) was a male, Monkey NS (12.0 kg) and Monkey JN (7.5 kg) female. All subjects
were part of a series of long-term behavioral and neurophysiological testing. All subjects
were continuously housed at the California Regional Primate Center (CRPC) in Davis, CA.
Animals were pair housed and kept on a 12-12 h light-dark cycle. Subjects were fed ad
libitum chow and water. No water manipulation was used during experimental testing. All
surgical and experimental procedures were approved by the IACUC at the University of
California, Davis, CA.

Surgeries and Electrode implantation
The procedures for implanting the headpost and chronic microdrives are as described in
detail by Skaggs et al. (2007). Prior to any surgical manipulations each animal received an
MRI scan used for surgical planning, followed by a two-step surgical process. During the
first procedure subjects were fitted with headposts for head restraint to enable eye tracking
during the experiment. Following a recovery period, during which animals undergo
behavioral training, animals were implanted with a chronic microdrive recording device
(“hyperdrive”, Skaggs et al., (2007)). The position for the hyperdrive implant was calculated
for each animal from presurgical MRI scans to target the middle hippocampus from plate 68
in Paxinos et al. (1999).

Each hyperdrive consists of 12 independently movable tetrodes, as well as one reference
electrode and one ground electrode (Wilson and McNaughton, 1993). Tetrodes were custom
manufactured from 30 μm polyimide-coated nichrome wire (Ro-800, Kanthal Precision
Technology, Palm Coast, FL). Electrical impedances were adjusted to 100–200 KOhm by
gold plating. Individual tetrodes were encased in 160 μm diameter silica tubing, which are
supported by 28-gauge stainless steel guide cannulae. During the first surgery a recording
well (Crist Instruments, Hagerstown, MD) and a headpost was attached to the skull with
screws and dental cement. Before implantation of the hyperdrive, a craniotomy was drilled
and the drive that holds the tetrode recording probes was lowered and secured in to this
recording chamber with 3 set screws. During placement of the hyperdrive into the chamber,
the tetrode/silica/cannulae assembly was lowered approximately 26 mm below the dorsal
cortical surface, to just above medial temporal lobe targets. Individual tetrodes were
attached to threaded micro-manipulator legs housed in the hyperdrive. A full turn of the
shuttle nut moves the attached tetrode approximately 320 microns. The maximum travel
distance for each tetrode varied by animal and structure targeted, but generally was between
11 – 13 mm.

Data Acquisition
Local field potential and multiple single units were recorded using the Neuralynx Cheetah
data acquisition system (Neuralynx, Bozeman, MO). Eye movement data were collected
using an infrared eye-tracking system – ISCAN (Boston, MA). Analog eye position data was
also sent to the Cheetah data acquisition system. The behavioral task was controlled via a
Cortex system (NIMH/SALK, dally.nimh.nih.gov) CORTEX software emits time locked
codes corresponding to different image presentations or fixation events. These events are
recorded by Cheetah via a custom serial interface board.
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Single-unit data were recorded from each tetrode channel, amplified 2000 times and band-
pass filtered between 600–6000 Hz and recorded at 32 KHz. Spike data were recorded from
all four tetrode channels in 1 ms windows when the voltage on any given channel crossed a
user specified threshold. Thresholds were optimized daily to improve single unit isolation.
Single unit isolation was done offline using either Xclust (M.A. Wilson) or MClust (A.D.
Redish). Tetrodes were generally moved between recording sessions, either to optimize the
recordings or to collect data from a new set of cells. While it is possible that the same
neuron was recorded on multiple days, we have found no reliable means to determine
conclusively whether a neuron recorded on one day is exactly the same neuron as recorded
on a following day. Presumably if the electrode is moved, different neurons will be
recorded, and thus we have treated all recorded neurons as individual samples. Local Field
Potential data were collected from 1 user defined tetrode channel, amplified 1000 times and
band pass filtered between 1–475 Hz and recorded continuously at 1000 Hz. All data
analysis was performed using custom software written in MATLAB (The Mathworks, Inc.).
For all analyses described below, data from each animal was initially considered separately.
However, as the pattern of results was similar across monkeys, neurons from all animals
were pooled.

For each recording session animals were seated in a primate restraint chair (SAS Precision,
Mason City, NE) and placed in a dimly lit sound attenuating chamber. Once in the chamber,
animals were head fixed and a headstage with its associated cables was attached to the
hyperdrive. Once the system was connected, data acquisition began. Each day began and
ended with a 15–30 minute period of inactivity, the data for which were reported previously
(Skaggs et al., 2007).

Histology and Reconstruction
Following the conclusion of an animal’s neurophysiological testing and a brief post
experimental behavioral battery, all subjects were necropsied. All necropsy and histological
procedures have been previously described in detail in (Skaggs et al., 2007). Briefly,
following transcardial perfusions with paraformaldehyde, brains were removed and
sectioned into three coronal blocks and cryoprotected. Once cryoprotected, the tissue of
interest was sectioned at 30 μm and divided into four series for processing. One series from
each subject was Nissl stained to visualize electrode tracks. Nissl-stained sections were
examined under a light microscope and the portions of the sections containing visible
electrode tracks were photographed at 100x magnification. Post-surgical CT scans are used
to visualize individual cannula from the hyperdrive. The cannula/tetrode trajectory from the
CT scan, is used to identify different electrode tracks seen in the histological material. When
combined with the daily logs indicating the distance each electrode was moved, we derive
highly accurate electrode positions. In addition to the histological reconstruction,
physiological parameters such as baseline firing rates and signature events in the local field
potential (e.g., hippocampal sharpwaves) are used to further verify our locations (Bartho et
al., 2004; Skaggs et al., 2007).

Behavioral task and training
The current experiment utilized a passive viewing task called VARNOV (VARiable
NOVelty). Subjects were presented with a sequence of images which varied with respect to
how familiar they were. Each VARNOV session consisted of 50 images assigned to one of
three categories (Figure 1B). A total of 30, previously unseen, images were assigned to the
novel group. Images in the novel group were divided into three sets (Sets 1, 2, and 3, Figure
1B), with each of the 10 images in a set being presented a total of 5 times. The familiar
category (Set 5, Figure 1B) consisted of 10 images that were highly familiar to the animal
and had been seen hundreds of times previously. The third, or intermediate, set of images
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(Set 4, Figure 1B) contained 10 images that were completely novel at the start of the day,
but were repeated 30 times during the course of a recording session. This experimental
design allows neuronal responses to completely novel stimuli (Set 1, 2, 3) to be obtained and
compared to those from completely familiar stimuli (Set 5). Additionally it allows activity of
neurons to be monitored during the evolution of a given stimulus as it becomes familiar
within a given day (intermediate category, Set 4).

The basic structure of a trial in the VARNOV task involves the sequential presentation of
one image randomly selected from each category (Figure 1C; i.e., novel/familiar/
intermediate). Importantly, the category order of the presented images is randomized within
each trial. Image presentation is preceded by the appearance of a fixation square (white
square - Figure 1C). When an animal has fixated for 500 ms, an image is presented for two
seconds after which the screen is reset. Animals are free to explore the image within a given
boundary during the presentation period; however if the animal moves its eyes outside of
this boundary, the trial is aborted. Following a 2 sec delay the fixation/presentation cycle
starts over with an image from a different category (Figure 1C). Once one trial (3 fixation/
presentation cycles) is complete, the screen resets and subjects receive a small juice reward
(Crist Instruments, Hagerstown, MD). When images in a novel set have been exhausted a
new set is introduced, thereby maintaining stimulus novelty.

All experiments were conducted while subjects were seated in a primate restraint chair in a
dimly illuminated sound proof recording chamber. Images were presented on a CRT monitor
placed approximately 50 cm from the subjects’ eyes. As indicated above no behavioral
response, other than a brief fixation, was required from our subjects. The stimulus dataset
used in these experiments consisted of 1000 complex visual images from various sources.
Individual images were often cropped from larger images, and included complex geometric
patterns, scenes, objects and animals. Examples of image types can be seen in Figure 1A.

Results
A total of 428 stable and well isolated neurons were recorded from 3 animals performing the
VARNOV task (CA3 n = 252, PRh n=101, TF = 75). To determine whether neurons were
visually responsive, the average firing rate during the pre-stimulus fixation period was
compared to the average firing rate during the period of 75 ms – 450 ms post stimulus onset.
Neurons were categorized as visually responsive if the difference in pre-fixation firing rate
vs. the presentation firing rate from all trials was less than p <.05 (student’s t-test).

Lack of response suppression
A number of studies have reported that changes in the firing rate of individual neurons
across the MTL are associated with the relative novelty or familiarity of a stimulus (Brown
et al., 1987; Miller et al., 1991; Fahy et al., 1993; Li et al., 1993; Xiang and Brown, 1998;
Jutras and Buffalo, 2010). These changes in firing rates have been suggested to serve as a
recognition memory signal. Notably, the majority of these tasks were active mnemonic tasks
in which the animal was trained to make a response to a given stimulus. Relatively few
studies have examined the responses of neurons in the absence of explicit mnemonic
demands. To determine whether neurons in different MTL regions signaled stimulus
novelty, the activity of all visually responsive neurons to the first and second presentation of
all images in sets 1–4 was analyzed – yielding a total of 80 responses per neuron (40
responses to first presentations and 40 to second presentations). A two-tailed paired t-test
was used to compare the firing rates between the first and the second condition. Individual
neurons were classified as sensitive to stimulus novelty if this difference was significant at p
< .05. The sign of the difference between the mean firing rates between novel and familiar
images was used to indicate whether a neuron incremented or decremented it’s firing rate.
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The percentages of neurons which by the above measure are sensitive to familiarity are
summarized in Table 1.

A critical component for stable representations in the nervous system is the reliability with
which a neuron transmits a given message. From the perspective of a downstream decoder
neuron, response reliability translates into signal fidelity. Consequently, it may be
hypothesized that if a neuron is signaling the familiarity or novelty of a stimulus, then that
signal should be highly reliable. The reliability of neurons sensitive to stimulus familiarity
was estimated by determining the proportion of repeated stimuli for which a neuron showed
increased or decreased firing rates. It was reasoned that if a neuron reliably detected novelty
then it would do so for more than 75% of stimuli. The criterion value of 75% was used to
allow for small fluctuations of selectivity to novelty or familiarity. Across all neurons that
passed the statistical cutoff of p < .05, none met the 75% criteria. Regional averages of
response reliability for incrementing/decrementing responses are as follows: CA3 (45%/
44%), PRh (61%/45%), TF (47%,60%). These data, showing a lack of sensitivity to the
stimulus familiarity (or novelty), are consistent with the responses of PRh neurons recorded
from rodents passively encountering 3D objects while running on a track (Burke et al., this
issue).

Differential effects of experience on the tuning profiles of medial temporal lobe neurons
Of the 428 recorded neurons 193 (45%) showed differential activity (i.e., were generically
responsive) to visual stimuli in the VARNOV task (CA3 n = 79, PRh n=67, TF = 51). For
each neuron the average firing rate response between 75 – 450ms after initiation of stimulus
presentation was computed. These values were used in a one way ANOVA, evaluated at p
< .05, to determine whether neurons that were visually responsive were specifically active to
a subset of the presented images. The proportion of neurons that showed response specificity
was: CA3 (14%; 35/252), PRh (44%; 44/101), TH (44%; 33/75); Figure 2.

The specific subset of images that a given neuron is selective for were identified using a
posthoc Tukey HSD test—establishing a neuron’s tuning profile. Using this tuning profile,
the percentage of novel and familiar stimuli that a neuron was specifically selective for was
estimated. The percent-selective measure reveals how narrowly or broadly tuned a neuron is
(e.g., a widely tuned neuron would respond to many images, while a narrowly tuned neuron
would respond to only a small set of images). Neurons that were responsive, but not
selective, were not included in the analysis; though the results below are robust even when
non-selective neurons are included. There was no difference in the tuning breadth of CA3 or
PRh neurons between the novel and familiar condition (Wilcoxon two-sample sign rank test,
p=.22 n = 35 and p = .699, n = 44 respectively). However, neurons in area TF were
significantly more specific in their selectivity to familiar stimuli, compared to novel stimuli
(Wilcoxon two-sample sign rank test, significant P < 0.005, n= 33) (Figure 3A).

While compelling, it must be considered whether the observed experience-dependent
changes arise simply by chance due to the stimuli used. One advantage of the VARNOV
task is that neurons in the intermediate category are repeatedly presented throughout the
session–establishing a gradient of familiarity. Tuning breadth was estimated as described
above, however, novel and familiar response data were drawn from the first four vs. last four
presentations to a given stimulus set. As above, neurons in TF were significantly more
narrowly tuned in the familiar than the novel condition (Wilcoxon two-sample sign rank
test, significant P < 0.05, N= 33) (Figure 3B). While the purely novel and familiar
conditions are presented in an interleaved manner throughout the experiment, the familiarity
gradient in the intermediate condition has a necessary temporal gradient. Consequently, it is
possible that there occurred a change in the baseline firing rate over the course of the
experiment, which could influence estimates of stimulus selectivity. Baseline firing rates
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were estimated from the start of the experiment until the last presentation of a stimulus
associated with the novel-intermediate group. Similarly, baseline firing rates were computed
from the first presentation of a stimulus associated with the familiar-intermediate group to
the end of the recording session. Difference scores for tuning breadth and baseline firing
rates were correlated in a linear regression. The results of the regression suggest that only
~2% of the variance in tuning can be accounted for by changes in baseline firing rate,
effectively ruling out contamination of our results due to differences in rate (r2=0.0269, df
=228; p = .0128).

The lack of enhanced selectivity (i.e., narrower tuning) of hippocampal neurons contrasts
with a previous study by Yanike et al. (2004). The study by Yanike et al. (2004) used a
different measure of tuning known as the selectivity index (SI). The selectivity index
quantifies the proportion of image-related responses that approach the maximum firing rate
of a given neuron to any image, producing values between 0 and 1. The index will be 1 if
only a single image is equal to the maximum rate. Alternatively if, for example, 9 out of 10
images are close to the maximum firing rate the index will tend towards 0. The selectivity
index however can be difficult to interpret for two reasons. First, the method weighs
extremely low firing neurons exactly as much as neurons with very high rates. This
weighting confound introduces the possibility that noise fluctuations in low firing rate cells
are treated are overemphasized. This is particularly problematic for principal cells in the
hippocampus that have inherently low firing rates. In addition, the selectivity index does not
take in to account the statistical variability of neuronal responses, introducing the possibility
of intrinsic fluctuations producing an effect. In contrast, our approach of using raw data in a
Tukey based approximation (discussed above), fully takes in to account the firing rate
statistics of a neuron to individual images. This latter approach is much more indicative of
whether the responses of a neuron effectively discriminate different images. When the data
from the CA3 region collected in the present experiment is analyzed using the SI measure
there is a highly significant difference in tuning between novel and familiar images (t(156) =
6.4, p < 10−8). However, a linear regression between the SI and our percent-selective
measure showed no significant relationship between the two measures (r2=−0.0026, t(77) =
−0.78, p = .4367, Figure 4). The lack of a correlation suggests that these measures quantify
different aspects of stimulus selectivity, although the possibility exists that issues not related
to the analytic approach could account for the discrepancy (see discussion).

Discussion
The main novel finding in this experiment is that, during passive viewing, neurons across
the medial temporal lobe are not sensitive to stimulus novelty. When the activity of single
neurons was examined more closely however, our results revealed a significant dissociation
of stimulus selectivity between subregions of the medial temporal lobe (MTL). Of the three
MTL regions examined, only neurons in temporal area F (TF) exhibit significant experience-
dependent adaptations in their selectivity to visual stimuli. These results suggest that
familiarity responses and changes in visual selectivity are dissociable processes. The current
experiment utilized chronically implanted microdrives that allowed us to fully reconstruct
the path of individual electrodes, establishing with a high degree of certainty the location of
all recorded neurons. Similar reconstructions are more difficult in acute recording
preparations, often resulting in pooling of neural responses across multiple regions. The
approach used in this study yielded 428 well isolated neurons recorded from three monkeys
across regions CA3, PRh (perirhinal cortex), and TF. As discussed more completely below,
these findings have implications for understanding the mechanisms underlying novelty
detection and stimulus recognition across the MTL.
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Lack of Novelty/Familiarity Response
A number of neurophysiological studies in humans and non-human primates have
demonstrated that a subpopulation of neurons in both the inferior temporal cortex and
medial temporal lobe can show decrements (or increments) in their firing rate upon the
second presentation of a stimulus. With respect to the CA3 data, our findings are in
agreement with previous studies in primates showing that neurons in this region are not
reliably sensitive to stimulus novelty (Xiang and Brown, 1998; Yanike et al., 2004; cf.
Viskontas et al., 2006 and Jutras and Buffalo, 2010). Neurons in the PRh and TF recorded in
the current experiment also failed to demonstrate a consistent modulation by stimulus
novelty. Previous neurophysiological studies have reported that a significant proportion of
neurons in the MTL and ITC show decreases in their firing rates when a novel image is
presented a second time (e.g., Brown et al., 1987; Riches et al., 1991; Miller et al., 1991;
Xiang and Brown, 1998; Hölscher et al., 2003). While our data do contain a small
proportion (~5%) of neurons that are classified as sensitive to stimulus novelty based on a
students t-tests, none of the neurons examined in the present study reliably responded to
stimulus novelty more than ~75% of the time.

The absence of novelty-sensitive neurons in hippocampal recordings is largely in agreement
with the previous literature. However, it has been suggested (Jutras and Buffalo 2010), that
previous studies failed to find response modulation in hippocampal neurons because those
studies did not to use complex naturalistic stimuli and did not properly control for levels of
novelty (i.e., stimuli only had to be novel on a given day, but may have been seen during
previous days). The present results, however, cannot be explained by either of these
suggestions, as the stimuli used in the VARNOV task can be broadly classified as complex
naturalistic stimuli and truly novel images were introduced during every recording session.

The current data are consistent with previous studies that indicate that the hippocampus may
not be necessary for simple recognition memory tasks (Murray and Mishkin, 1998b;
Nemanic et al., 2004), although see (Beason-Held et al., 1999; Zola et al., 2000; Manns et
al., 2003). One crucial element that has received relatively little attention in the human and
primate literature is that the activity of neurons across multiple subregions of the
hippocampus is often pooled for analysis. However, it is known from a variety of species
that neurons in different subregions of the hippocampus may perform distinct computational
functions (e.g., Sybirska et al., 2000; Lee et al., 2004; Vazdarjanova and Guzowski, 2004).
Thus, it might be suggested that inconsistencies in the literature may emerge due to mixing
of neurons from different regions. The results from the present experiment indicate that
during passive viewing, neurons in the CA3 region of the primate hippocampus are not
differentially active during any phase of the recognition memory process. While studies
across species have implicated the hippocampus in spatial and episodic processing, the
computational demands required to successfully perform these tasks differ significantly
from the simple viewing task used here. The current results suggest that while CA3 circuitry
of the hippocampal network is clearly not engaged by simple recognition memory tasks it
may well be required when mnemonic demands increase or when task demands are spatial
and episodic in nature.

In contrast to the largely equivocal data implicating the hippocampal formation in
recognition memory tasks, lesion studies consistently implicate upstream regions in the
recognition memory processes (e.g., Mishkin, 1982; Horel et al., 1987; Zola-Morgan et al.,
1989; Gaffan and Murray, 1992; Meunier et al., 1993). A principle candidate mechanism
supporting recognition memory and familiarity judgements has been the firing rate response
decrements to stimulus repetition in those regions. Consequently, the observed lack of
response decrements in the current study warrants consideration. To begin it should be noted
that, while compelling, the evidence for a causal role of the response decrement in the
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recognition memory process has not been fully established. For example, local infusion of
scopolamine into the ITC has been shown to significantly disrupt performance on
recognition memory tasks in both rodents and primates (Miller and Desimone, 1993; Tang et
al., 1997; Warburton et al., 2003). However, when single unit responses are recorded from
the injection site, response decrements still occur and do not mirror the behavioral
impairment of the subject (Miller and Desimone, 1993). Moreover, response decrements can
be seen while animals are under general anesthesia (Miller et al., 1991; Vogels et al., 1995;
Zhu and Brown, 1995; Zhu et al., 1997). Finally, a recent study in rodents using naturalistic
objects in a navigation task (effectively a passive encounter paradigm) found results
comparable to those presented in the current study for monkeys (Burke et. al this issue).
These, and other findings, argue that decremental firing of neurons in the PRh is not the sole
mechanism used by animals to represent the familiarity of a given stimulus. However, there
are at least two alternative explanations for the discrepancy between ours and previous
studies.

First, it is possible that due to the highly discriminable and unique nature of the stimuli used,
subjects in our study were able to easily recognize each stimulus, without the use of
familiarity detection mechanisms. This interpretation would suggest that recognition
memory processes may rely more on object recognition than on explicit novelty detection.
Secondly, it is possible that neurons recorded in previous studies that responded selectively
to stimulus novelty are simply showing training-related adaptations and that these
adaptations do not appear when animals are performing a passive viewing task. As detailed
in the introduction, tasks used to study recognition memory often rely on a sample/sample-
repeat design, which introduces stimulus repetition as a major statistical regularity in the
animal’s environment. Moreover, studies in which subjects must actively indicate whether a
stimulus has been previously seen (often 100’s of times within a session), likely do not
reflect the ethological and cognitive demands encountered in the natural world. Future
studies, using refined versions of standard recognition memory tasks, will be required to
determine the extent to which training influences these responses and whether the sensitivity
of MTL neurons is causally related to the recognition memory process.

Information processing and storage in the medial temporal lobe
The ventral visual system is comprised of a hierarchical processing arrangement in which
successive stages of processing are tasked with extracting and combining different features
of visually presented information (Hubel and Wiesel, 1959; Barlow, 1961; Wurtz, 1969;
Mishkin et al., 1983; Tanaka et al., 1991; Gallant et al., 1993; Miyashita, 1993; Brincat and
Connor, 2006). This process of feature extraction and unification culminates with the
generation of view invariant responses to faces and objects. Recent data from rodents and
primates have suggested that the final anatomical endpoint of this hierarchy is the PRh (see
Murray and Wise this issue for review).

The current study found a significant dissociation between the numbers of visually
responsive neurons in three medial temporal lobe regions. A large proportion (~44%) of
neurons in both PRh and TF were visually responsive, in contrast only 14% of cells that
were visually responsive in the CA3 region of the hippocampus (Figure 2). The large
proportion of active neurons in PRh and TF is unsurprising, given their known involvement
in recognition memory and visual object processing. However, as hippocampal involvement
in recognition memory remains under debate, two possible explanations for the observed
level of hippocampal activity must be considered. First, theoretical and empirical studies
have posited that hippocampal processing produces a sparse code that may ultimately drive
more efficient storage in cortical regions targeted by its back-projections. Alternatively, and
as will be discussed in detail below, the CA3 network may not be engaged by simple visual
recognition memory tasks. Finally, it should be noted that reports of the proportions of cells
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firing during active behavior in the primate hippocampus varies significantly across the
literature (mean: 47%, min: 2% max: 88%), making it unclear what activity level may be
expected from this region in primates. Importantly, as noted previously, studies often pool
neurons across hippocampal regions, even though imaging studies in rodents have
demonstrated significantly different levels of activity in the different regions (e.g.,
Guzowski et al., 1999; Vazdarjanova and Guzowski, 2004). This further underscores the
need for accurate histological reconstructions of electrode position.

From the perspective of object representation, it has been proposed that accuracy on
recognition memory tasks may rely on the relative strength or weakness of a memory
(Squire et al., 2007). Numerous neurophysiological studies now support earlier theoretical
work suggesting that at the neural level, stimulus representation is distributed across
multiple simultaneously active neurons (i.e., a population code). One interpretation of such a
system of encoding would be that the precision (i.e., memory strength) with which a
stimulus can be recalled depends on the specificity of the representation within a given
population of neurons.

Theoretically, the specificity with which a stimulus is represented at the neuronal level can
be enhanced by narrowing the tuning profile of individual neurons; a view supported by
multiple neurophysiological studies (e.g., Logothetis et al., 1995; Sigala and Logothetis,
2002; Freedman et al., 2006). The observed enhancement in the specificity of the neuronal
population has been suggested to facilitate perceptual decision making by reducing the time
required for the population to settle on the state associated with a given stimulus (Desimone,
1996). Our results extend these findings by demonstrating that the population of TF neurons
becomes significantly more specific as a function of experience. It is interesting to note that
experience-dependent increases in selectivity occur largely in regions that are primarily
unimodal in origin (although TF does receive some inputs from cingulate, parietal lobe, and
retrosplenial cortex), while PRh and the hippocampus are decidedly polymodal (Suzuki and
Amaral, 1994, 2004). This anatomical dissociation suggests that stimulus specific tuning
enhancements may be critical for exact object representation but that similar mechanisms
are not as critical when multiple features must be associated in higher order association
areas (e.g., PRh and Hippocampus).

The observation that, as a population, PRh neurons do not become more selective as a
function of visual experience may be interpreted as follows. Animals with PRh lesions are
significantly impaired at learning conditional association tasks across sensory modalities
(Zola-Morgan et al., 1989; Meunier et al., 1993; Suzuki et al., 1993; Murray and Bussey,
1999; Kholodar-Smith et al., 2008). In passive paired associate tasks where animals must
learn a behavioral response dependent on the relationship of two sequentially presented
images, the activity of neurons in PRh closely matches the performance of animals on this
task. Specifically, during learning, neurons gradually become selective to both the paired
item and its conditioned associate (Miyashita, 1988; Sakai and Miyashita, 1991; Erickson
and Desimone, 1999). Consistent with theoretical models (Murray and Bussey, 1999;
Bussey and Saksida, 2002), a recent physiological study demonstrated that representations
of stimuli in a conditional association task become increasingly unified, at the neuronal level
within the PRh (Fujimichi et al., 2010). It may be speculated that If, as the data in the
literature suggest, neural activity in PRh represents unified complex associations between
lower level representations, then in fact, reducing the overall selectivity in the population
could result in the destruction of previously established associations. Importantly, from the
perspective of the feature-conjunctive model of PRh function, the removal of units from a
representation may lead to a disassociation of previously associated features, resulting in
stimulus misclassification. While the current data cannot directly speak to this possibility,
the data are at least consistent with this conjecture. An alternative possibility is that the
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stimuli used in the current study never engage plasticity mechanisms in PRh, because
virtually no effort needs to be expended to make the perceptual discriminations required
under these circumstances.

As noted previously, in contrast to the PRh and area TF, only 14% of hippocampal neurons
were visually responsive. Within this small population of selective cells, there was no effect
of experience on the population selectivity. However, spatial responses of hippocampal
pyramidal cells in rodents have been shown to undergo an experience-dependent expansion
in their response profile, thought to instantiate a mechanism that could facilitate the
sequential binding of information (Mehta et al., 1997; Ekstrom et al., 2001; Burke et al.,
2008). To date, the only evidence for an experience-dependent change in the selectivity of
primate hippocampal neurons for visually presented information comes from a location-
scene association task (Yanike et al., 2004).The measure used by Yanike et al. (2004) is a
ratio measure, that only partially characterizes the stimulus selective properties of individual
neurons. When the current data were analyzed using this measure, there exists a significant
effect of experience on the “selectivity” of individual neurons (Figure 4). Critically
however, it is demonstrated that there exists no relationship between the measure used by
Yanike et al. (2004) and our measure, which identifies the proportion of images that a given
neuron is selective to. This suggests that under passive viewing conditions representations in
the hippocampus do not undergo experience-dependent changes. However, there are two
alternative explanations that could account for these differences. First, we used a
significantly different approach to recording neural activity in our subjects. The use of
chronic recording electrodes may have captured the activity of neurons that are not routinely
recorded in acute preparations due to their low firing rates. As normalized rates and no
waveform data are available from the Yannike study, this possibility cannot be determined.
Second, it may be that since the task used in Yanike et.al. (2004) had an active spatial
association component, mnemonic demands under these conditions were sufficient to
engage hippocampal plasticity mechanisms. The data from the current experiment are
consistent with the idea that passive viewing behaviors may not drive the CA3 region of the
primate hippocampus. However, it is possible that under different passive viewing
conditions, such as visual paired comparison tasks, CA3 may be engaged. Although the
possibility remains that the CA3 region in the primate may only be involved when there are
significant spatial, mnemonic, or episodic (conjunctions of items in space) demands
(Lavenex and Amaral, 2000; Nadel et al., 2003; Leutgeb et al., 2005; Quiroga et al., 2005,
2008; Rolls et al., 2005; Bachevalier and Nemanic, 2007; Chadwick et al., 2010; Naya and
Suzuki, 2011).
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Figure 1. Visual Stimuli and VARNOV task structure
A. Example of visual stimuli used in the Variable Novelty (VARNOV) task. Images were
collected and modified from a wide range of sources and adjusted to be 300×300 pixels (or
10 DVA) in size. Stimuli were presented in the center of the display and monkeys were free
to explore the images after stimulus onset. B. Diagram of the familiarity gradients inherent
in the VARNOV task. Note that the “Novel” category consists of 3 sets of unique images.
Once images in this category are no longer novel (i.e., after 5 presentations), images are
refreshed with stimuli from another set until all novel images are exhausted. Novel and
familiar contrasts are measured between images in columns 1 and 3 as well as between early
and late trials in column 2. C. Example of one VARNOV trial, one image from each
category is presented. After three image presentations subjects receive a small juice reward.
Image order is randomized so no specific association can be made with respect to reward
delivery.

Thome et al. Page 19

Hippocampus. Author manuscript; available in PMC 2013 October 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2. Proportion of Responsive Neurons
The relative proportions of the different kinds of neuronal response types across the three
brain regions targeted by our recordings. Neurons in the CA3 region of the hippocampus
were significantly less visually responsive than were neurons in either PRh or area TF.
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Figure 3. Effects of experience on stimulus selectivity across MTL regions
(A) Average selectivity for all neurons within a region in the pure familiar and novel
conditions (columns 1 and 3, Figure 1 B). The responses of neurons in area TF are
significantly more specific in the familiar condition than in the novel condition (Wilcoxon
signrank test p < .05). (B) As in A, estimates of stimulus familiarity are based on the first 4
and last 4 presentations of a stimulus in the intermediate category. TF continues to show a
significant decrease in response specificity (i.e. selective to fewer images; Wilcoxon
signrank test p < .05). Error bars – standard error of the mean.
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Figure 4. Comparison of Tuning measures
Results of a linear regression comparing the results from different tuning breadth (or
selectivity) measures. Raw tuning breadth (used in the current study) was estimated via
Tukey post-hoc test, a measure effectively based on firing rate statistics across multiple
image presentations, vs. the selectivity index, which is based on dispersion measures. The
results of the regression indicate that there is no statistical relationship between the two
measures, suggesting that the selectivity index does not adequately capture tuning properties
of individual neurons. Red lines - standard errors of the regression.
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Table 1
Percentage of visually responsive neurons whose activity is significantly modulated by
stimulus novelty

Summary table of the percentages of neurons in CA3, perirhinal (PRh) and area TF that change their activity
in response to stimulus novelty. Firing rate modulations were deemed significant if p < .05 in a two-tailed
paired t-test. Neurons that, on average, showed a decrease in firing rate to the second presentation of a
stimulus were classified as decrementing, while neurons that increased their firing rate were classified as
incrementing.

Decrementing Incrementing

CA3 5% (4/79) 8% (6/79)

PRh 3% (2/67) 2% (1/67)

TF 5% (3/51) 2% (1/51)
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