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Abstract—The functional dichotomy of anatomical regions of the medial prefrontal cortex (mPFC) has been tested
with greater certainty in punishment-driven tasks, and less so in reward-oriented paradigms. In the infralimbic
cortex (IL), known for behavioral suppression (STOP), tasks linked with reward or punishment are encoded
through firing rate decrease or increase, respectively. Although the ventral tegmental area (VTA) is the brain
region governing reward/aversion learning, the link between its excitatory neuron population and IL encoding
of reward-linked behavioral expression is unclear. Here, we present evidence that IL ensembles use a
population-based mechanism involving broad inhibition of principal cells at intervals when reward is presented
or expected. The IL encoding mechanism was consistent across multiple sessions with randomized rewarded tar-
get sites. Most IL neurons exhibit FR (Firing Rate) suppression during reward acquisition intervals (T1), and sub-
sequent exploration of previously rewarded targets when the reward is omitted (T2). Furthermore, FR suppression
in putative IL ensembles persisted for intervals that followed reward-linked target events. Pairing VTA glutamate
inhibition with reward acquisition events reduced the weight of reward-target association expressed as a lower
affinity for previously rewarded targets. For these intervals, fewer IL neurons per mouse trial showed FR decrease
and were accompanied by an increase in the percentage of units with no change in FR. Together, we conclude
that VTA glutamate neurons are likely involved in establishing IL inhibition states that encode reward acquisition,
and subsequent reward-target association. ! 2024 IBRO. Published by Elsevier Inc. All rights reserved.
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INTRODUCTION

The medial prefrontal cortex (mPFC) is a neocortical
region that governs executive behavior, learning,
memory, and guided decision-making, among other
functions (Ferenczi et al., 2016; Nakayama et al., 2018;
Coley et al., 2021; Hardung et al., 2021). The population
of neurons in the prefrontal cortex is heterogeneous. In
addition to the anatomical neuronal heterogeneity, parts
of the prefrontal cortex can also be distinguished function-
ally (Hoover and Vertes, 2007; Nakayama et al., 2018;
Shipman et al., 2018; Capuzzo and Floresco, 2020;
Anastasiades and Carter, 2021; Green and Bouton,
2021). Notably, the cingulate gyrus (CG), infralimbic
(IL), and prelimbic (PrL) cortical regions contribute to dif-
ferent behavioral responses through local cortical, and

extra-cortical pathways (Euston et al., 2012; Oler and
Fudge, 2019; Chen et al., 2021). Among other functions,
the mPFC is central to novelty and context discrimination
neural circuits that guide the brain to focus on what is
new, and relevant to a particular situation in time
(Schwartz et al., 2002; Nett and LaLumiere, 2021).
Through this mechanism, the brain associates environ-
mental stimuli with events and recalls these associations
to guide future decisions (van Kesteren et al., 2012; Park
et al., 2021; Wang et al., 2021; Wu et al., 2022). These
adaptive mechanisms are pertinent to survival, and the
ability to learn or recall what is learned towards obtaining
rewards or avoiding punishments.

There is consensus that mPFC principal neurons are
dichotomous such that the PrL neurons promote
behavioral expression (i.e., GO), and infralimbic neurons
suppress behavioral expression (i.e., STOP). Together,
the overarching functional dichotomy of the mPFC
depicted as ‘‘PrL-GO/IL-STOP” has been tested with
greater certainty in punishment-oriented tasks, and to a
lesser extent in reward-driven tasks (Moorman and
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Aston-Jones, 2015; Moorman et al., 2015; Riaz et al.,
2019; Capuzzo and Floresco, 2020; Nett and
LaLumiere, 2021). A prevailing school of thought pro-
poses that the firing rate (spikes/sec) of PrL principal neu-
rons increases in reward-oriented tasks while the FR of IL
principal neurons is mostly suppressed in similar tasks
(Ishikawa et al., 2008; Moorman and Aston-Jones,
2015; Moorman et al., 2015). Therefore, either exoge-
nous stimulation of IL neurons or the inhibition of PrL neu-
rons can suppress the expression of reward-oriented
behavior (Jonkman et al., 2009; Moorman and Aston-
Jones, 2015; Nett and LaLumiere, 2021).

Results of recent studies provide evidence that the
‘‘PrL-GO” or ‘‘IL-STOP” component of the mPFC
functional dichotomy is not ‘‘all or none”. Rather, sub-
populations of principal neurons in ensembles tune the
directionality of their firing rate (DFR) depending on the
valence of the context or task (Ishikawa et al., 2008;
Moorman and Aston-Jones, 2015). Thus, it is likely that
various sunsets of principal cells in an ensemble will exhi-
bit an increase, a decrease, or no change in DFR direc-
tionality if a reward is presented, omitted, or paired with
a probability of punishment (Moorman and Aston-Jones,
2015; Ferenczi et al., 2016; Park and Moghaddam,
2017; Jacobs and Moghaddam, 2020; Chen et al., 2021;
Green and Bouton, 2021). Although inhibition of IL princi-
pal cell firing is pertinent to the expression of reward-
oriented behaviors, the extent of such inhibition within IL
ensembles when a reward is present, compared to when
it is anticipated but not presented remains unclear. Fur-
thermore, it is unclear whether the suppression of IL firing
states that encode reward-oriented events are similar in
threshold and timing when the location or context associ-
ated with the reward is randomized per session, and over
a prolonged duration.

In addition to the suppression of IL firing rate, the
expression of reward-oriented behavior is also
dependent on the activation state of neuron subgroups
in the mesocorticolimbic ventral tegmental area (VTA)
(Chau et al., 2004; Lisman and Grace, 2005; Luscher
and Malenka, 2011; Salvetti et al., 2014; Broussard
et al., 2016; Hu, 2016; Bouarab et al., 2019). There is
significant evidence that modulation of the VTA impacts
cortical decision-making (Lisman and Grace, 2005;
Brischoux et al., 2009; Ghanbarian and Motamedi,
2013; McNamara et al., 2014; Funahashi, 2017;
Duszkiewicz et al., 2019). Recent studies also demon-
strate that reciprocal connections between the VTA
and mPFC moderate broad aspects of behavioral
response to contextual valence (Moorman et al., 2015;
Park and Moghaddam, 2017). Although the VTA con-
tains mostly dopamine neurons, its projections to the
mPFC also include glutamate and GABA tracts that
exert modulatory effects on the firing properties of princi-
pal neurons to drive diverse behavioral responses
(Floresco et al., 2001; Ford and Williams, 2008;
Lammel et al., 2014; Hu, 2016; Ntamati and Luscher,
2016; Yoo et al., 2016; Bouarab et al., 2019; Liu and
Kaeser, 2019). Specifically, VTA glutamate neurons
are responsive to both punishment and reward-
oriented executive tasks and exert modulatory effects

on excitatory and inhibitory neuron populations in the
IL (Yoo et al., 2016; Montardy et al., 2019).

The directionality of DFR for subsets of IL principal
cells, and the timing of activation or suppression is
pertinent for behavioral response (Moorman and Aston-
Jones, 2015; Moorman et al., 2015; Park and
Moghaddam, 2017; Nett and LaLumiere, 2021). Although
anatomical evidence demonstrates VTA glutamate inner-
vation in the various anatomical regions of the mPFC
(Yoo et al., 2016; Park and Moghaddam, 2017;
Montardy et al., 2019), it remains unclear how VTA gluta-
mate inputs modulate the timing and directionality of IL
principal cell ensembles duing reweard-oriented tasks.
Here, we combined in vivo IL recording with optogenetic
inhibition of VTA glutamate neurons in freely behaving
mice during food reward acquisition in a random location
(trial 1), followed by an omission of the reward at the
same location (trial 2). Our results show the majority of
principal neurons in IL ensembles exhibit FR suppression
at intervals of reward acquisition, or exploration of a pre-
viously rewarded target without a reward present. For
multiple experimental sessions, with randomized target
locations, the observed IL encoding pattern was consis-
tent. However, pairing the reward with VTA glutamate
inhibition reduced the fidelity of FR suppression in IL
ensembles, leading to a decrease in reward-driven
behavioral expression.

EXPERIMENTAL PROCEDURES

The IACUC committee of the LSU School of Veterinary
Medicine approved all procedures involving the handling
and use of animals. Adult male Vglut2Cre mice were
weighing !25 g used for this study (n = 4). Mice were
anesthetized by intraperitoneal ketamine/xylazine
(100:10 mg/kg) injection. After the plane of anesthesia
was established, the head was fixed on a stereotaxic
frame to expose the cranial sutures. Anteroposterior
(AP) and mediolateral (ML) coordinates of the
infralimbic cortex (AP: +1.94 mm, ML: +0.3 mm) and
VTA (AP: "3.08 mm, ML: +0.5 mm) were determined
relative to the bregma, and craniotomies were
performed over these regions.

Electrode implant in the mPFC

Chronically implantable silicon probes (Neuronexus,
USA) were lowered into the mPFC such that the four
electrode contact sites were positioned in the infralimbic
cortex (Fig. 1(A)). Stainless steel ground and reference
wires on the probes were connected to screws fixed in
the occipital bone. The neural probe was connected to a
preamplifier head stage and tethered to an amplifier
controller (Intantech, USA) to detect spontaneous neural
activity in the layers of the cortex. Multiunit spikes were
detected by using a lower–upper frequency cutoff range
of 0.3–5 kHz, and a sampling rate of 25 K/s. The
position of the electrode contact sites was adjusted to
dorsoventral coordinates (DV: 3.2 mm) that correspond
to the infralimbic cortex (Fig. 1(B)).
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AAV injection and fiberoptic cannula placement in
the VTA

Double floxed adeno-associated virus (AAV5-DIO-
eNpHR3.0-mCherry) harboring light-controlled inhibitory
opsin (eNpHR3.0) (AddGene, USA) was injected into the
VTA of Vglut2Cre mice at a depth (DV) of 4.4–4.5 mm.
The AAV was delivered at 60 nl per minute, and up to a
volume of 600 nl was injected into the VTA close to the
midline (ML = 0.3–0.5 mm) to facilitate bilateral

expression of eNpHR3.0 and
mCherry (Fig. 1(C)). The injection
needle was in place for 15 min
before the gradual withdrawal.
Subsequently, a fiberoptic cannula
(250 lm thick) was positioned in
the AAV injection site within the
medial VTA (Fig. 1(C)) up to a
depth of 4.30–4.35 mm. Adequate
in-operative and post-operative
care was given to mitigate pain and
discomfort that may result from the
procedure. Animals recovered
before 72 h and were assessed in
behavioral tests after 7 days.

Food reward acquisition and
VTA photomodulation

Thesamesetofmicewasassessed in
three baseline and six optogenetic
modulation sessions. All behavioral
test sessions were acquired with
Ethovision XT15 fitted with a
hardware control module for
timelocking behavioral events with
neural recording and optogenetic
modulation. Mice with neural
implants were familiarized with a
rectangular open-field chamber
containing four reward pots, each
positioned in a corner, and numbered
clockwise (i.e., 1–4, Fig. 1(D)). For
the training session, food was
presented at all locations so that
mice associate each pot with a
reward, and were motivated to
explore in search of food after a
fasting period (3–4 h). The training
session was performed at 48 h and
24 h before the experimental test
session.

The experimental session
assessed the affinity of a mouse for
a single rewarded target compared
to three non-rewarded (non-target)
sites. As such, when a mouse
explores the target to obtain the
food reward (reward, Trial 1:
10 min), the duration spent exploring
the target, and the frequency of
revisits to the target were compared
to the non-target outcomes. After a

45-minute waiting period in the home cage, the animal was
re-assessed for its affinity for the target site without a
reward present (omission, Trial 2: 10 min). Similarly, time
spent exploring the target (without a reward), and the
frequency of revisits to the target were compared to the
non-target outcomes for the omission trial (T2).

In the first trial, it is expected that the mouse will obtain
the food reward from the target position, explore the non-
reward cups (non-target positions), and return more

Fig. 1. Optogenetic modulation of VTA glutamate neurons and infralimbic cortical (IL) recording
in a reward-driven task. (A) Schematic illustration of electrode placement in the IL and double floxed
AAV-DIO-eNpHR3.0-mCherry expression in VTA glutamate neurons of Vglut2Cre mice. Fiber optic
cannula placement in the VTA demonstrates 610 nm light radius (20 Hz) applied for VTA modulation
(bregma "3.08 mm AP. VTA: ventral tegmental area, MM: mammillary nucleus, SNr: substantia nigra
reticular part, IF: Interfascicular nucleus,ml: medial lemniscus). (B) A representative brain slice showing
the track of an implanted silicon neural probe shank in the IL (scale bar = 1 mm). (C) Fluorescence
image showing the expression of AAV-DIO-eNpHR3.0-mCherry in VTA glutamate neurons of Vglut2Cre

mice (scale bar = 1 mm). (D) Schematic illustration of the experimental setup for reward-oriented
exploration behavioral task. (E) Schematic illustration of experimental timeline post-surgery illustrating
baseline experiments (days 7–21) and VTA modulation (days 25–60). Table illustration of training,
baseline, and VTA modulation sessions. (F). Representative fluorescence image demonstrating the
spread of AAV-DIO-eNpHR3.0-mCherry in the VTA of a Vglut2Cre mouse (scale bar = 0.75 mm).
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frequently to the reward target for the duration of the trial
(Figure 1D, e.g., position 4). This will indicate that the
mouse recognized the target location for the trial, and
has associated the location with the reward. Similarly,
during the omission trial, it is expected that the mouse
will visit the target position (i.e., position 4) more
frequently than non-target positions in anticipation of a
reward since this site is now associated with the reward
received during the first trial. For each trial and session,
the expression of foraging behavior was assessed by
the mean distance and velocity. The percentage of
correct attempts or errors was also compared for the
rewarded trial (T1) and omission trials (T2). A correct
attempt represents a visit to the target from any non-
target position. Conversely, error in an attempt
represents transitions from one non-target to another.

Across sessions, the target position was randomized
such that none was repeated in sequence. Here, ‘‘reward
acquisition (T1)” or ‘‘previously rewarded target
exploration (T2)” involves nose point positioning over the
target for more than 1 s. For the three baseline sessions
(no VTA modulation in T1), positions 3, 1, and 4 were
selected as targets, and in sequence. These sessions
were performed from post-surgery day 7 to 21 (Fig. 1(E)).
Acquiring a reward from the target (T1), and exploring a
previously rewarded target (T2) was mapped via a TTL
output signal synchronized with the continuously recorded
infralimbic cortical spikes. For these trials, non-target sites
were mapped to a second TTL output and time-locked
with the continuously sampled spikes. Since robust AAV
expression is expected from 21 days post-injection, six
experimental sessions with paired reward and VTA
glutamate inhibition were performed between day 25 to
day 60 (Fig. 1(E)). To synchronize events, a TTL signal
driven by reward acquisition (T1) was split to trigger
20 Hz pulses from 610 nm LED when the nose point is in
a target zone (pot) for more than 1 s. In subsequent
omission trials, the 610 nm light was turned OFF. The
location of the fiberoptic cannula in the VTA was verified
by fluorescence localization of VTA glutamate neurons,
and tissue lesions above the VTA (Fig. 1(F)).

Spike sorting and single unit detection: In an
Offline spike sorter (OFSS, Plexon, USA), extracellular
spikes were pre-processed with a Butterworth filter
(300 Hz to 5,000 Hz) to remove anatomical drifts and
local field potential artifacts. Single unit clustering of the
recorded spike was performed by principal component
analysis (PCA) to detect putative mPFC principal
neurons. To improve the signal-to-noise ratio, an
amplitude discrimination step was implemented in the
OFSS. A lower peak crossing threshold that is 5x the
root mean square (RMS) was set for each electrode
channel to eliminate noise and artifact spikes (Quiroga,
2012; Chung et al., 2017; Swindale et al., 2017). Where
necessary unsorted spikes were manually invalidated,
since more than one putative unit was detected on each
electrode channel, and spikes were further discriminated
against based on the interspike interval (ISI). As such,
for two spikes to be assigned to the same putative unit,
the ISI must be > 1 ms. This step accounts for the refrac-
tory period in action potential and prevents ISI violation

(Quiroga, 2012; Chung et al., 2017). Post-processing
overlap analysis (splitting and merging) was performed
in the Spikesorter software (Swindale et al., 2017).

Characterizing cortical PYR units in CA1
ensembles: Waveforms of clustered units were
inspected across all channels. Viable units were
accepted based on the autocorrelogram (ACG), firing
rate (FR Hz), and waveform valley-to-peak time (l sec).
Putative units with a valley-to-peak time range of 400–
650 ls and distinct ACG peaks at 0 ms, followed by a
rapid decay (50 ms) were characterized as putative
pyramidal cells (Bartho et al., 2004; Sotres-Bayon et al.,
2012). Interneuron ACGs have a distinct trough at 0 ms,
with sustained activity. Interneurons were further distin-
guished from pyramidal cells by the absence of complex
spiking and higher firing rate scores. Putative units identi-
fied as cortical principal cells have a mean firing rate that
ranges between 0.1 to 5 Hz. Based on the shape of the
waveform, ACG, and firing rate, it is likely that most of
these neurons are glutamatergic cells (Bartho et al.,
2004; Moorman and Aston-Jones, 2015).

Statistics: Sorted spikes for detected putative
principal cells were exported to Neuroexplorer (Nex
Technologies, USA) for further analysis of the FR, and
comparison of the change in FR across intervals.
Results from spike analysis and Ethovision XT15
behavioral tracking were further analyzed in OriginPro
2024 software. The same group of four mice underwent
three baseline sessions (day 7-21 post-surgery) and six
VTA modulation sessions (day 25–60 post-surgery).
During all experimental sessions, synchronized
behavioral tests and IL firing rate outcomes were
compared for T1 (target containing reward) and T2
(reward omitted at target). Normality distribution was
determined using Kolmogorov-Smirnov test. With
normally distributed data, a paired T-test was conducted
to determine if mice exhibited similar affinity for the
target when it was rewarded (T1), and after 45 min
when it was simply associated with a reward (T2:
omission). In subsequent analysis, the outcomes for
each mouse/trial/session were compared between
baseline and VTA modulation sessions using a Two-
sample T-test to determine the significance when equal
variance is assumed or not assumed. By comparing T1
or T2 in baseline sessions with those in
photomodulation sessions, the group (i.e., mice) served
as its control in testing the effect of VTA glutamate
neurons on reward-linked behavior and IL firing patterns.

One-way ANOVA – with Tukey post hoc test and F-
value of variance – analysis was used to compare all
baseline and VTA modulation trials (T1: rew, T2: o-rew,
T1: rew/VTA glu 610 nm ON, and T2:o-rew/610 nm
OFF). Specifically, mean distance (cm) and mean
velocity (cm/s) were compared to detect changes in
chamber exploration propensity. Likewise, the mean
spontaneous FR (Hz) was compared to detect any
variation in IL principal cell activity during exploration
events not associated with target or non-target intervals.

Statistical analysis for IL firing rate measures was
presented in two forms. First, firing rate outcomes were
determined for neurons sampled during a specific trial
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(T1 or T2) across all experimental sessions. Secondly,
the outcomes were presented as averages of IL firing
rate per mouse for each trial/session. The results for
both forms of analysis were comparable.

RESULTS

Behavioral test outcome for reward-oriented
exploratory behavior

For this test, mice performed a task to associate a specific
location – one out of four – with a food reward. The
sessions were conducted every three days, and the
food reward was randomized across all the sessions.
During each session, mice were presented with a set of
four locations (pots), with one location containing the
reward in the trial (T1: ‘‘rewarded target”), and the same
location being without a reward in the second trial (T2:
‘‘previously rewarded target”). The remaining three
locations were considered ‘‘non-targets” because they
did not contain a reward in T1 and were not associated
with a reward in T2. Mice were expected to show a
preference for the target location when the reward was
presented (T1). After 45 min, it is expected that mice
will preferentially explore the previoulsy rewarded target
location in anticipation of a reward when it was omitted
(T2). This behavior would indicate that mice associated
the location – during T2 – with the previously obtained
food reward in T1. By allowing several days between
sessions, the novelty of the task was maintained.
Additionally, randomizing the target location ensured
that each learning session was unique and avoided
repetition in the target sequence across sessions.

During baseline sessions, mice explored reward pots
and obtained a reward from the target in T1. Overall,
mice showed a preference for the rewarded target in
comparison to non-targets and revisited the target
multiple times during T1 (Movie 1). A representative
activity tracking (heat) map for a subject mouse in Movie
1 (Fig. 2(A)) further demonstrated this. In omission trials,
mice preferred the previously rewarded target position
over the non-targets (Trial 2; Movie 2). These
observations remained consistent across experimental
sessions with different (randomized) target positions

Movie 1.

Movie 2.

The results showed that mice exhibit a strong affinity for
the ‘‘target location” in T2 once it has been associated with a
previous reward (during T1). The mean distance covered
(Fig. 2(B), p = 0.47) and velocity of chamber exploration
(Fig. 2(C), p = 0.28) were not significantly different
between the reward acquisition (T1) and subsequent
omission (T2) trials. Additionally, the frequency of visits to
the target position (Fig. 2(D), p = 0.56) and exploration
duration in the target zone (Fig. 2(E), p = 0.96) were also
similar for the reward acquisition and omission trials. The
frequency of direct target re-visits (Fig. 2(F), p = 0.14)
and non-target revisits (Fig. 2(G), p = 0.69) also did not
change significantly when rewarded trials were compared
with the subsequent omission trials. Lastly, the percentage
of correct attempts (Fig. 2(H), p = 0.23) and errors
(Fig. 2(I), p = 0.13) were comparable between the two
trials. Overall, the results showed that mice were able to
identify and locate a reward at random locations, and
continued to search for it at the same location even when
it was omitted subsequently.

VTA glutamate neurons in reward learning and
context association

The role of VTA glutamate neurons in reward-oriented
exploratory behavior and context association was studied
by selectively inhibiting the neurons with 610 nm light
pulses when the animal reached the target cup to acquire
the food reward (T1-reward/610 nm ON). The
photoinhibition did not affect the chamber exploration
behavior across experimental trials and sessions.
Therefore, there was no significant difference in the mean
distance (Fig. 3(A), p > 0.05. ANOVA Fvalue = 0.6344,
DF = 3, and p = 0.596) or velocity (Fig. 3(B), p > 0.05.
ANOVA Fvalue = 2.547, DF = 3, and p = 0.065)
recorded during reward acquisition (T1) and omission (T2)
trials of baseline and VTA modulation sessions.

Although chamber exploration was unaffected, selective
inhibition of VTA glutamate neurons reduced the interest of
mice in the food reward (Fig. 3(C), reward). As a result,
VTA glutamate inhibition caused a decrease in the
frequency of visits to the rewarded target in T1 (T1-
reward/610 nm; Movie 3). In the subsequent omission trial,
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for which VTA glutamate inhibition is removed (610 nm light
is turned OFF), mice did not show a preference for the
previously rewarded target position that was paired with
VTA glutamate inhibition (T2-omission/610 nm OFF; Movie
4). The results show that inhibiting VTA glutamate neurons
during reward acquisition decreases the frequency of
reward target visits (Fig. 3(D), p = 0.03) and the duration
of exploration (Fig. 3(E), p = 0.02) in the omission trial. In
comparison, the frequency and exploration duration during
baseline reward acquisition and omission were not
significantly different (Fig. 2(D-E)).

Movie 3.

Movie 4.

During reward acquisition trials (T1), if the VTA
glutamate neurons are selectively inhibited (610nm ON),
the frequency of target revisits during omission trials
decreases significantly (Fig. 3(F), p = 0.002). However,
the frequency of revisits to non-target positions does not
change significantly (Fig. 3(G), p = 0.13). This implies
that inhibition of VTA glutamate neurons during reward
acquisition had no significant effect on chamber
exploration but reduced the affinity of mice for the target
when the reward was omitted. As a result, in omission
trials (T2), the percentage of correct events that indicate

transitions from non-targets to a previously rewarded
target, decreased when the prior reward acquisition
event (T1) was paired with VTA glutamate inhibition
(Fig. 3(H), p = 0.0498). There is also an increase in
errors, indicating that mice recorded an increase in
transition between multiple non-targets (Fig. 3(I),
p = 0.008). These results show that pairing reward
acquisition with VTA glutamate neuron inhibition
decreased the weight of reward events that are
attributed to the target.

Change in FR of putative mPFC cells encodes
reward-oriented exploratory behavior

IL cortical neural spikes were sampled continuously and
specific intervals spent at target and non-target
locations were determined using TTL outputs. When a
mouse gets a reward (T1) or explores a previously
rewarded target cup (T2) TTL signals are generated if
the nose point exceeds 1 s inside the target zone (i.e.,
the reward cup). TTL signals connoting specific
behavioral events time-locked target and non-target
intervals with the IL spike train (baseline), or IL spike
train with photo inhibition (VTA modulation). Putative IL
neurons, which appear mostly glutamatergic, were
identified by the shape of waveforms, firing rate, and
autocorrelogram (ACG) (Fig. 4(A)) (Bartho et al., 2004;
Moorman and Aston-Jones, 2015; Zielinski et al., 2019).
Clusters of mPFC principal neurons used for subsequent
analysis were selected based on waveform valley-to-peak
duration and FR (Fig. 4(B)). Putative IL neurons with a
minimum FR of 0.2 Hz and a maximum range of 5 Hz,
having narrow or wide waveforms were included for anal-
ysis. The FR of putative IL units during target intervals
was normalized with the respective spontaneous FR val-
ues derived from the same spike train.

IL representation of reward acquisition, and
subsequent omission at a target

Across three separate baseline sessions (Fig. 2(A-I)),
mice acquired the food reward (T1) and showed a
comparable preference for the target when the reward
was removed subsequently (T2) (Fig. 5(B)). Thus, there
was no significant difference in the target index (targ./(ta
rg. + non-targ.) for mice during the reward and
omission trials. This result suggests that mice with
normal foraging behavior have a similar preference for a
target when it contains or is associated with a reward
(Fig. 5(C), p = 0.13).

Spikes of putative IL principal neurons sampled during
the reward acquisition intervals (T1) and subsequent
exploration of a previously rewarded target (T2) are
depicted as raster trains. Multi-unit rasters show the
spike response of putative principal cell units in IL
ensembles (Cell #) before, during, and after the tracked
nose point is above the center of a target. Multi-unit
rasters recorded from a mouse IL during reward
acquisition intervals (T1) and subsequent intervals
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exploring a previously rewarded target (T2) are illustrated
in Fig. 5(D) and 5(E), respectively. Within the ensemble,
IL single units detected in target intervals were analyzed
in perievent raster plots. Given that the subject visits a
target multiple times in each behavioral test trial (T1 or
T2), the event (#) number for a single putative IL unit
depicts spiking events (3 s before and 2 s after) for all
intervals when the nose point is within a target pot for a
behavioral task trial. By computing the perievent raster
distribution, a perievent FR curve was derived for each
putative IL unit. This represents the average of spiking
events across all target intervals (event #) of a
behavioral test trial, with standard deviation (Fig. 5(F-
G)). Based on perievent spiking analysis that is
centered (0 s) on reward acquisition at a target (T1) or
exploration of a previously rewarded target (T2), the
spontaneous FR (before), peak firing FR (during), and
maintained FR (after) were derived.

Each mouse performed multiple experimental
sessions, with randomized target locations, spaced
several days apart (Fig. 5(A)). Thus, the results of
putative IL principal neuron activity are presented as the

mean of FR for all IL units during
trials (T1 or T2) in all sessions
(raw). In addition, the mean of FR
of IL units per mouse in each
experimental trial of a session was
also determined. It is noteworthy
that both the raw mean FR and
mean FR per mouse/trial show a
similar pattern of change in
directionality (DFR) in statistical
analyses. To standardize
experimental conditions for
putative IL FR analysis, the
spontaneous FR (i.e., FR at
intervals not associated with a
target or non-target) was
compared for baseline reward
acquisition and omission trials
(paired T-test). The results
showed that the spontaneous FR
(Fig. 5(H), p = 0.59) and mean
spontaneous FR per mouse/trial
(p = 0.103) for IL putative cells
were comparable for both trials
across experimental sessions.

Multi-unit rasters for putative
principal cell ensemble detected in
the IL revealed a significant
decrease in spiking at the time of
reward acquisition (T1, Fig. 5(D)).
Evidently, perievent raster and FR
analysis of single IL units revealed
a decrease in spiking for reward
acquisition intervals at a target
(event #) during behavioral task
trials (Fig. 5(F)). Consequently,
there was a decrease in the mean
FR (Fig. 5(I), p < 0.0001) and
mean FR per mouse/trial
(p = 0.002) of IL putative units

during reward acquisition intervals in comparison with
spontaneous FR and spontaneous FR/mouse trial. In
subsequent omission trials (T2) when mice explored
previously rewarded targets, IL putative units recorded a
decrease in the mean FR (Fig. 5(J), p < 0.0001) and
mean FR per mouse/trial (p < 0.0001) in comparison
with the spontaneous FR scores.

These results show that IL representation of rewarded
(T1) and reward-associated (T2) targets involve FR
suppression. However, the threshold of IL FR
suppression persisted for longer periods in reward
acquisition intervals (Fig. 5(F,G)), compared with the
exploration intervals of previously rewarded targets (T2).
For intervals (!2s) that immediately followed a reward
acquisition event (T1), putative IL neurons exhibit a
decrease in mean maintained FR (Figure, p < 0.0001)
and maintained FR per mouse/trial (p = 0.012). Similarly,
after exploring a reward-associated target (T2), putative
IL units recorded a decrease in maintained FR (Fig. 5(L),
p < 0.0001) and maintained FR per mouse/trial
(p = 0.01). Together, these results show that putative IL

Fig. 2. Baseline reward-oriented exploratory behavior. (A) Sample heatmap that depicts the
exploration activity of a mouse when a reward is presented and omitted subsequently at target
position 1. Paired T-test comparison (graphs) of behavioral task performance during reward
acquisition and subsequent omission was not significant: (B) Distance (p = 0.47, ns). (C) Velocity
(p = 0.28, ns). (D) Frequency of visits to the reward target position (p = 0.56, ns). (E) Total duration
at the reward target position (p= 0.96). (F) Total number of reward or target position visits (p= 0.14,
ns). (G) Total number of visits to non-rewarded positions (p= 0.69, ns). (H)%correct trials, when the
subject transitions from a non-rewarded position to a rewarded position (p = 0.23, ns). (I) %errors,
when the subject transitions from a non-rewarded position to another non-rewarded position
(p = 0.13, ns).
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ensembles use FR suppression to encode behavioral
events at rewarded targets, and subsequent events at
the target when the reward is removed.

DFR directionality is similar for reward and omission
intervals

Putative IL principal cell ensembles encode the
exploration of reward-linked targets primarily by FR
suppression. Although most putative IL units exhibit a
decrease in mean FR, subsets of neurons in the
ensemble also exhibit an increase or have no change in

FR. Thus, to further ascertain if
target events in reward acquisition
(T1) and omission (T2) trials are
encoded similarly, we compared
the distribution of putative principal
neurons based on the
directionality of the DFR. This was
determined as the percentage of
fold change [DFR=(target interval
FR/spontaneous FR) x 100]. Thus,
compared to the spontaneous FR,
putative principal neurons with a
25% increase or decrease FR
during target intervals were
selected as having a change in
FR. Neurons without a 25%
change (increase or decrease) in
FR were classified as having ‘‘no
change in FR”.

For the three baseline sessions
(without VTA glutamate
modulation) performed by n = 4
mice, n = 44 putative principal
cells were detected in the
rewarded trials (T1) and n = 45
cells in omission trials (T2). An
average of 5 putative pyramidal
units was detected per mouse in
each trial. A significant percentage
of the putative IL neurons show a
decrease in FR during intervals of
target exploration when a reward
is presented (Fig. 6(A), T1: 81.8%,
n = 36 cells) and subsequently
omitted (Fig. 6(B), T2: 91.1%,
n = 41 cells). Comparing the
distribution of putative IL units
based on DFR directionality for
reward acquisition and omission
trials showed that !10% more
neurons have FR decrease in
target exploration events of
omission trials. Furthermore, in
target intervals of omission trials,
there was a reduction in the
percentage of neurons with
increased FR (Fig. 6(B), T2: 2.2%,
n = 1) when compared with the
reward acquisition intervals (Fig. 6
(A), T1: 15.9%, n = 7). The

percentage of putative IL units without a change in FR
increased in the target intervals of omission trials (T2:
6.7%, n = 3) compared with rewarded intervals (T1:
2.3%, n = 1).

Analysis of FR directionality based on the net DFR in
IL ensembles sampled for each mouse per trial and
session supports the outcome for FR suppression
during reward-linked target intervals. In reward
acquisition trials (T1), 75% (n = 9) of all mouse trials
resulted in a decrease in the mean FR of putative IL
neurons while 25% (n = 3) of trials have a net increase

Fig. 3. VTA glutamate inhibition during reward acquisition increased habituation. One-Way
ANOVA test shows no significant difference in the exploration ability of mice in reward or omission
trials for baseline and VTA modulation sessions; (A) Mean distance covered (p > 0.05, ns). For this
ANOVA test, F-value = 0.6344, DF = 3, and is not significant (p = 0.596). (B) Mean velocity
(p > 0.05, ns). For this ANOVA test, DF = 3, F-value = 2.547, and is not significant (p = 0.065) (C)
Sample heatmaps showing exploratory activity by a mouse during a reward acquisition task paired
with VTA glutamate inhibition. In the omission trial, the subject did not show a preference for the
previously rewarded target position 4. (D-E) The frequency (p = 0.03) and duration (p = 0.02) of
reward zone visits decreased in omission trials that follow reward-acquisition trials paired with VTA
glutamate inhibition (paired T-test). (F) Paired t-test comparison shows a significant decrease
(p = 0.002) in the frequency of target re-visits in omission trials associated with previous VTA
glutamate inhibition at the target position. (G) The frequency of re-visits to non-rewarded positions did
not change significantly between reward acquisition and omission trials that involve VTA glutamate
inhibition (p = 0.13, ns). (H) %correct trials, when the subject transitions from a non-rewarded
position to a rewarded target, decreased with VTA glutamate inhibition (p = 0.0498). (I) %errors,
when the subject transitions from a non-rewarded position to another non-rewarded position,
increased with VTA glutamate inhibition (p = 0.008).
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in FR (Fig. 6(C)). Interstingly, during subsequent
exploration of the target without a target (T2), all (100%,
n = 12) mouse trials resulted in a net decrease in
putative IL FR (Fig. 6(D)). Because IL FR suppression
encodes target events, when a reward (T1) is present
and then subsequently omitted (T2), the mean of DFR
(Fig. 6(E), p = 0.098) and DFR mouse/trial (Fig. 6(F),
p = 0.14) are comparable for baseline sessions (T1 vs
T2). Since the duration of FR suppression determines
the fidelity of putative IL encoding of reward-oriented
events, comparison of the Dmaintained FR further
demonstrates the similarity between ensemble
representation of target intervals with a reward (T1), or
associated with a reward (T2) (Fig. 6(G), p = 0.15). A
similar outcome was observed when the maintained FR
of putative IL neurons was analyzed per mouse trial
(Fig. 6(H), p = 0.097).

VTA glutamate inhibition alters IL firing pattern
and reward-oriented behavioral expression. Inhibition
of VTA glutamate neurons during reward acquisition
intervals (Fig. 7(A)) decreased the frequency of target
re-visits when the reward is present (T1: Movie 3), and
subsequently omitted (T2: Movie 4). This lowered the

target index that represents the ratio of target to non-
target visits. In baseline sessions, the target index was
comparable to reward acquisition, and subsequent
omission trials (Fig. 5(C)). Interestingly, pairing reward
acquisition with VTA glutamate inhibition led to a
significant decrease in the target index for omission
trials, compared with reward acquisition trials (Fig. 7(C),
p = 0.012). As such, prior VTA glutamate inhibition
during reward acquisition diminished the frequency of
target re-visit when the reward is omitted. To
standardize experimental conditions for comparing IL
FR outcomes in baseline and VTA glutamate inhibition
trials, we compared the spontaneous FR for all reward
acquisition and omission trials (One-Way ANOVA).
There was no significant difference in mean
spontaneous FR (Fig. 7(D), p > 0.05. ANOVA
Fvalue = 1.0561, DF = 3, and p = 0.368) and
spontaneous FR per mouse (Fig. 7(E), p > 0.05.
ANOVA Fvalue = 1.028, DF = 3, and p = 0.387) for all
trials of baseline and VTA modulation sessions. Given
that the same group of mice was used for all
experimental sessions, a comparison of IL ensembles
during baseline and VTA modulation sessions
demonstrates the response of a fixed neuron population
across experimental paradigms.

When reward acquisition is paired with VTA glutamate
inhibition, IL ensembles exhibit a decrease in multi-unit
spiking for the target intervals (Fig. 7(F)). Single-unit IL
spikes sampled during reward acquisition intervals also
show a decrease in FR around the target event (Fig. 7
(G)). Like baseline outcomes (Fig. 5(I)), putative IL units
show a decrease in mean FR (Fig. 7(H), p < 0.0001)
and mean FR per mouse/trial (p = 0.03) during reward
acquisition intervals paired with VTA glutamate
inhibition. Similarly, perievent rasters for putative IL
multi-unit (Fig. 7(I)) and single-units (Fig. 7(J)), during
target intervals of omission trials (T2- omission/610 nm
OFF), revealed a decrease in mean FR (Fig. 7(K),
p< 0.0001) and mean FR per mouse/trial (p= 0.00863).

Analysis of putative IL firing rate during target intervals
revealed that VTA glutamate inhibition altered ensemble
encoding of reward-linked events in two main ways.

Fig. 4. Characterization of putative IL principal cells. (A) Sample
waveform and autocorrelogram for putative IL units with wide and
narrow v-p durations. (B) An edge histogram showing the distribution
of putative IL principal cells based on waveform valley-to-peak time
(v-p, ls) and the mean spontaneous FR (Hz).

Fig. 5. Putative IL ensembles encode reward acquisition and anticipation mostly through FR suppression. (A) Randomized target positions
in three baseline experimental sessions. The rewarded position (T1, green) becomes the previously rewarded target position in the omission trial
(T2, white). (B) Sample heatmap demonstrating the preference of the subject for rewarded position 3 in T1, and the previously rewarded target
position 3 in the omission trial (T2). (C) Graph (paired T-test) illustrating no significant difference in the ratio of target/non-target visits (target index)
in baseline reward acquisition and omission trials. (D-E)Multi-unit spiking events of IL ensembles in reward acquisition (T1) and omission trials (T2).
TTL time stamps indicate the target events in T1 (get a reward) and T2 (omitted reward). Note the general decrease in the distribution of ticks
(spiking events) during target events in T1 and T2 (pink shade). (F-G) Sample of single unit rasters (ticks = spikes) demonstrate the response of a
typical IL neuron during target exploration events in T1 and T2. Above: The event number of the perievent raster indicates the firing (spike) of an IL
principal cell 3 s before and 2 s after each visit to the target zone during T1 or T2. Below: The FR spread during target events (event #) is averaged
(with standard deviation) and presented as a perievent FR curve for the putative cell in T1 and T2. Vertical dotted lines (FRmax and FRmin) depict the
interval between the maximum FR attained before an event, and the minimum FR attained after the event. (H) Graphs (paired T-test) showing no
significant change in the spontaneous mean FR (p= 0.59) and mean FR per mouse trial (p= 0.103) for putative IL neurons during baseline reward
(T1) and omission (T2) trials. (I) Graphs (paired T-test) showing a significant decrease in mean FR (p < 0.0001) and mean FR per mouse trial
(p = 0.002) for putative IL neurons during reward acquisition intervals (T1) compared with spontaneous intervals. (J) Graphs showing a significant
decrease in mean FR (p< 0.0001) and mean FR per mouse trial (p< 0.0001) for putative IL neurons during target exploration intervals of omission
trials (T2). (K) Graphs showing a decrease in maintained FR (p < 0.0001) and maintained FR per mouse trial (p = 0.012), compared with
spontaneous FR, for intervals that follow a reward acquisition event (T1). (L) Graphs showing a decrease in maintained FR (p < 0.0001) and
maintained FR per mouse trial (p = 0.01), compared with spontaneous FR, for intervals that follow target exploration events in reward omission
trials (T2).

"

58 T. Adeyelu et al. / Neuroscience 548 (2024) 50–68



T. Adeyelu et al. / Neuroscience 548 (2024) 50–68 59



Firstly, the threshold of IL firing rate suppression,
indicated by the fold change in DFR, decreased during
reward acquisition events paired with VTA glutamate
inhibition (Fig. 7(F-G)), in comparison to similar intervals
without VTA modulation (baseline, Fig. 5(D-E)).

Secondly, VTA glutamate
inhibition during reward acquisition
decreased the duration of FR
suppression, moderately, after
target intervals of T1-
reward/610 nm:ON, and robustly
after target events in omission
trials (T2-omission/610 nm:OFF).
Specifically, after reward
acquisition intervals of T1-
reward/610 nm:ON, the
maintained FR of putative IL units
decreased (Fig. 7(L), p = 0.016)
in comparison with spontaneous
FRs. However, when the FR was
compared per mouse/trial with
corresponding spontaneous FR
scores, there was no significant
change (Fig. 7(L), p = 0.15). The
most notable effect of pairing a
reward with VTA glutamate
inhibition was observed during
omission trials where the weight of
target-reward association was
reduced. Analysis of putative IL
ensembles associated with these
events revealed a sustained FR
elevation around the target event
(Fig. 7(J)). Consequently, the
maintained FR (Fig. 7(M),
p = 0.123) and maintained FR
per mouse trial (p = 0.164) were
not significantly different in
comparison with spontaneous FR

scores. Together, these results indicate that VTA
glutamate neurons are likely involved in the timing and
duration of IL inhibition states that encode reward-linked
events.

Fig. 6. IL ensembles encode reward-oriented target events through changes in the FR
directionality of neuron subgroups. (A-B) Pie charts showing the percentage distribution of IL
neurons determined by the directionality of DFR (increase, decrease, or no change). The majority of
IL neurons have FR suppression during reward acquisition (T1: 81.8%, n = 36 cells) and reward
omission intervals (91.1%, n = 41 cells). (C-D) Pie charts showing the classification of mouse trials
based on the mean DFR directionality of IL neurons at target intervals. 75% of mouse trials show a
decrease in FR (n = 9) for IL neurons during reward acquisition intervals while 25% (n = 3) have a
mean increase in FR for the IL neurons. For all omission trials (T2, n = 12), the mean FR for IL
neurons shows a net decrease during the exploration of previously rewarded targets. (E-F) Graph
showing no significant difference in DFR directionality (p = 0.098) and DFR per mouse trial
(p = 0.14) for IL neurons when the rewarded and omission intervals are compared. (G-H) Graph
showing no significant difference in Dmaintained FR directionality (DFR2). DFR2 directionality
(p = 0.15) and DFR2 per mouse trial (p = 0.097) for IL neurons were comparable for intervals that
follow the reward and omission intervals.

Fig. 7. VTA glutamate inhibition blocks IL FR suppression. (A) Randomized target positions in six experimental sessions paired with VTA
glutamate inhibition during the reward acquisition intervals. The rewarded position (T1, green) paired with VTA glutamate inhibition (fiberoptic
orange light) becomes the previously rewarded target position in the omission trial (T2, white). (B) Sample heatmap demonstrating a diminished
preference for the previously rewarded target position 2 in an omission trial that follows a reward acquisition trial paired with VTA glutamate
inhibition. (C) Graph (paired T-test) showing a significant decrease in the ratio of target/non-target visits (p = 0.012) in omission trials (T2-610 nm
OFF) that follow reward acquisition events paired with VTA glutamate inhibition (T1-reward/610 nm ON). (D) Graph (one-way ANOVA) showing no
significant difference in mean spontaneous FR (p > 0.05). For this ANOVA test, F-value = 1.0561, DF = 3, and is not significant (p = 0.368) (E)
Graph (one-way ANOVA) showing no significant difference in spontaneous FR per mouse trial (p = 0.05) across all experimental trials. For this
ANOVA test, F-value = 1.028, DF = 3, and is not significant (p = 0.387) (F) Multi-unit spiking events of IL neurons during a single reward
acquisition interval paired with VTA glutamate inhibition (T1-reward/610 nm ON). (G) Single unit spikes depicted as perievent raters and perievent
FR curve (with standard deviation) demonstrate the response of a typical IL neuron (Cell 8) 3 s before and 2 s after reward acquisition events (event
#) paired with VTA glutamate inhibition. Vertical dotted lines (FRmax and FRmin) depict the interval between the maximum FR attained before an
event, and the minimum FR after the event. (H) Graph showing a significant decrease in mean FR (p < 0.0001) and mean FR per mouse trial
(p = 0.03) for IL putative units during reward acquisition intervals paired with VTA glutamate inhibition, versus spontaneous intervals. (I) Multi-unit
rasters depicting spiking events of IL putative neurons during reward omission intervals (T2-omission/610 nm OFF). Vertical dotted lines (FRmax and
FRmin) depict the interval between the maximum FR attained before an event, and the minimum FR attained after the event. (J) Perievent FR curve
showing a single unit (Cell 8) response 3 s before and 2 s after the exploration of a previously rewarded target associated with reward/VTA
glutamate inhibition. (K) Graph showing a significant decrease in mean FR (p< 0.0001) and mean FR per mouse trial (p< 0.00863) for IL putative
units during intervals of exploration of previously rewarded targets associated with VTA glutamate inhibition. (L) Graph showing a slight decrease in
maintained FR – versus spontaneous FR – of IL putative units during intervals that follow reward acquisition that is paired with VTA glutamate
inhibition (p = 0.016). However, the maintained FR per mouse trial was not significantly different when compared with the spontaneous FR
(p=0.15). (M) Graph showing no significant difference in maintained FR (p = 0.125) and maintained FR per mouse trial (p = 0.167) – versus
spontaneous FR – of IL putative units during intervals that follow exploration of previously rewarded targets associated with VTA glutamate
inhibition.
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VTA glutamate inhibition
suppressed cortical inhibition
threshold

Comparison of the DFR
directionality for the reward
acquisition trials paired with VTA
glutamate inhibition (T1-
reward/610 nm:ON) and
subsequent omission trials (T2-
omission/610 nm:OFF) revealed
significant changes in the
threshold of firing rate
suppression. Compared with
baseline trials, VTA glutamate
inhibition during reward acquisition
did not significantly change the
mean DFR of all neurons sampled
in putative IL ensembles (Fig. 8
(A), p = 0.455), supporting an
overall decrease in FR for both
intervals. However, analysis of
DFR directionality per mouse/trial
showed that VTA glutamate
inhibition increased the count of
mouse trials having a net increase
in FR, compared with the baseline
(p = 0.006). During target
intervals of omission trials (T2-
omission/610 nm:OFF) associated
with VTA glutamate inhibition,
DFR directionality of IL putative
ensembles was biased towards
firing rate increase (Fig. 8(B),
p < 0.0001). Likewise, DFR of IL
putative units sampled per
mouse/trial showed net DFR that
suggests an increased FR
(p = 0.0116).

For the six baseline sessions
performed by n = 4 mice, n = 85
IL units were sampled in the
rewarded trials paired with VTA
glutamate inhibition (T1-
reward/610 nm:ON) and n = 88
cells in the corresponding
omission trials (T2-
omission/610 nm:OFF). During
baseline reward acquisition
intervals, a significant percentage
of putative IL units show robust
inhibition (Fig. 6(A), 81.8%).
However, pairing reward
acquisition with VTA glutamate
inhibition reduced the percentage
(14.7% decrease) of putative IL
units characterized by FR
decrease (Fig. 8(C), T1: 67.1%,
n = 57 cells). Furthermore, fewer
(10% decrease) putative IL
neurons have increased FR (T1:
5.9%, n = 5 cells) when
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compared with baseline reward acquisition intervals
without VTA glutamate inhibition (Fig. 6(A), 15.9%).
Interestingly, the distribution of putative IL neurons with
no change in FR increased by 24.8% during reward
events paired with VTA glutamate inhibition (T1: 27.1%,
n = 23 cells), in comparison with baseline reward
events (Fig. 6(A), T1: 2.3%, n = 1 cell). Together, the
results show that inhibition of VTA glutamate neurons
reduces the frequency of target revisits and suppresses
inhibition of putative IL ensembles. Notably, with VTA
glutamate inhibition, there was a significant decrease in
the percentage of IL neurons with firing rate
suppression, while the distribution neurons with no
change in FR increased.

In omission intervals associated with prior VTA
glutamate inhibition and reward, 55.7% of putative
neurons in IL ensembles were characterized by a firing
rate decrease (Fig. 8(D), T2-omission/610 nm:OFF,
n = 49 cells). This represents an 11.4% decrease in
putative IL units with FR decrease when compared with
the corresponding reward acquisition events that are
paired with VTA glutamate inhibition (Fig. 8(C), T1-
reward/610 nm:ON, 67.1%, n = 57 cells). Compared to
baseline omission trials (Fig. 6(B), T2: 91.1%), pairing
VTA glutamate inhibition with reward acquisition caused
a 35.4% reduction in IL putative units characterized by
FR decrease during subsequent omission trials (Fig. 8
(D), T2-omission/610 nm:OFF, 55.7%, n = 49). In
addition to a decrease in the distribution of putative IL
neurons with FR suppression, the percentage of
neurons without FR change during T2-omission/610 nm:
OFF trials (42%, n = 37) increased by 14.9% in
comparison with the reward acquisition trials paired with
VTA glutamate inhibition (T1-reward/610 nm:ON, 27.1%,
n = 23). Ultimately, comparing omission trials
associated with prior VTA glutamate inhibition (T2-
omission/610 nm:OFF, 42%, n = 37) with baseline

omission trials (Fig. 6(B), T2: 6.7%, n = 3), revealed a
35.3% increase in putative IL units without a change in
FR.

Inhibiting VTA glutamate neurons during reward
acquisition events at targets (T1-reward/610 nm:ON)
reduced reward-target association. As a result, mice
show a decrease in target index when the reward is
omitted at target sites paired with VTA glutamate
inhibition (Fig. 7(C), p = 0.012). In comparison with
baseline tasks, mice show a sustained level of interest
in the target when a reward is presented, then
subsequently omitted (Fig. 5(C), p = 0.13). In baseline
tasks, firing rate analysis for putative IL neurons
revealed similar firing rate directionality for intervals
where a reward is present (T1), and those that followed
with the omission of rewards (T2) (Fig. 6(E),
p = 0.098). Further analysis of these neurons per
mouse trial further supports this outcome (Fig. 6(F),
p = 0.14). Interestingly, putative IL ensembles show
variations in FR directionality in behavioral events
characterized by a reward-target index. Similar to the
baseline, putative IL FR decreased for reward target
intervals paired with VTA glutamate inhibition and their
accompanying omission trials. Thus, the threshold of FR
suppression was comparable for both intervals (Fig. 8
(E), all neurons, p = 0.705). However, there was an
increase in the count of mouse trials with firing rate
directionality that suggests a net increase in FR (Fig. 8
(E), mouse/trial, p < 0.0001) for omission trials linked
to prior VTA glutamate inhibition. From these results, it
is inferred that pairing a reward with VTA glutamate
inhibition reduced reward-target association, and is
represented as sustained loss of FR suppression in
putative IL ensembles.

Further analysis of DFR directionality per mouse/trial
showed that VTA glutamate inhibition significantly
reduced putative IL inhibition states during reward

Fig. 8. VTA glutamate inhibition alters DFR directionality of IL neurons around reward-oriented target events: (A) Graphs showing no
significant difference in the directionality of DFR for putative IL neurons (p= 0.455) sampled in baseline reward events, and reward intervals paired
with VTA glutamate inhibition. The DFR for putative IL neuron per mouse trials (p = 0.006) indicated FR increase during reward events paired VTA
glutamate inhibition. (B) Graphs showing DFR directionality that indicates a predominant FR increase for IL neurons (p < 0.0001) and mouse trials
(p = 0.0116) during the exploration of previously rewarded targets associated with VTA glutamate inhibition. (C-D) Pie charts showing the
percentage distribution of putative principal cells determined by the directionality of DFR (increase, decrease, or no change) in IL ensembles. A
significant percentage of IL neurons exhibits FR suppression during reward acquisition interval paired with VTA glutamate inhibition (T1-reward/
610 nm ON: 67.1%, n = 57 cells) and subsequent intervals for exploration of previously rewarded targets (T2-omission/610 nm OFF: 55.7%,
n = 49 cells). The percentage distribution of putative cells with FR decrease is lower for VTA glutamate inhibition trials when compared with the
baseline reward (Fig. 6(A), T1: 81.8%, n= 36 cells) and omission (Fig. 6(B), 91.1%, n= 41 cells) trials. (E) Graph showing no significant change in
DFR directionality (p= 0.705) putative IL cells during reward acquisition intervals paired with VTA glutamate inhibition, versus subsequent omission
intervals. The DFR for putative IL neurons per mouse trials (p< 0.0001) depicts FR increase that is significant in omission intervals associated with
reward/VTA glutamate inhibition trials. (F) Pie charts showing the classification of mouse trials based on the mean DFR directionality of IL neurons
at target intervals. 76.2% of mouse trials show a decrease in FR (n = 16) for IL neurons during reward acquisition intervals paired with VTA
glutamate inhibition. Four mouse trials (19%) show an increase and one mouse trial with no change in FR (4.8%). (G) Pie chart showing a significant
reduction in the percentage of mouse trials with a net FR decrease for IL neurons (52.4%, 11 mouse trials). The percentage of mouse trials with no
change in FR of IL neurons increased (42.1%, nine mouse trials). One mouse trial had a net FR increase (4.8%). (H) Graphs showing an increase in
maintained FR (DFR2) directionality (p = 0.032) for IL putative neurons during T2-omission/610 nm OFF target (omission) intervals compared with
the associated reward acquisition intervals (T1-reward/610 nm ON). The DFR2 per mouse trial was comparable (p = 0.218) for both T1-reward/
610 nm ON and T2-omission/610 nm OFF. T2-omission/610 nm OFF was empirically higher. (I) Graph showing no significant change in DFR2
directionality for IL neurons during intervals that follow reward acquisition events, with and without VTA glutamate inhibition (p = 0.369). DFR2
directionality per mouse trial is also not significantly different (p=0.64). (J)Graphs showing a significant increase in maintained FR directionality for
IL neurons (p = 0.003) and mouse trials (p = 0.005) for omission trials paired with prior VTA glutamate inhibition, versus the baseline.
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acquisition intervals. As such the mean of firing rate
directionality demonstrates an increase in FR for reward
intervals paired with VTA glutamate inhibition, compared
with the baseline (Fig. 8(A), mouse/trial, p = 0.006).
The distribution of mouse trials with firing rate
suppression was also comparable for baseline (Fig. 6
(C), T1: 75%) and VTA modulation (Fig. 8(F), T1-
reward/610 nm ON: 76.2%). Furthermore, in 25% (T1)
and 19% (T1-reward/610 nm ON) of trials, putative IL
neurons showed an increased mean FR. However, for
target intervals of omission trials, pairing a reward with
VTA glutamate inhibition caused a significant decrease
in the percentage of mouse trials with firing suppression
when compared with the baseline (Fig. 8(B),
mouse/trial, p = 0.0116). In baseline omission trials
(Fig. 6(D), T2), putative IL ensembles show a net
absolute FR suppression in all mouse trials (Fig. 6(D),
100%). Conversely, the percentage of mouse trials with
net FR suppression decreased to 52.4% (Fig. 8(G), T2-
omission/610 nm OFF) for omission trials associated
with prior VTA glutamate inhibition. Furthermore, there
is a percentage increase in mouse trials with no net
change in DFR directionality (42.9%) and those with
elevated FR (4.8%). These results support the effect of
VTA glutamate inhibition on IL encoding of reward-
target association.

Although IL ensembles encode reward-linked target
events through net FR suppression, perievent raster
analysis showed that the timing and duration of FR
suppression were mostly altered in the omission trial
that followed a reward acquisition event paired with VTA
glutamate inhibition. As such in omission trials
associated with prior VTA glutamate inhibition, putative
neurons show a net elevation in Dmaintained FR (Fig. 8
(H), p = 0.032) and not the maintained FR per mouse
trial (DFR2; p = 0.218, ns), when compared with
corresponding reward acquaition intervals. It follows that
the VTA glutamate inhibition did not significantly change
the maintained FR associated with the target intervals of
reward acquisition trials. Thus, Dmaintained FR
directionality (Fig. 8(I), p = 0.369) and DFR2 of putative
IL neurons per mouse trial (p = 0.64) were comparable
for baseline and VTA glutamate-linked reward
acquisition intervals. However, as shown above, the
most notable changes in Dmaintained FR and DFR2 per
mouse trial were observed for target events of omission
trials that followed reward acquisition trials paired with
VTA glutamate inhibition. Thus, Dmaintained FR (Fig. 8
(J), p = 0.003) and Dmaintained FR per mouse trial
(p = 0.005) were significantly higher for omission
events that follow VTA glutamate inhibition, in
comparison with the baseline.

DISCUSSION

The mPFC is a neocortical region that governs cognitive
function and executive behavior (Euston et al., 2012;
Ferenczi et al., 2016; Capuzzo and Floresco, 2020;
Anastasiades and Carter, 2021; Coley et al., 2021; Green
and Bouton, 2021; Hardung et al., 2021). A key aspect of

the mPFC function is the processing of various contexts
to moderate executive behavioral responses to environ-
mental stimuli (Moorman and Aston-Jones, 2015;
Hardung et al., 2021). This process is broadly facilitated
by reciprocal connections between the VTA and cognitive
centers like the hippocampus and mPFC (Lisman and
Grace, 2005; Moorman and Aston-Jones, 2015; Hu,
2016; Nett and LaLumiere, 2021). The VTA is a heteroge-
neous midbrain nucleus in the mesocorticolimbic pathway
that contains dopamine, glutamate, and GABA neurons
(Lisman and Grace, 2005; Ntamati and Luscher, 2016;
Bouarab et al., 2019; Montardy et al., 2019; Han et al.,
2020).While VTA neurons innervate several brain centers,
the distribution of the terminals based on neurotransmitter
type is usually biased between the dopamine and non-
dopamine components, depending on the target site (Yoo
et al., 2016; Breton et al., 2019). In addition to dopamine
and GABA inputs, VTA projections to the mPFC PrL and
IL regions contain the VTA glutamate-mPFC tract (Yoo
et al., 2016; Park and Moghaddam, 2017; Perez-Lopez
et al., 2018; Breton et al., 2019; Montardy et al., 2019).

In cortical control of behavioral expression, previous
studies suggest a robust functional dichotomy between
sub-populations of mPFC neurons in the PrL and IL.
There is a consensus that the PrL is involved in goal-
oriented task learning while the IL neurons are central to
behavioral suppression (Euston et al., 2012; Moorman
and Aston-Jones, 2015; Moorman et al., 2015;
Nakayama et al., 2018; Riaz et al., 2019; Nett and
LaLumiere, 2021). While this hypothesis has been tested
with great certainty in fear-driven behavior, there is less
agreement about the applicability of this concept in
reward-oriented tasks.

Recent studies aimed at understanding the
dissociation of the hypothesis in reward-linked behavior
demonstrate two major findings. First, the change in the
firing rate of putative mPFC neurons in response to
rewarding and non-rewarding stimuli is not entirely
dichotomous, rather, the subpopulation of neurons in
the PrL and IL respond in a variety of ways (FR
increase, decrease, or no change) that weighs the
probability of ‘‘getting a reward”. Interestingly, subsets of
neurons were also activated by both rewarding and non-
rewarding contexts (Moorman and Aston-Jones, 2015;
Moorman et al., 2015). It follows that PrL neurons in
reward-oriented tasks were biased toward an increased
FR while IL responses were biased toward inhibition
(Moorman and Aston-Jones, 2015). Furthermore, the
response of VTA and mPFC neuronal ensembles is syn-
chronized in reward-oriented tasks. Interestingly, the syn-
chrony is flexible and can be adjusted when the reward is
associated with other variables such as the risk of punish-
ment (Park and Moghaddam, 2017). These concepts sug-
gest that mPFC neurons encode reward-oriented tasks
through population dynamics, and the distribution of neu-
ron sub-sets with various response patterns depicts the
possible state of interaction between the mPFC and
VTA neurons (Park and Moghaddam, 2017).

The current study examined FR dynamics of putative
IL ensembles during reward-oriented tasks that read out
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the expression of food-seeking foraging behavior in mice.
By combining in vivo neural recording with optogenetic
modulation of VTA neurons, the role of brain-wide
excitatory VTA inputs was assessed in the expression
of reward-oriented behavior, and IL encoding of events
that involve acquiring, then missing a reward at a
specific target location. The results show that the
majority of putative neurons IL ensembles use FR
suppression in encoding reward acquisition and
subsequent exploration of previously rewarded targets.
However, pairing reward acquisition with VTA glutamate
inhibition reduced the weight of reward-target
association when the reward was omitted subsequently.
This was represented as a significant loss of FR
suppression in IL ensembles, and a decrease in the
duration of such suppression.

Suppression of mPFC FR encodes reward acquisition
and anticipation

Previous studies showed that VTA glutamate neurons
respond to both reward and aversive stimuli (Park and
Moghaddam, 2017; Montardy et al., 2019), and are
involved in valence determination (Yoo et al., 2016;
Montardy et al., 2019; Han et al., 2020). Here, we showed
that activation of VTA glutamate neurons during reward
acquisition is pertinent for reward-target association
which depicts the affinity for previously rewarded targets
in omission trials (Fig. 3). To this extent, selective inhibi-
tion of VTA glutamate neurons during reward acquisition
reduced the frequency of target exploration (Fig. 7(C)
(compared to a similar task without VTA glutamate inhibi-
tion (baseline, Fig. 5(C)). These results indicate that
reward acquisition and subsequent preference for previ-
ously rewarded targets are – in part – dependent on
VTA glutamate activity.

Pairing reward acquisition and VTA glutamate
inhibition caused an empirical decrease in reward
acquisition (T1), and a significant decrease in reward-
target association (T2). Since the expression of reward-
seeking behavior is governed by IL activity suppression
(Moorman and Aston-Jones, 2015; Riaz et al., 2019;
Hardung et al., 2021; Nett and LaLumiere, 2021), these
results suggest that activation of VTA glutamate neurons
during reward acquisition intervals bolster positive
valence association by enhancing putative IL FR suppres-
sion. As such, when re-exploring a target without a reward
or VTA glutamate inhibition, mice showed less affinity
which suggests a reduction in the weight of the ‘‘reward-
target association”.

In baseline tasks (without VTA glutamate inhibition),
putative IL ensembles encode reward-oriented
exploratory behavior through FR suppression during
target interval, and persistence of the inhibition states
after the target event (maintained FR). It follows that
both the reward acquisition intervals (T1) and target
intervals in omission trials (T2) are encoded by these
mechanisms. Therefore, the Dmean FR (Fig. 6(E-F))
and Dmaintained FR (Fig. 6(G-H)) were comparable for
intervals of reward acquisition (T1), and exploration of
previously rewarded targets (T2). In support of this
proposition, the percentage distribution of putative IL

neurons and mouse trials characterized by FR decrease
were comparable for reward acquisition and subsequent
omission trials.

A novel reward-driven task for assessing neural
assemble dynamics

The goal of the behavioral task was to determine the
population dynamics for IL principal neurons when a food
reward is encountered, compared to when the reward is
intentionally omitted after 45 min. We sought to determine
if the IL cells – through their change in FR patterns –
distinguish between a reward that is obtained (T1) and the
chance that a reward may be obtained at a particular
location. To answer the question about reward seeking, a
training session was performed at 48 h, then 24 h before
the first test. During the training session, animals obtained
a reward at all four sites thus learning that the pots were
meant for food rewards. For the experimental trials,
animals were also fasted to motivate foraging behavior.

The sample size is n=4. However, these animals have
implants. So, each animal performed the behavioral test
three times during the baseline period (no VTA
modulation), and six times in VTA modulation experiments.
By considering ensembles in each mouse and trial, robust
averages were derived for each neuron, then mouse trials.
Importantly, using the same set of animals for all
experiments provides a premise for comparing a relatively
fixed neural ensemble across experimental conditions.
Here, the baseline experiment is the ‘‘control” and VTA
modulation sessions are the ‘‘treatment”. For this reason,
each mouse served as its control.

Using Ethovision XT15 with hardware control module
synchronized behavioral events at the reward pots with the
sampled IL continuous spike train. Since the floor and
edges of the reward pots were marked as virtual zones,
the behavioral tracking software detected events when the
tracked nose point crossed the edge and reached the
floor. This is ideal for animals with implants and tethers
since the wires and optic fiber cables can limit the depth of
head movement. Thus, having reward on edge and center
is preferred for this experiment. By placing reward pots in
four corners of the test chamber, there is a premise to
derive simple yes or no outputs when analyzing
electrophysiological data derived from IL ensembles. It
follows that the location of each reward pot represents a
spatial context because the pots are uniform, and only
differ in their location. The wall is also uniform. Therefore,
the task is reliant on spatial navigation of the space.

Reward-seeking, in this context, describes foraging
behavior after the animal has been trained, and then
fasted. Thus, there is motivation to find food - which is
the reward for expressing foraging behavior. Reward-
seeking, per this experiment, indicates getting a reward
(T1) or exploring a previously rewarded site when the
reward is omitted (T2). If the animal re-visited the
reward sites many times and finished it, more was
added during the task. To maintain the novelty of the
task, a 3-day rest period was allowed in between
sessions such that the target location is randomized
across experimental sessions. When a mouse gets a
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reward in T1, they are motivated to return more frequently
to that location in T2 knowing there is a chance of
consuming food reward. This behavioral phenotype was
observed for all baseline sessions and suggests that
animals associated the target pot with a reward.
Ultimately, determining the change in FR of IL
ensembles during T1-T2 created a link between neural
parameters and behavioral outcomes when a reward is
presented, then subsequently omitted at a target.

To control the experiments, in Fig. 5(H) the
spontaneous FR of IL putative neurons was compared
when animals performed T1 (reward) and T2 (omitted)
of the baseline session. The spontaneous FR was
determined for intervals wherein the animal was not
near a target pot. The spontaneous FR was compared
in two ways; (i) the spontaneous FR of all neurons,
detected in all animals, for all sessions was compared
for T1 and T2. There was no significant difference as
shown in Fig. 5(H) (left pane). Similarly, the average
spontaneous FR for putative pyramidal cells in IL
ensembles was not significantly different when
considered per mouse trial for each session (right
pane). These results indicate that for these tasks, the
basal activity of IL neurons did not change across
sessions. This is further evident as no change in
spontaneous FR when all experiment types were
compared (Fig. 7(D)–(E): baseline T1 & T2, and VTA
modulation T1 & T2) for the baseline and modulation
sessions. To examine how the DFR occurs over a
spread of time, the FR of neurons was measured
around a target event using perivent curves. As such for
a target event, the spontaneous FR before an approach,
was compared with the peak FR (during the event), and
the maintained FR (immediately after the event).

VTA glutamate inhibition decreased reward-seeking
behavior

Selective inhibition of VTA glutamate neurons did not
significantly lower reward acquisition, however, an
empirical decrease was observed. Interestingly, its
impact was most notable as a decrease in the
exploration of targets when the reward was omitted
subsequently (Fig. 3). Our results show that FR
suppression in putative IL ensembles was comparable
for reward acquisition intervals with and without VTA
glutamate inhibition. However, when considered per
mouse trial, pairing rewarded target events with VTA
glutamate inhibition resulted in a net increase in FR for
most mouse trials (Fig. 8(A), p = 0.006). Similarly, the
Dmaintained FR for intervals that follow the reward
acquisition events were also comparable suggesting
that the duration of FR suppression was not significantly
altered (Fig. 8(I)). However, in omission trials that follow
reward acquisition events paired with VTA glutamate
inhibition, putative IL inhibition threshold, and duration of
FR suppression were significantly impacted. Notably,
there was a reduction in the percentage of IL neurons
with FR decrease, and higher count of putative neurons
with no change in FR during omission trials associated
with prior VTA glutamate inhibition (Fig. 8(D,G)). As a
result, the mean DFR directionality and DFR

directionality per mouse trial revealed a shift towards FR
increase in putative IL ensembles for these omission
trials, compared with baseline trials (Fig. 8(B)).
Furthermore, the threshold of FR suppression for these
omission intervals decreased significantly when the
associated reward-acquisition interval was paired with
VTA glutamate inhibition (Fig. 8(J)). As such, with VTA
glutamate inhibition, the Dmaintained FR scores showed
a sustained FR increase for the period that follows a
target event, compared with baseline sessions.

These results agree with recent studies that
demonstrate diverse firing patterns for neuron sub-sets
in mPFC ensembles (Moorman and Aston-Jones, 2015;
Moorman et al., 2015; Park and Moghaddam, 2017;
Jacobs and Moghaddam, 2020; Nett and LaLumiere,
2021). In baseline sessions, DFR analysis showed that
a significant percentage of the sampled putative IL neu-
rons have a decrease in FR when animals acquire a
reward and subsequently explore the same target without
the reward. Thus, the net decrease in the firing rate of IL
ensembles during reward-acquisition events is a cumula-
tion of FR suppression for most IL neurons (!82%), with
other subsets having no change (2.3%) or an increase in
FR (15.9%). Although VTA glutamate inhibition did not
significantly change the directionality of the FR during
reward acquisition, it empirically lowered the count of neu-
rons characterized by FR suppression (67.1%) in the
omission trials that followed. Furthermore, VTA glutamate
inhibition was associated with an increased percentage of
putative IL neurons without change in FR. Taken
together, it is likely that VTA glutamate inhibition, during
reward acquisition, lowered reward-target association by
attenuating FR suppression in IL ensembles when a
reward is omitted subsequently from the same target.

A limitation of this study is that the expression of
inhibitory opsin in VTA Vglut2Cre neurons does not
distinguish between glutamate neurons and some
populations of dopamine neurons that co-release
glutamate (Perez-Lopez et al., 2018; Montardy et al.,
2019; Han et al., 2020). However, it is expected that a sig-
nificant percentage of the modulated VTA neurons are
glutamate-releasing neurons. Previous studies have shown
that VTA neurons project directly to the infralimbic and pre-
limbic cortex, and indirectly through brain regions like the
nucleus accumbens that modulate the mPFC (Ferenczi
et al., 2016; Nakayama et al., 2018; Coley et al., 2021;
Hardung et al., 2021). Therefore, behavioral changes dur-
ing inhibition of VTA glutamate neurons in the VTA involve
both direct and indirect effects exerted on the IL. In future
studies, combined recording in prelimbic and infralimbic
regions during VTA glutamate modulation can determine
if VTA glutamate inputs gate the firing of the two regions
and produce a dichotomous behavioral response in fear-
driven experiments. Also, future studies could address the
direct inhibition of VTA glutamate terminals in the mPFC.

SUMMARY

Suppression of principal cell FR is an encoding
mechanism for reward-oriented exploratory behavior. As
such, a significant population of putative IL neurons
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exhibits FR decrease when a reward is presented at a
target or omitted subsequently at the same target. The
results showed that the exploration of targets and the
accompanying cortical FR suppression in reward-
oriented tasks are strongly linked to the broad activation
of VTA glutamate neurons. As such, VTA glutamate
inhibition decreased the frequency of target exploration
and is accompanied by a decrease in the threshold of IL
FR suppression. Together, we conclude that VTA
glutamate neurons are likely involved in determining the
weight of reward-target association for previous reward
encounters.
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