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Neural Correlates of Object-Associated Choice Behavior in
the Perirhinal Cortex of Rats

Jae-Rong Ahn and “Inah Lee

Department of Brain and Cognitive Sciences, Seoul National University, Seoul, 151-742, Korea

The perirhinal cortex (PRC) is reportedly important for object recognition memory, with supporting physiological evidence obtained
largely from primate studies. Whether neurons in the rodent PRC also exhibit similar physiological correlates of object recognition,
however, remains to be determined. We recorded single units from the PRC in a PRC-dependent, object-cued spatial choice task in which,
when cued by an object image, the rat chose the associated spatial target from two identical discs appearing on a touchscreen monitor. The
firing rates of PRC neurons were significantly modulated by critical events in the task, such as object sampling and choice response.
Neuronal firing in the PRC was correlated primarily with the conjunctive relationships between an object and its associated choice
response, although some neurons also responded to the choice response alone. However, we rarely observed a PRC neuron that repre-
sented a specific object exclusively regardless of spatial response in rats, although the neurons were influenced by the perceptual
ambiguity of the object at the population level. Some PRC neurons fired maximally after a choice response, and this post-choice feedback
signal significantly enhanced the neuronal specificity for the choice response in the subsequent trial. Our findings suggest that neurons
in the rat PRC may not participate exclusively in object recognition memory but that their activity may be more dynamically modulated

in conjunction with other variables, such as choice response and its outcomes.
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Introduction
A theory holds that two functionally distinct information-
processing streams exist in the medial temporal lobe: one is special-
ized in spatial memory and the other in nonspatial memory
(Burwell, 2000; Hargreaves et al., 2005; Eichenbaum and Lipton,
2008; Henriksen et al., 2010). According to the theory, spatial infor-
mation is processed in the postrhinal cortex (POR) and sent to the
hippocampus via the medial entorhinal cortex, whereas nonspatial
information is conveyed by the perirhinal cortex (PRC) via the lat-
eral entorhinal cortex. In support of this theory, many studies have
focused on the nonspatial functions of the PRC, implying a role for
the PRC in object recognition memory (Meunier et al., 1993; Enna-
ceur et al., 1996; Buckley and Gaffan, 1998; Winters and Bussey,
2005) and perhaps also in object perception (Bussey et al., 2002; Lee
et al., 2005; Murray et al., 2007; Baxter, 2009).

In apparent support of the above viewpoint, studies have re-
ported single units in the PRC that responded to particular ob-
jects in an object recognition memory task in primates (Brown et
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al., 1987; Miyashita and Chang, 1988; Liu and Richmond, 2000;
Naya et al., 2003). However, previous anatomical studies show
that the PRC in rodents receives heavy projections from the POR,
and the POR reciprocally connects to the medial entorhinal cor-
tex (Burwell and Amaral, 1998; Furtak et al., 2007b). Therefore,
the PRC may process some spatial information in rodents (Liu
and Bilkey, 1998; Burke et al., 2012). The PRC also receives dense
projections from other subcortical structures, including the
amygdala, ventral striatum, and ventral tegmental area (Van Hoesen
et al., 1981; Pitkanen et al., 2000; Kealy and Commins, 2011). This
suggests that reward-related neuromodulatory signals may influ-
ence neuronal activity in the PRC (Liu and Richmond, 2000; Liu et
al., 2000; Mogami and Tanaka, 2006; Clark et al., 2012; Ohyama et
al., 2012). Whether the rodent PRC also exhibits functionally similar
physiological properties remains to be determined.

Only a handful of physiological studies have examined the
roles of the PRC in object recognition in rodents, although many
behavioral studies have explored the impact of perturbations in
the PRC (Aggleton et al., 1997; Ennaceur and Aggleton, 1997;
Norman and Eacott, 2005). Prior studies examining single-unit
activity in the PRC primarily used spontaneous object recogni-
tion paradigms (Burke et al., 2012; Deshmukh et al., 2012). In
those studies, PRC neurons exhibited poor spatial firing patterns
but fired in apparent association with objects by changing firing
locations when the objects were moved to different locations. It is
possible that these “object fields” (Burke et al., 2012, 2014) may
be formed and retrieved through interactions between object and
spatial information in the PRC.

In the present study, we recorded single units simultaneously
in the PRC while rats performed a paired-associate task between
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0CSCtask. A, Schematic illustration of sequential events in a trial (object sampling, choice response, and reward). Reward was provided only in correct trials. Using the choice moment

as a reference, a trial was divided into a pre-choice and a post-choice period. Tones of different frequencies were delivered upon the choice response to offer feedback for the accuracy of the choice.
B, Object stimuli used in the task. Two objects (toy and egg) were used for standard object (STD) sessions. L and R indicate the correct disc choices associated with the objects. For ambiguity (AMB)
sessions, the two original objects were morphed into one another to yield 10 different objects. Numbers below the images indicate perceptual ambiguity levels (0 to 4indicating no ambiguity to the
highest ambiguity). The rat was required to make a categorical response to the morphed object to obtain a reward on the basis of the learned associations between the original objects and discs.

objects and spatial responses. Our study sought to find whether
the PRC demonstrated neural correlates for specific objects, as
shown in primates, or whether neuronal activity in the PRC was
also influenced by other variables, including spatial response and
choice outcome.

Materials and Methods

Subjects

Four male rats (Long—Evans) weighing 350420 g were used. Food avail-
ability was controlled to maintain body weight at 85% of the free-feeding
weight. The animals were housed individually under a 12 h light/dark
cycle, and all experiments were conducted in the light phase of the cycle.
All protocols and procedures conformed to the guidelines in the National
Institutes of Health’s Guide for the Care and Use of Laboratory Animals
and those determined by the Institutional Animal Care and Use Com-
mittee at the Seoul National University.

Behavioral apparatus

Detailed descriptions of the touchscreen apparatus used in the current
study can be found previously (Kim et al., 2012). Briefly, the experimen-
tal apparatus consisted of an elevated linear track with a food tray at-
tached at one end. A guillotine door-operated start box was located at the
other end of the track. An array of three LCD monitors was installed
above the food tray, and the center monitor was equipped with a touch-
screen. A transparent acrylic panel with three circular holes was overlaid
on the touchscreen monitor to restrict the areas for registering touch
responses. Four optic sensors were installed along the track to detect the
rat’s movements and to control the onset and offset of stimuli on the
touchscreen.

Object-cued spatial choice task

Rats (n = 4) were trained in an object-cued spatial choice (OCSC) task in
which, once a trial started by the opening of the start box, the rat exited
the start box and moved toward the end of the track. When the rat
activated a fiber-optic beam sensor installed in front of the monitor at the
end of the track, a cueing object (standard object: toy or egg, each occu-
pying a 4 X 6 cm area on the screen) appeared (object sampling in Fig.
1A). All objects were adjusted to equal luminance with the following
methods. First, objects were adjusted to have equal average gray values in
Photoshop. Then, the luminance of object stimuli was measured (and
adjusted until showing equal luminance) in an experimental setup by
placing a professional lux meter at a fixed distance from the LCD monitor
when each stimulus was displayed on the screen. When the animal
touched the object with its snout, the object disappeared, a tone sounded
(2.25kHz, 83 dB), and two identical discs (each with a diameter of 3 cm)
appeared on both sides of the previous object’s location. The rat was
required to touch the disc associated with the previously sampled object
to obtain a cereal reward in the food tray. When one of the discs was

touched, both discs disappeared and the accuracy of the choice was sig-
naled immediately with auditory feedback (1.5 kHz and 150 Hz for cor-
rect and error choices, respectively). When the animal made an error, no
reward was provided.

Once the rats were trained to criterion (i.e., =70% correct choices for
both objects for two consecutive days) with the standard objects (STD
session; Fig. 1B), they underwent hyperdrive implantation surgeries. Af-
ter recovery from surgery, rats performed STD sessions during the ad-
justment of electrodes (see below) and were then tested in ambiguity
(AMB) sessions in which the standard object images were parametrically
morphed into one another using a commercial software product (Mor-
pheus Photo Animator, ACD Systems) to yield 10 different object im-
ages, including the standard objects (Fig. 1B). The half of the images that
were perceptually closer to the standard toy object shared the reward
contingency of the original stimulus, and the same was true for the standard
objects in the egg category. Each object appeared 12 times, constituting 120
trials in total per session. The reward contingency for object-disc association
was counterbalanced among rats, and the sequence of object stimuli pre-
sented across trials was pseudo-randomized.

Hyperdrive implantation

A microdrive array (hyperdrive) composed of 16 tetrodes was used for
electrophysiological recordings. Platinum-iridium wires (17.8 wm in di-
ameter) were twisted and heat-bonded to make a tetrode. The final im-
pedance of each wire was adjusted to 150-300 k() (measured in gold
solution at 1 kHz with an impedance tester). The hyperdrive was im-
planted in the right hemisphere by using the following target coordinates
for tetrodes: 3.8 —4.8 mm posterior to bregma, 6.8 mm lateral to midline,
3—4 mm below the skull surface. For placing the hyperdrive as closely as
possible to the PRC without damaging unwanted cortical areas, the tem-
poralis muscles on the right side were fully retracted. A hole was drilled
on the skull surface, matching the size of the radius of the bundle tip. The
drive was lowered down vertically to the target position. The drive was
chronically affixed to the skull with eight anchoring screws and bone
cement.

Reversible inactivation of the PRC

To test whether the PRC was required in the OCSC task, a separate group
of rats (n = 3) was trained in the task with only standard objects (Fig. 1B,
STD). After reaching the presurgical performance criterion, animals
were implanted bilaterally with guide cannulae (23 G) coupled with sty-
lets protruding 1 mm from the guide cannulae tips at the following
coordinates: 4.8 mm posterior to bregma, 7.6 mm lateral to midline, 3.9
mm below the skull surface (tips angled at 10° medially). After recovery
from surgery, animals were retrained to criterion and underwent two
experimental sessions. On the first day of testing, PBS (phosphate-
buffered saline [SAL], 0.5 ul per site) was injected 20 min before testing.
On the following day, a GABA-A receptor agonist, muscimol (MUS, 0.5
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pg/0.5 ul per site), was injected to temporally inactivate the PRC. Fifty
trials were given for all testing sessions. After all behavioral experi-
ments, the cannulae positions and the spread of MUS were verified by
examining the diffusion range of fluorescent MUS (BODIPY TMR-X
MUS, Invitrogen) under an epifluorescence microscope.

Electrophysiological recording
Neural signals were amplified (1000-10,000 times) and digitized at 32
kHz (filtered at 300—6000 Hz) using a Digital Lynx data acquisition
system (Neuralynx). Neural signals were relayed through a slip-ring
commutator to the data acquisition system. Information about the ani-
mal’s position and head direction was detected with LEDs attached to the
preamplifier connected to the hyperdrive. The LED signals were captured
through a ceiling camera and fed to a frame grabber at 30 Hz. To position
the tetrodes at target locations, individual tetrodes were lowered daily by
small increments for several days during which time the rats experienced
only STD sessions. Once the majority of tetrodes reached the PRC, spik-
ing activities of single units were recorded in AMB sessions for 45 d.
Most tetrodes were lowered daily by small increments, and no special
attempts were made to hold a single neuron across multiple sessions for
the sake of maximizing the number of neurons recorded simultaneously
for each day. However, a possibility exists that the same neurons were
recorded across several sessions because, occasionally, some tetrodes re-
mained in the same position for days. This issue was examined by com-
paring the waveform parameters, including spike amplitude (from peak
to trough; from peak to baseline), spike width (from peak to trough), and
the mean firing rates in every pair of neurons that were recorded from the
tetrodes that were not moved across sessions. Among 100 neurons in the
PRC that were used in the final analyses (for exhibiting significant mod-
ulation in firing in association with critical events in the task), only 13
neurons exhibited minimal differences (i.e., identified in the lower 95%
confidence limits) in the above parameter distributions for waveforms,
and these neurons might have been the same neurons. None of these
neurons was recorded for more than three consecutive sessions.

Unit isolation

Single units (n = 415) were isolated offline using a cluster-cutting
method based on various waveform parameters, including peak and en-
ergy as previously described (Kim et al., 2011). The following set of
criteria was subsequently applied to the clustering-based unit isolation
results to finalize the neurons for further analyses: (1) isolation distance
(Harris et al., 2001) and L-ratio (Schmitzer-Torbert et al., 2005) with
cutoff thresholds set at an isolation distance =10 and an L-ratio <0.3,
and (2) task responsiveness (i.e., the average firing rate from object onset
to food-tray access >1 Hz).

Histological verification of electrode position

After the last recording session, small electrical currents (10 wA for 10 s)
were passed through individual tetrodes to mark the final tetrode tip
locations. Following this, the rat inhaled an overdose of CO, and was
perfused transcardially with 0.1 M PBS solution, followed by 4% v/v
formaldehyde solution. The brain was stored in a sucrose-formalin solu-
tion at 4°C until it sank to the bottom of the container. The brain was
frozen and sectioned at a thickness of 30 wm using a sliding microtome.
The brain slices were mounted and stained with thionin for Nissl bodies,
and the adjacent sections were stained for myelin with a 0.2% buffered
gold chloride solution followed by fixation (5 min) in a 2.5% sodium
thiosulfate solution. Photomicrographs were taken, and the positions of
individual tetrodes were reconstructed based on the histological data and
physiological depth profiles recorded during data acquisition.

Data analysis

Behavioral data analysis. The performance of each rat was measured by
calculating the proportion of correct trials in a session. A bias index for
object category was calculated by subtracting the average performance
for the egg category from that for the toy category. For each trial, two
event epochs were defined using the moment at which a choice response
occurred as a reference point, as follows: (1) pre-choice period (from
object onset to choice) during which a decision for a choice response was
required after sampling an object cue; and (2) post-choice period
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(from choice to food-tray entry) during which auditory feedback
provided the accuracy of the choice, and the rat moved its snout into
the food tray (Fig. 1A).

Raster plots. A raster plot was built by aligning spike timestamps with
reference to the timestamp for the choice event (bin size = 50 ms, time
window = 4 s before and after choice). Among the cells with mean firing
rates exceeding 0.5 Hz in the event period, when the mean firing rate
associated with either the pre-choice or post-choice period was signifi-
cantly different (¢ test, « = 0.01) from the baseline firing rate (i.e., mean
firing rate for the 1 s period before the object cue appeared), the unit was
labeled as event-responsive. Trials with missing timestamps or interevent
latencies exceeding 2 SDs from the mean session latencies were removed
from the analyses.

Task-factor analysis and multicollinearity control. Neurons that signif-
icantly modulated their activity during the task events were further sub-
jected to a two-way ANOVA with the object category (toy and egg) and
spatial choice (left and right touch responses) as main factors. If the
ANOVA showed significant effects for both factors for a given cell, a
multicollinearity problem (i.e., two factors significantly correlated) was
suspected, and a control analysis was conducted by determining whether
the neuronal firing patterns associated with the correct and error trials
were significantly different from each another while holding either the
object or the choice factor constant. For example, the trials associated
with the toy category were sorted into correct and error trial types (asso-
ciated with opposite spatial responses), and the firing-rate distributions
for the two trial types were compared with one another (¢ test, & = 0.05).
This procedure was repeated for the egg category as well by sorting the
same trials accordingly. If the firing-rate distributions associated with the
correct and incorrect trials for any object category were significantly
different from one another, the significance from the ANOVA for the
object factor was rejected, and the neuron was labeled as not showing
object selectivity. The same procedure was repeated for the choice factor.
These conservative measures conducted in tandem with the ANOVA
ensured that only those neurons relatively free from the multicollinearity
problem were used for analyses in the current study.

Population rastergram analysis. For analyzing neuronal firing patterns
associated with individual objects at the population level, a population
rastergram was constructed for each object stimulus by using all the
neurons (n = 64) that were active in the pre-choice period. Each neu-
ron’s firing rates in the population rastergram were normalized by the
neuron’s maximal firing rate, and the individual neuronal rastergrams
associated with the STD objects were ordered according to the peak firing
locations. The same ordering scheme was used for the AMB objects. The
entire population rastergram was then smoothed with a moving average
method (window size = 5 bins). Once the population rastergram was
constructed (only correct trials were used), the average firing rate for
each time bin was calculated (bin size = 200 ms; 12 bins in total based on
the mean response latency in the pre-choice period).

Post choice peak-firing latency analysis. For the PRC neurons that ex-
hibited maximal firing rates during the post-choice period, a trial-by-
trial latency of the peak firing was measured separately from the moment
of spatial choice and from the food-tray entry event (bin size = 50 ms).
The peak-firing rate in a given trial was defined as the firing rate exceed-
ing 2 SDs from the mean firing rate in the 8 s time window centered at the
choice event. The trials that did not exhibit a peak based on this criterion
and also the cells with peaks emerging outside the post-choice period
were excluded from the analyses. The latency histograms were smoothed
using a kernel density estimation (o = 0.18). The median peak locations
were averaged and compared using a Wilcoxon signed-rank test (o =
0.05).

Receiver operating characteristic (ROC) analysis and response
prediction index (RPI)

The trials were sorted into the following two types based on the choice
outcome of the immediately preceding trial: PreT-correct trial (when a
correct choice was made in the preceding trial) and PreT-error trial
(when an error response was made in the preceding trial). To correct for
spurious effects that might arise from different numbers of sample trials
in PreT-correct and PreT-error trials, a bootstrapping procedure was
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Results

The PRC is required in the OCSC task
In STD sessions, rats made correct choices
in ~80% of the trials, and their perfor-
mance dropped by ~10% in AMB ses-
sions (t;) = 2.62, p = 0.08, t test) (Fig.
2A). In AMB sessions, performance de-
creased significantly as the level of ambi-
guity increased (F 4y = 29.68, p <
I 0.0001, repeated-measures ANOVA) (Fig.
2B). When object ambiguity was low or
moderate (0-2 in Fig. 2B), rats main-
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injection condition. Data are mean = SEM.

conducted by randomly collecting 1000 samples from the Pre-T correct
trials and also from the PreT-error trials as well, and by constructing the
firing-rate distributions associated with the touch responses for the left
and right discs in the pre-choice period for each trial type. An ROC curve
was then plotted based on the two distributions. The size of the area
under the curve (AUC) was measured in the ROC plot. These steps were
repeated for 1000 times to obtain a response prediction index (RPI), and
the AUCs were averaged. The resulting RPI quantified the amount of
overlap in the two firing-rate distributions associated with the opposite

Session

Behavioral performance. A, Performance during standard (STD) and ambiguity (AMB) sessions. The performance
decreased by ~10% in the AMB sessions compared with the STD sessions. Dotted line indicates presurgical performance criterion
for surgery (70%). B, Performance as a function of ambiguity level (0 lowest, 4 highest). The behavioral performance decreased as
the ambiguity level increased. The performance significantly decreased in the high ambiguity conditions (level 3—4) compared
with the STD session (dotted line). ***p << 0.0001. C, The object-categorical bias indices were averaged across animals and plotted
as a function of sessions. Overall, no significant bias was found toward a particular object category in any of the sessions. D, There
was no significant effect of learning across sessions in the AMB sessions. Because only one rat performed on day 5, the analysis was

Impairment in performance upon the inactivation of the PRC. 4, A representative photomicrograph of tissue
injected with fluorescent MUS. Note the localized spread of MUS in the PRC. The number on the right bottom corner
indicates the distance (mm) from bregma. B, PRCinactivation affects the performance in the 0CSC task compared to the SAL

tained performance levels similar to those
during STD sessions (¢ values <2.94, p
values >0.09, Bonferroni-corrected ¢ test,
a = 0.01). By contrast, performance de-
creased significantly when ambiguity was
relatively high (ambiguity levels 3 and 4 in
Fig. 2B), compared with that in the STD
condition (¢ values >33.03, p values
<0.0001, Bonferroni-corrected t test).
Notably, despite the significant decline in
performance, rats still performed signifi-
cantly at above chance level (50%) in the
high ambiguity conditions (¢ values >4.41,
p values <0.001, Bonferroni-corrected one-
sample ¢ test, one-tailed) (Fig. 2B). On av-
erage, we did not observe significant bias
in performance toward a particular object
category across sessions (H = 1.94, p =
0.75, Kruskal-Wallis test) (Fig. 2C), and
no significant improvement in perfor-
mance was seen across AMB sessions
(Fs9) = 193, p = 0.20, repeated-
measures ANOVA) (Fig. 2D). It took
~2.7 s (2.76 = 0.31 s; mean = SEM) on
average for rats to touch the choice disc in
the pre-choice period and ~1.5s (1.60 =
0.11 s; mean = SEM) to enter the food
well from the moment of disc touch in the
post-choice period. The latency did not
differ across the ambiguity levels (F values
<1.75, p values >0.15, repeated-
measures ANOVA).

To determine whether the PRC played critical roles in the
current task, we trained a separate group of animals (n = 3) in the
STD version of the task and tested in the presence or absence of
MUS-induced inactivations in the PRC. According to the histo-
logical results, the diffusion of the fluorescent MUS seemed
largely located in A36 (Fig. 3A), although one needs to be careful
when interpreting the results because the diffusion range of flu-
orescent MUS might be underestimated compared with that of

MUS
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Histological verification of tetrode positions and the number of neurons recorded from the PRC. 4, The histological sections containing the PRC were obtained from an online atlas

(http://cmbn-approd01.uio.no/zoomgen/hippocampus/home.do). Using those online images as templates, the locations of individual tetrodes were marked with dots (color-coded for different
animals). Regional boundaries of the PRC (solid lines) and its subfields A36 and A35 (dotted lines) were demarcated based on the online atlas and the standard atlas (Paxinos and Watson, 2007).
Numbers indicate the relative positions (mm) of the sections from bregma. B, Representative histological sections with tetrode tracks. First and second columns show Nissl-stained tissues. Third
column shows myelin-stained sections. C, Pie charts for showing the number of units in different subregions in the PRC. Only units that satisfied the unit-isolation criteria and were used in the final

analyses are shown. Top, A35 and A36. Bottom, deep and superficial layers.

the standard MUS compound (Allen et al., 2008). Nonetheless,
the histological results should not undermine our behavioral
findings mainly because visual information is critical in the cur-
rent task and A36 is known to receive richer visual inputs from
upstream visual areas than A35 (Burwell and Amaral, 1998).

A paired t test revealed a significant difference in task perfor-
mance between SAL and MUS conditions. Rats with SAL injected
in the PRC performed well (>80% correct performance),
whereas MUS inactivation of the PRC significantly decreased
performance compared with that in the SAL condition (¢,, =
4.00, p = 0.05, paired ¢ test) (Fig. 3B). Compared with the base-
line (one-sample t test), the performance in the SAL condition
was significantly above chance (t,, = 27.71, p < 0.01), whereas
rats performed near at chance level once MUS was injected (¢,, =
3.84, p = 0.06) (Fig. 3B). It is unlikely that nonspecific side effects
of MUS caused the performance deficits because response laten-
cies (measured from object onset to choice) in the two drug con-
ditions did not differ significantly (¢,) = —1.29, p = 0.32, paired
t test).

Spiking properties of PRC neurons

We recorded the activity of single units in the PRC while rats were
tested in AMB sessions. The electrodes covered the dorsoventral
extent of the PRC, sampling units from both deep and superficial
layers of different subfields (A35 and A36) (Fig. 4A,B). Among
the PRC units that were isolated through the cluster-cutting pro-
cedure, 111 units survived the quality criteria (see Materials and
Methods) and were analyzed further (Fig. 4C; Table 1). The mean
firing rate of the units was 4.58 = 0.41 Hz (mean * SEM). Units

Table 1. The number of perirhinal cortical neurons recorded across days”

Ratno.  Region  Layer Day1 Day2 Day3 Day4 Day5 Total
073 A35 Deep — — om — — —
Superficial — — — — —
A36 Deep 3300 1(20) 8(38) 3(8) — 15
Superficial  0(22) 2(13) 3(200 2(14) —
134 A35 Deep — — 0(1) — — —
Superficial 0 (1) — — — — —
A36 Deep 7(200 6(0) 2013 7(14) — 22
Superficial  1(8) 0(9)  0(9) 1(8) — 2
4 A35 Deep 4@ 3@ 06 30 — 10
Superficial — — 230 12 — 3
A36 Deep 20 — 220 20 — 6
Superficial 0 (4) 1(4) 0(1) — — 1
144 A35 Deep — — — — — —
Superficial — 203) 1(5) 0(1) 1(1)
A36 Deep 7011 13) 509  5(11) 365 2
Superficial  2(5)  1(5 209 309 105 9

“Only those cells that met the unit-quality criteria are included. The total number of cellsis indicated in parentheses.

with high firing rates (>10 Hz, n = 10) were eliminated from
further analysis (Hargreaves et al., 2005). For the purpose of cat-
egorizing putative interneurons and pyramidal neurons, we plot-
ted the spike width (measured between the peak and the trough in
the average waveform) against its average firing rate (Fig. 5A).
Based on the scatterplot, the cells showing <250 s (n = 6) in
spike width were categorized as putative interneurons, and the
remaining neurons were categorized as putative pyramidal neu-
rons (n = 94) (Fig. 5A). Therefore, the majority of neurons used
for analyses in the current study were putative pyramidal neu-
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rons. The mean spike width of interneurons was 171.88 = 6.99
us, and that of the pyramidal neurons was 430.52 = 8.28 us
(mean * SEM). The mean firing rates of putative interneurons
and pyramidal cells were 1.77 = 0.30 Hz and 3.64 = 0.23 Hz
(mean * SEM), respectively. It is notable that all putative in-
terneurons exhibited mean firing rates of <3 Hz, and the results
(the absence of high-firing interneurons) are in agreement with
the previous report (Deshmukh et al., 2012).

We also examined the firing patterns of the putative interneu-
rons and pyramidal neurons by drawing a spiking autocorrelo-
gram for each unit. Based on the autocorrelograms, cells were
grouped into the following three categories (Bartho et al., 2004):
(1) bursting neuron, (2) regular spiking neuron, and (3) unclas-
sified neuron. Specifically, the bursting neuron was characterized
by a sharp and large peak at 3—6 ms with an exponential decay
afterward (Fig. 5B, top). Regular spiking neurons exhibited an
exponential rise from 0 to tens of milliseconds, and the maximum
bin value was detected at < 35 ms in the autocorrelogram (Fig.
5B, middle). Cells that did not meet any of these criteria were
labeled as “unclassified” (Fig. 5B, bottom). Of the PRC units
recorded in the current study, 72% were regular spiking neurons
and 20% were bursting neurons. The remaining 8% were unclas-

sified neurons (Fig. 5C). We performed the same classification on
the units excluded from the main analyses and found that the
majority (n = 9) of the units were regular spiking neurons (cells
1-3 in Fig. 5D) and only one unit was categorized as an unclassi-
fied neuron (cell 4 in Fig. 5D).

Neural activity in the PRC is strongly modulated by critical
events in the OCSC task

We then examined whether neuronal firing in the PRC was sig-
nificantly modulated by the pre-choice and post-choice events,
compared with the neuron’s baseline firing rate (i.e., the average
firing rate before the object onset). For this purpose, we con-
structed a perievent rastergram with individual spiking times
aligned in reference to the choice moment (Fig. 6). The firing
rates in the majority of single units (83%) were significantly
changed from the baseline before and/or after the choice re-
sponse was made. Specifically, some neurons (19%) changed
spiking activity significantly only during the pre-choice period by
increasing (cells 1 and 2 in Fig. 6A) or decreasing (cells 3 and 4 in
Fig. 6A) their firing rates relative to their preobject onset baseline
firing rates, and other units (22%) significantly increased or de-
creased their firing rates after the rat made a choice (post-choice
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period) (Fig. 6B). The largest proportion of units (59%), how-
ever, significantly changed their firing rates from baseline for
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during the post-choice period were more likely to show excit-
atory patterns (72%) than inhibitory patterns (28%), relative to
the baseline activity level (F = 7.11, p < 0.01, x* test). A few
neurons (n = 3) also exhibited mixed patterns, with increased
discharge rates in one event period followed by decreased firing
patterns in the other period (cell 16 in Fig. 6C; Table 2). Among
the excluded neurons (n = 10; Fig. 5A), eight neurons signifi-
cantly changed their firing rates during the pre-choice period
(n = 3), post-choice period (n = 2), or both periods (n = 3).

Neuronal discharge in the PRC is modulated by both the
object cue and its associated response, but not by the object
alone

After establishing, as described above, that the majority of PRC
neurons (n = 83 of 100) were strongly modulated in association
with the choice responses made during the task, we examined
whether those units discharged disproportionately in association
with critical task demands, such as object identity and spatial
choice response. A two-way ANOVA was conducted for each
neuron using the object category (toy and egg) and spatial choice
(left and right) as factors. However, because these two factors
were highly correlated in our study (especially in correct trials),
this analysis alone might cause a multicollinearity problem.
Therefore, a more conservative approach was adopted in which
the ANOVA analyses were examined further by using additional
t tests (for details, see Materials and Methods).

To illustrate the relative magnitude of the neuronal responses
associated with different trial conditions, we organized the data
for each neuron into a bubble chart (Fig. 7A), with the size of each
circle indicating the relative response strength of a neuron for a
particular object-choice paired association. For example, before
the rat made its choice response (pre-choice), cell 1 in Figure 7A
discharged more for left choices than for right choices, regardless
of the cueing object. However, this neuron responded signifi-
cantly to the interaction between the object and choice factors in
the post-choice period because the cell showed higher firing rates
relative to the other conditions when the rat touched the disc
located on the right side after sampling the toy object, or when
choosing the disc located on the left side after sampling the egg
object. Notably, we rarely found a neuron in the PRC that specif-
ically responded only to a particular object during the pre-choice
period regardless of spatial choices made (Fig. 7B). Instead, in the
pre-choice period, some neurons (27.7%; Fig. 7B) fired specifi-
cally for a particular choice response, as illustrated by cell 1 and
cell 2 for left and right choices, respectively, in Figure 7A. Other
neurons (6%) fired selectively for the interaction between the
object and spatial responses. Similarly, in the post-choice period,
neurons fired for a particular choice response (18.1%, cell 3 in
Fig. 7A) and for the interaction between object and response
factors (51.8%, cells 1, 2, and 4-6 in Fig. 7A). The firing rate of
only one neuron was significantly modulated by the object factor
alone in the post-choice period. Neurons appeared to respond to
the choice response factor more in the pre-choice period than in
the post-choice period, although no statistical significance was
found (F values < 3.60, p values > 0.06, x* test). By contrast,
significantly more neurons responded to the interaction between
the two factors in the post-choice period than in the pre-choice
period (F = 42.32, p < 0.0001, x* test). For the event-responsive
neurons in the excluded neuronal category (n = 8), only one
neuron fired differentially for a choice response in the pre-choice
period. In the post-choice period, however, some neurons signif-
icantly responded to object (n = 1), response (n = 2), and the
interaction between object and response (n = 4).
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Neuronal population activity in the PRC is influenced by
perceptual ambiguity of object

We further investigated whether the level of ambiguity associated
with the sample object modulated the activity levels of the
response-selective PRC neurons during the pre-choice period by
running a two-way ANOVA (a = 0.05) with the ambiguity level
and the choice response as main factors. Only a small fraction of
neurons (n = 3) showed firing patterns significantly correlated
with ambiguity, and no neuron showed a significant interaction
between the response and the ambiguity level.

We subsequently examined whether the effect of ambiguity
could be observed at the population level by constructing popu-
lation rastergram associated with each object for the pre-choice
period (Fig. 8A; see Materials and Methods). We noted that the
similarity in population firing patterns associated with the origi-
nal STD object became disrupted as the ambiguity level increased
for both object categories (Fig. 8A). The similarity between the
population rastergrams was measured by calculating a Pearson’s
correlation coefficient between the STD object (ambiguity level
0) and its associated four AMB objects (ambiguity levels 1—4)
(Fig. 8B). There were interesting differences between the two
object categories in terms of the changing patterns of the neuro-
nal population across the ambiguity levels. Specifically, the sim-
ilarity in the population activity decreased gradually for the toy
object (Fig. 8B, blue line), whereas the similarity for the egg object
decreased abruptly at the ambiguity level 2 and remained at sim-
ilar levels afterward (Fig. 8B, red line). The correlation coeffi-
cients for both object categories then converged to a similar level
when the ambiguity levels were maximal.

Neuronal firing in the PRC is strongly modulated by

choice outcome

As shown above (Fig. 7), many PRC neurons conveyed conjunc-
tive information for the object identity and response, particularly
in the post-choice period. We hypothesized that the significant
neuronal modulations observed in the post-choice period might
be closely related to the outcome of the choice response because
auditory feedback was given immediately after a choice was made
in our task. However, because the auditory feedback might signal
not only the outcome of a choice but also the presence or absence
of a reward in the food tray at the same time, we examined
whether the post-choice activity in the PRC reflected the choice
outcome or the expectation of a reward.

To dissociate the above possibilities, we first selected neurons
that exhibited maximal firing rates in the post-choice period (n =
25). The peak firing locations in time in the post-choice period
were different among PRC neurons, with some units firing max-
imally immediately after the choice response (e.g., cell 1 in Fig.
9A) and other cells showing longer peak latencies from the choice
moments (cells 2—4 in Fig. 9A). Overall, the peak firing was more
closely coupled to the moment of choice response than to the
food-tray entry event in the post-choice period (median latency
from choice-to-peak firing = 606 ms; median latency from peak
firing to food tray entry = 882 ms; Z= —3.00, p < 0.01 in Wil-
coxon signed-rank test) (Fig. 9B). It is unlikely that these choice-
related firing correlates reflected pure perception of the auditory
feedback because prior studies showed that ~30—40 ms are re-
quired for an auditory signal to reach the PRC (Furtak et al.,
2007a). The above analysis was performed on correct trials only;
however, the peak-firing locations for error trials were similarly
coupled to the choice. The latencies from choice to peak firing
rates measured after correct choices were not significantly differ-
ent from those measured after error responses (Z = —1.44, p =
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0.15, Mann—Whitney U test) (Fig. 9C). These results indicate that
the analyses using the peak-firing locations during the post-choice
period were not significantly influenced by behavioral differences
associated with correct and error responses. Overall, our results sug-
gest that the significant neural activity observed in the post-choice
period in the PRC is more closely related to the choice response itself
and to its outcome than to the reward expectation.

Pre-choice neuronal activity predicts the upcoming choice
better in the PRC with the presence of error-driven feedback
signal in the preceding trial

The significant neural activity observed after the choice response
(Fig. 9) may function as a feedback signal for the outcome of that
choice, which may, in turn, influence the animal’s choice re-
sponse in the next trial. Similar feedback signals have been re-
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ported in other brain areas, including the prefrontal cortex
(PFC), striatum, hippocampus, and orbitofrontal cortex (Kepecs
et al., 2008; Narayanan and Laubach, 2008; Histed et al., 2009;
Wirth etal., 2009; Narayanan et al., 2013), but, to our knowledge,
not in the PRC. To test whether cells in the PRC also exhibit
similar properties, we categorized the post-choice outcome-
selective neurons (n = 43) into two subtypes based on their ac-
tivity profiles: correct-up cells and error-up cells (Wirth et al.,
2009). The correct-up cells increased their firing rates follow-
ing correct choices (n = 21), and the error-up cells did so
following error responses (n = 22) (Fig. 10A). There was no
proportional difference between two categories (F = 0.05, p =
0.83, ¥ test).

By using the ROC methods (see Materials and Methods), we
then investigated whether the neuronal activity in the pre-choice
period in a given trial was a better predictor of the upcoming
choice response when such activity was followed by significant
neural activity in the post-choice period of the preceding trial.
When ROC curves were plotted for correct-up cells and error-up
cells, we noted that the cells in the error-up category seemingly
predicted the upcoming choice response better (i.e., larger AUC)
when an error-related feedback signal was present in the post-
choice period in the preceding trial (PreT error in Fig. 10B),
compared with when a correct choice-related feedback signal was
present (PreT correct). The cells in the correct-up category did
not show such properties (Fig. 10B).

To further quantify the above observations, we estimated the
capability of predicting the choice response in the upcoming trial

given the neuronal activity in the pre-choice period by calculating
RPI (see Materials and Methods). In correct-up cells, the RPIs
between the two trial types (i.e., trials following correct and error
responses, denoted by PreT correct and PreT error, respectively,
in Fig. 10C) were not significantly different from one another
(Z = —0.88, p = 0.37, Wilcoxon signed-rank test), suggesting
that the neural feedback in the post-choice period after correct
choices (in correct-up cells) did not significantly influence the
choice response in the next trial. The significant enhancement in
the predictability of the upcoming response in the error-up neu-
rons was observed only when the error was made in the immedi-
ately preceding trial (i.e., trial lag 1); that is, when the trial lag was
increased to two or three, the RPI was not significantly different
regardless of the outcome of those trials (Z > — 1.06, p values >0.28,
Wilcoxon signed-rank test).

However, in the error-up neurons, the RPI was significantly
higher for trials when the previous choices resulted in errors
compared with trials having preceding trials associated with cor-
rect responses (Z = —2.17, p < 0.05, Wilcoxon signed-rank test)
(Fig. 10C). Higher RPIs in the PreT-error trials for the error-up
neurons were observed in the majority of animals (3 of 4 rats).
The RPIs for the trials following the error-related feedback signals
were also significantly higher than the baseline RPI obtained
from 1000 randomly shuffled trials (Z = —2.17, p <0.05) in the
error-up neurons, whereas no significant difference was found in
the trials that were not associated with the feedback signals when
tested using the same procedures (Z = —0.38, p = 0.70, Wil-
coxon signed-rank test) (Fig. 10C). For the correct-up neurons,
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both the RPIs from PreT-correct and
PreT-error trials were not significantly dif-
ferent from the shuffled baseline (Z val-
ues > —1.72, p values >0.08, Wilcoxon
signed-rank test) (Fig. 10C). These results
suggest that the neural activity in the PRC in
the pre-choice period was significantly in-
fluenced by the error-driven feedback signal
from the immediately preceding trial.

Discussion

In the current study, rats discriminated
the 2D object images successfully, and the
inactivation of the PRC impaired perfor-
mance. PRC neurons fired specifically for
particular spatial responses, often in con-
junction with the cueing object, but the
exclusive object-specific firing was rarely
observed. The effect of perceptual ambi-
guity was minimal at the single-cell level
but was visible at the population level. Many
PRC neurons conveyed information about
choice outcome, and we found that the
error-driven post-choice neuronal feedback
in a given trial increased the neuronal selec-
tivity for the choice response during the pre-
choice period in the following trial.

The PRC has been viewed as an area
critical for object recognition memory
(Meunier et al., 1993; Ennaceur et al.,
1996; Buckley and Gaffan, 1998; Winters
and Bussey, 2005). However, PRC neu-
rons rarely signaled object-specific infor-
mation before making a choice in our
study, and the results appear incompati-
ble with the primate literature (Brown et
al., 1987; Miyashita and Chang, 1988; Liu
and Richmond, 2000; Naya et al., 2003).
Although most prior primate studies re-
corded neurons from a broadly defined
inferotemporal cortex, including the
PRC, TE, and entorhinal cortex, and thus
more focused investigations on specific
regions are needed in the future, we may
speculate on why an object-specific signal
was not observed in the current study.
First, it may simply be attributable to
species-specific differences. Sensory and
perceptual systems (especially the visual
system) might be different between ro-
dents and primates. For example, object
recognition signals in the rodent brain
may be identified at earlier processing
stages (e.g., TE). One may also need to
consider, however, that behavioral par-
adigms were also very different between
primate and rodent studies. Specifically,
the above-mentioned primate studies
used a head-fixed design, and choices
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were made by a saccadic eye movement or a bar release (Mi- Sensory dimensions associated with an object might also be
yashita and Chang, 1988; Liu and Richmond, 2000; Naya etal., ~ critical in determining the involvement of the PRC during object
2003), whereas rodents are usually freely moving during  recognition memory. In most rodent studies, spontaneous

testing.

object-recognition tasks were used in which rats were allowed to
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explore 3D objects, presumably using multimodal sensory infor-
mation (Burkeetal., 2012, 2014; Deshmukh etal., 2012). A recent
study reports a lack of repetition-induced response decrement
in human visual association areas when 3D objects were intro-
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Another possibility is that PRC neu-
rons may require an explicit delay be-
tween object sampling and choice to
exhibit object-specific firing patterns.
Prior physiological studies using primates
used delayed matching or nonmatching
tasks in which a sample and a test stimulus
were presented across an explicit delay
(Brown et al., 1987; Miyashita and Chang,
1988; Liu and Richmond, 2000; Naya et
al., 2003).

In the current study, the task required
object information to be immediately
translated into an appropriate spatial re-
sponse for making a behavioral choice.
Given such task demands, it should be
critical for both nonspatial and spatial in-
formation to be conjunctively processed,
possibly making communication between
the PRC and POR crucial. According to a
theory of the spatial versus nonspatial in-
formation pathways in the medial tempo-
ral lobe, the PRC is primarily concerned
with nonspatial information, such as ob-
ject information, whereas the POR is
more involved in processing spatial infor-
mation (Burwell, 2000; Hargreaves et al.,
2005; Eichenbaum and Lipton, 2008;
Henriksen et al., 2010; Lee and Lee, 2013).
The results of our study, as well as those of
several previous studies, do not fit to such
a simplified view. For example, a recent
study (Furtak et al., 2012) showed that
single units in the POR conveyed con-
junctive information for both object and
place. Other studies also found that PRC
neurons exhibited location-specific re-
sponses in association with objects (Burke
et al., 2012; Deshmukh et al., 2012).

Some of the recent theories position
the PRC at the final stage of visual per-
ception in the ventral visual pathway
(Bussey et al., 2005; Cowell et al., 2010),
especially when individual features be-
tween objects overlap (Bussey et al.,
2002; Lee et al., 2005; Murray et al.,
2007; Baxter, 2009). The literature
shows mixed results for the involvement
of the rodent PRC in ambiguous object
recognition. Some studies reported sig-
nificant deficits (Eacott et al., 2001;
Norman and Eacott, 2004; Bartko et al.,
2007), whereas the opposite results were

also reported (Clark et al., 2011). It is important to note that
the supporting evidence for the perceptual roles of the PRC
was obtained mostly from behavioral studies using a concur-
rent object discrimination paradigm, but direct physiological

duced as stimuli instead of 2D images (Snow et al., 2011),and  evidence for the hypothesized role of PRC has been lacking. In
this may also be the case in animals. The rodent PRC may be  our study, the effect of object ambiguity was visible at the
attuned to multimodal object information to integrate sensory  neuronal population level, but not at the individual neuronal
inputs from multimodal systems (Burwell and Amaral, 1998;  level, and the results may provide a first physiological hint that
Kealy and Commins, 2011). These possibilities may needtobe  the neuronal population in the PRC may be involved in resolv-
examined in future studies. ing ambiguity in object stimuli.
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The ambiguity levels for two object categories affected the
PRC population responses differentially (Fig. 8B). That is, a close
examination of the individual stimuli along the morphing con-
tinuum indicates that, for the toy object, the morphing procedure
influenced mostly the outer shape of the original stimulus, ren-
dering more “egg-like” shapes for the AMB objects, whereas the
detailed within-object features were preserved across the mor-
phing levels (Fig. 1B). By contrast, for the egg object category, the
contours of the morphed egg objects were largely preserved, but
the within-object features associated with the toy object became
suddenly visible (against white background) even at the lower
level of ambiguity (Fig. 1B). The PRC neuronal population main-
tained STD object-related signal relatively better in the toy object
category than in the egg object category. The results suggest that
detailed visual features of an object provide more information to
the PRC than the shape and contour of the object.

There was a significant, outcome-dependent modulation of
PRC neuronal activity immediately after the rat made a choice
response in our study. The increase in neuronal response might
function as feedback for choice. Similar neurons have been doc-
umented in other brain regions, including the PFC, striatum
(Histed et al., 2009), and hippocampus (Wirth et al., 2009) in
primates, and the orbitofrontal cortex in rodents (Kepecs et al.,
2008). In the Histed et al. (2009) study, for example, neurons in
the PFC and the striatum increased direction-selective responses
following correct trials in monkeys. Similarly, Wirth et al. (2009)
demonstrated that primate hippocampal neurons with increased
activity following correct trials (correct-up cells) displayed a
stronger stimulus-selective response that paralleled learning in
an object-place associative task (Wirth et al., 2009). Similar ob-
servations were also made in the dorsomedial PFC in rats (Naray-
anan and Laubach, 2008) and the medial PFC in rats and humans
(Narayanan et al., 2013); Narayanan and Laubach (2008) re-
ported that the neuronal firing patterns in the dorsomedial PFC
were significantly modulated following errors in a simple
reaction-time task. Narayanan et al. (2013) also found that low-
frequency oscillations within the area increased in both humans
and rats specifically after errors were made.

The results of our study bear some similarity with the results
ofthe prior studies because the neural feedback signals in the PRC
were driven more by errors than by correct responses made dur-
ing the preceding trials. Such error-driven signals may be attrib-
utable to the strong interconnections between the PRC and the
amygdala (Pitkanen et al., 2000; Kajiwara et al., 2003; Perugini et
al., 2012). Neurons in the amygdala increase activity in anticipa-
tion of an aversive outcome (Schoenbaum et al., 1998). Similarly,
in humans, the amygdala is more engaged when declarative
memory encoding is motivated by a threat of punishment than by
an incentive (Murty et al., 2012). The interactions between the
amygdala and the rhinal cortical regions are also facilitated when
facing emotionally arousing stimuli, and the amygdala may pro-
vide a strong feedback to the PRC once an error choice is made
(Liu et al., 2000; Paz et al., 2006). Such negative feedback signal
may strengthen the correct connections between objects and re-
sponses, and weaken the incorrect object-response connections
in the PRC. The feedback-driven modulation following correct
responses in our study might stem from dense dopaminergic
projections to the PRC from subcortical regions, including the
ventral tegmental area, ventral striatum, and substantia nigra
(Schultz et al., 1993; Schultz, 1998; Li et al., 2003).

Our study suggests that the roles of the PRC may go beyond
simply representing object memory in rodents, especially when a
rat is required to make choices between different responses after
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recognizing an object. The PRC may provide a neural space in
which a variety of object-associated variables (e.g., emotional
significance, motivational feedback, response requirement) are
represented dynamically according to task demands.
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