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ABSTRACT
BACKGROUND: The orbitofrontal cortex (OFC) is essential for decision making, and functional disruptions within the
OFC are evident in schizophrenia. Postnatal phencyclidine (PCP) administration in rats is a neurodevelopmental
manipulation that induces schizophrenia-relevant cognitive impairments. We aimed to determine whether
manipulating OFC glutamate cell activity could ameliorate postnatal PCP-induced deficits in decision making.
METHODS: Male and female Wistar rats (n = 110) were administered saline or PCP on postnatal days 7, 9, and 11. In
adulthood, we expressed YFP (yellow fluorescent protein) (control), ChR2 (channelrhodopsin-2) (activation), or eNpHR
3.0 (enhanced halorhodopsin) (inhibition) in glutamate neurons within the ventromedial OFC (vmOFC). Rats were
tested on the probabilistic reversal learning task once daily for 20 days while we manipulated the activity of vmOFC
glutamate cells. Behavioral performance was analyzed using a Q-learning computational model of reinforcement
learning.
RESULTS: Compared with saline-treated rats expressing YFP, PCP-treated rats expressing YFP completed fewer
reversals, made fewer win-stay responses, and had lower learning rates. We induced similar performance
impairments in saline-treated rats by activating vmOFC glutamate cells (ChR2). Strikingly, PCP-induced
performance deficits were ameliorated when the activity of vmOFC glutamate cells was inhibited (halorhodopsin).
CONCLUSIONS: Postnatal PCP-induced deficits in decision making are associated with hyperactivity of vmOFC
glutamate cells. Thus, normalizing vmOFC activity may represent a potential therapeutic target for decision-
making deficits in patients with schizophrenia.

https://doi.org/10.1016/j.bpsgos.2023.08.002
Making optimal decisions involves learning from past experi-
ences and modifying behavior when the environment changes.
Several psychiatric and neurological disorders, including
schizophrenia, mood disorders, obsessive-compulsive disor-
der, Parkinson’s disease, and substance use disorder, are
associated with deficits in learning and decision making (1–8).
Because decision-making deficits contribute to poor patient
outcomes (9), a better understanding of the underlying path-
ophysiology would facilitate the development of more effective
treatments.

Decision-making deficits in schizophrenia can be measured
using a probabilistic reversal learning (PRL) task, which re-
quires subjects to discriminate between more versus less
frequently rewarded stimuli and adjust their behavior when the
reinforcement contingencies reverse (10,11). In several studies,
patients with schizophrenia completed fewer reversals than
healthy control participants and exhibited impairments during
both the initial discrimination and the reversal phase after the
contingencies switched (1–3). Assessing win-stay (repeating a
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choice after reward receipt) and lose-shift (choosing the
alternative stimulus after no reward) responding can provide
insight into whether such behavioral deficits reflect abnormal
reward versus loss sensitivity (12,13). Robust impairments in
win-stay behavior are evident in schizophrenia (1,2), indicating
that reduced reward sensitivity contributes to excessive
switching between stimuli and poorer PRL performance
overall (14).

The difficulty in using trial-by-trial information to guide de-
cisions that is evident in schizophrenia may reflect dysfunction
in the orbitofrontal cortex (OFC) (15). Indeed, structural and
functional abnormalities in the OFC are evident in people with
schizophrenia (16–18). While the underlying pathophysiology
of schizophrenia is complex and encompasses multiple brain
regions and neurotransmitter systems, deficits in cortical
GABAergic (gamma-aminobutyric acidergic) interneurons are
consistently seen in postmortem tissue from patients with
schizophrenia (19–21). Because GABAergic interneurons pro-
vide critical inhibitory control over excitatory pyramidal
ON PAGE 103

Society of Biological Psychiatry. This is an
ecommons.org/licenses/by-nc-nd/4.0/).
.sobp.org/GOS ISSN: 2667-1743

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://doi.org/10.1016/j.bpsgos.2023.08.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sobp.org/GOS


vmOFC Inhibition Rescues PCP-Induced Cognitive Deficits
Biological
Psychiatry:
GOS
neurons (22,23), these abnormalities may contribute to func-
tional hyperactivation of the OFC that has been reported in
schizophrenia (24–26). Given the importance of the OFC in
decision making, difficulty regulating excitatory neurotrans-
mission in this brain region may contribute to impaired deci-
sion making in patients with schizophrenia.

Rodent versions of the PRL task enable careful investigation
of the neural mechanisms underlying task performance with
greater precision than is currently possible with humans. One
hypothesis is that schizophrenia has neurodevelopmental ori-
gins (27,28) that result from dysfunctional glutamatergic
transmission (29). Along these lines, administering the NMDA
receptor (NMDAR) antagonist phencyclidine (PCP) to rodents
during early postnatal neurodevelopment is commonly used to
induce long-lasting cognitive deficits and pathophysiological
abnormalities associated with schizophrenia (30–32). For
example, postnatal PCP treatment impairs executive func-
tioning (33,34), sociability (35), and spatial (36) or working
memory (37). Furthermore, we recently reported that postnatal
PCP-treated rats exhibited impaired PRL performance (38).
Consistent with PRL deficits seen in schizophrenia, these
PCP-induced deficits reflected a low learning rate and difficulty
using trial-by-trial information to guide behavior. Postnatal
PCP-treated rats also exhibit functional abnormalities in
cortical GABAergic interneurons that diminish their ability to
inhibit excitatory pyramidal cells (39–41). We recently showed
that hyperactivation of ventromedial OFC (vmOFC) glutamate
neurons was associated with disrupted PRL performance
resulting from reduced reward sensitivity (42). Thus, we infer
that impaired PRL performance in postnatal PCP-treated rats
may result from disinhibition or hyperactivity of vmOFC glu-
tamatergic neurons. Therefore, the current study tested the
hypotheses that 1) PCP-induced impairments in PRL can be
replicated in saline-treated control rats by hyperactivating
vmOFC glutamate neurons, and 2) PCP-induced PRL impair-
ments can be ameliorated by inhibiting vmOFC glutamate
neurons.

METHODS AND MATERIALS

Animals

Timed-pregnant Wistar dams (Charles River Laboratories)
were obtained on day 13 of gestation. Dams were housed
individually in a climate-controlled room on a reverse 12-hour
light cycle (lights off at 07:00 AM) with ad libitum access to
food and water. Male and female pups were randomly
assigned to litters of 8 (4 pups per sex) and cross-fostered
between dams. All procedures followed guidelines from the
National Institutes of Health and the Association for Assess-
ment and Accreditation of Laboratory Animal Care and were
approved by the University of California, San Diego Institu-
tional Animal Care and Use Committee.

Drug Treatment

As previously described (38,40,43), pups were subcutaneously
administered vehicle (0.9% saline) or PCP (20 mg/kg) on
postnatal days (PNDs) 7, 9, and 11. Representatives from each
treatment group were present in each litter. Pups were weaned
on PND 21, split by sex, and group housed until 4 to 5 weeks
Biological Psychiatry: Global O
of age, after which they were housed in pairs of the same sex
and treatment group. Behavioral testing began after PND 60.

Apparatus

Behavioral training and testing were conducted in 9-hole op-
erant boxes (Med Associates) contained within light- and
sound-attenuating chambers (38). Briefly, the rear wall was a
curved array with 5 open response apertures. Throughout
training and testing, only apertures 2 and 4 were active. A 3W
stimulus light located at the aperture rear provided visual
stimuli. On the opposite wall, a receptacle delivered food re-
wards (45 mg sucrose pellets, test diet; 5TUT). The apparatus
was controlled by a personal computer running MedPC soft-
ware (Med Associates).

Probabilistic Reversal Learning

PRL training was conducted as previously described (38).
Once the criterion during the basic training session was met
($90 responses for 2 consecutive days), PRL testing
commenced. During PRL testing, rats were shown 2 illumi-
nated apertures: one was the target location, and the other
was the nontarget. Target responses were rewarded with 80%
probability, while nontarget responses were rewarded with
20% probability (Figure 1A). A 2-second intertrial interval
separated the trials, and responses during the intertrial interval
resulted in a timeout. Once a rat made 8 consecutive target
responses, the contingencies switched, with the nontarget
becoming the target and vice versa. Reversals continued
throughout the session each time the rat made 8 consecutive
target responses. Sessions ended after 300 trials or 60 mi-
nutes, whichever came first. Rats were tested once daily for 20
days. Performance was assessed by determining the number
of reversals completed per 100 trials. Win-stay responding was
calculated as the percentage of trials during which the rat
repeated a choice after being rewarded on the preceding trial.
Lose-shift responding was calculated as the percentage of
trials during which the rat switched responses after a reward
was withheld on the preceding trial.

Computational Modeling

To investigate mechanisms that drive behavior, we analyzed
the PRL data using a Q-learning model that is sensitive to
PCP-induced performance deficits (38). Briefly, on each trial (t),
the decision (i.e., which action to select) is likely guided by the
value (Q) assigned to each action. Action values are updated
according to whether a reward was delivered or not (r; reward =
1, no reward = 0) on each trial. Q values were initialized to 0.5
(neither good nor bad), and prediction errors (PEs) were
calculated as follows:

PE ¼ rðtÞ 2QcðtÞ (1)

The PE served to update the value estimate of the chosen
action on a given trial (Qc) according to the equation below.

Qcðt11Þ ¼ Qc1a3PE (2)

In equation 2, the rate at which PEs updated value estimates
was controlled by the learning rate (a). To simulate forgetting,
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the rate at which the value of the unchosen action decayed
was controlled by a forget parameter.

Qncðt11Þ ¼ ð12 forgetÞ3Qnc (3)

Action values were converted into choice probabilities using
the softmax function.

pðAÞ ¼ eQA3b

eQA3 b 1 eQB3 b
(4)

The inverse temperature parameter (b) in the softmax equation
controls the degree to which the subject chooses the higher-
valued action (exploit; higher b values) or selects an action
with an unknown or lower value (explore; lower b values).
Although many other models of PRL performance are possible,
this model successfully captured PCP-induced performance
deficits in our previous work (38), and it is similar to models
that are widely used in reinforcement learning.

To explore whether a difference in the sensitivity to rewards
versus nonrewards was present in our experimental groups,
we also implemented a model with separate learning rates for
each outcome, as follows:

Qcðt11Þ ¼Qc1ag3PE if reward ¼ 1 (5)

Qcðt11Þ ¼ Qc1al3PE if reward ¼ 0 (6)

If the response resulted in a reward, then the rate at which PEs
updated value estimates was controlled by the positive
learning rate (a-gain; equation 5). However, for nonrewarded
trials, the rate at which the PE updated value estimates was
regulated by the negative learning rate (a-loss; equation 6). The
value for the unchosen action was decayed using the same
forgetting parameter described in equation 3, and action se-
lection was controlled by the same softmax function described
in equation 4.

For both models, the optimal parameter values for each
subject were identified by minimizing the negative log-
likelihood of choice probabilities using the minimize optimiza-
tion function with the truncated Newton algorithm in Python’s
Scipy library (version 1.5). To sample broadly from the range of
possible parameter values, and to reduce the possibility of the
model getting stuck in local minima, the optimization algorithm
was initialized with random starting points within the parameter
space 15 times per dataset. The parameter values associated
with the lowest negative log-likelihood were selected as the
best-fitting values. The best-fitting model was identified by
comparing the Bayesian information criterion values. To
assess the quality of the chosen model, we conducted pos-
terior predictive checks (38,44) and compared simulated data,
generated using the best-fitting parameters, with the actual
rodent data.

Optogenetics

Optogenetic stimulation was provided by six 473-nm diode
pumped solid state 150 to 200 mW 3% stability lasers or six
532-nm diode pumped solid state 200 mW 1% stability lasers,
266 Biological Psychiatry: Global Open Science January 2024; 4:264–
each fitted with FC fiber couplers (OEM Lasers). Patch cables
(200-mm core, 0.22 numerical aperture [NA] multimode fiber
with 2.0-mm furcation tubing; Thorlabs) delivered light to 1 3 2
optical commutators (FRJ_1x2i_FC_2FC; Doric Lenses) fixed
to a balance arm above the operant chamber. Custom-made
patch cables (same specifications as above, with ferrule
connector physical contact) connector to 2.5-mm ceramic
ferrule with protective flexible metal jackets) delivered light to
fiber implants. Output power was calibrated with a digital po-
wer meter (PM100D and S121C; Thorlabs) to 10 to 15 mW at
the fiber tip. Optical stimulation (473 nm: 15-ms pulse width,
20 Hz for 2 seconds; 532 nm: continuous, 2 seconds) was
controlled by Arduino Uno microcontrollers. Lasers were trig-
gered by transistor-transistor-logic signals (SG-231; Med As-
sociates) generated by action selection.

Surgical Procedures

Rats were anesthetized using isoflurane (1%–3%) and secured
to a stereotaxic frame (David Kopf Instruments). The skull was
exposed and cleaned using aseptic techniques. The skull
was flat (incisor bar at 23.3 mm, the difference between DV
coordinate at bregma and lambda #0.1 mm). AAV5-CaMKIIa-
ChR2-eYFP (ChR2 [channelrhodopsin-2]), AAV5-CaMKIIa-
eNpHR3.0-eYFP (halo [halorhodopsin]), or AAV5-CaMKIIa-eYFP
(YFP [yellow fluorescent protein]) (titer 4.6–5.13 1012; University
of North Carolina Vector Core) was injected bilaterally into the
vmOFC (anteroposterior 1 4.2 mm, mediolateral 6 2.0 mm,
dorsoventral24.8 mm, 18� angle) at a flow rate of 0.1 mL/min for
7 minutes. The microinjector was left in place for 10 minutes and
then slowly retracted. Optical fibers (200-mm core diameter, 0.37
NA, 2.5-mm ceramic ferrule; constructed with materials from
Thorlabs) were implanted (same coordinates as above but
dorsoventral 24.4 mm) and held in place with Geristore cement
(Denmat) and covered with dental acrylic. Operant training
resumed after at least 3 weeks to allow for adequate transgene
expression.

Immunohistochemistry

After behavioral testing, rats were deeply anesthetized with
sodium pentobarbital and transcardially perfused with w100
mL of saline followed by w200 mL 4% paraformaldehyde.
Brains were extracted, postfixed in 4% paraformaldehyde at
4 �C for 48 hours, and transferred to 30% sucrose in
phosphate-buffered saline (PBS) for .92 hours at 4 �C. Brains
were frozen in isopentane and stored at 280 �C. For virus
expression and optic fiber implant site verification, 30-mm
coronal cryosections were cut using a cryostat (Leica CM
1860) and collected in PBS containing 0.01% sodium azide.
For transgene signal amplification, brain sections were gently
rocked 3 3 5 minutes in PBS containing 0.2% triton X-100 and
blocked with 4% normal donkey serum in PBS containing
0.2% triton X-100 for 1 hour at room temperature. Sections
were then incubated with rabbit anti–green fluorescent protein,
1:2000, Invitrogen A11122, in block at 4 �C overnight. Sections
were rinsed 3 3 10 minutes with PBS containing 0.2% triton
X-100 and incubated in donkey antirabbit secondary anti-
bodies (711-545-152, Jackson ImmunoResearch) conjugated
to Alexa488 fluorescent dye (2.5 mg/mL) for 2 hours at room
temperature. Sections were then washed 3 3 10 minutes with
274 www.sobp.org/GOS
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PBS, mounted, and coverslipped with Fluoromount-G
mounting medium (Southern Biotech) 6 DAPI (Roche, 0.5
mg/mL). Transgene expression was determined by epifluor-
escence microscopy using a Zeiss AxioObserver Z1 widefield
epifluorescence microscope (10 3 0.45 NA, or 63 3 1.4 NA
objective) and Zen blue software. High-magnification display
images were acquired with a Zeiss ApoTome 2.0 for structured
illumination.
Experimental Design

Postnatal saline- and PCP-treated rats underwent stereotaxic
surgery to implant optic fibers and express YFP (control), ChR2
(neural excitation), or halo (neural inhibition) in glutamatergic
neurons of the vmOFC (Figure 1B). After recovery, rats were
trained to nose-poke response apertures for rewards and were
habituated to fiber tethering. Once trained and habituated and
after at least 3 weeks had elapsed (allowing sufficient time for
transgene expression), rats were tested on the PRL task daily
for 20 days. Optogenetic manipulation was triggered when the
rat made its choice and nose-poked the response aperture.
Consistent with our previous study (42), 2-second photo-
stimulation was delivered on trials that yielded informative
feedback (i.e., target responses that were rewarded and
nontarget responses that were not rewarded) and triggered by
Figure 1. Effect of manipulating ventromedial orbitofrontal cortex glutamate ce
reversal learning task requires the animal to discriminate between the target and n
the location of the target stimulus switches after 8 consecutive target responses
ChR2, halo, or YFP was injected bilaterally in the ventromedial orbitofrontal corte
reversal learning task once a day for 20 days. In both treatment groups (saline, PC
increased across the 20-day testing period (C). A between-group difference emer
than in saline-treated rats. Within the saline-treated group, rats expressing ChR2
group, the number of reversals was increased in rats expressing halo vs. YFP (D).
color indicates YFP-expressing rats, blue indicates ChR2-expressing rats, green i
ChR2, n = 7 male, n = 8 female; saline halo, n = 9 male, n = 9 female; PCP YFP, n =
male, n = 10 female. Data are presented as mean 6 SEM. **p , .01, ***p ,

channelrhodopsin-2; eYFP, enhanced YFP; halo, halorhodopsin; NT, nontarget;

Biological Psychiatry: Global O
the nose-poke response. Optogenetic stimulation was delivered
during each session throughout the 20-day testing period.

Statistical Analysis

Performance on the PRL task was analyzed using four-way
repeated-measures analyses of variance (ANOVAs) that
included treatment, opsin, and sex as between-subject factors
and day as the within-subject factor. When appropriate, sig-
nificant interactions underwent post hoc adjustment using
Fisher’s least significant difference correction for multiple
comparisons. p Values of ,.05 were considered significant.
Statistical analysis was conducted using R. Data are presented
as mean 6 SEM and graphically displayed using GraphPad
Prism software.

RESULTS

The number of completed reversals increased across days
(F19,1862 = 115.43, p , .001), demonstrating that performance
improved with training in saline- and PCP-treated rats
(Figure 1C). Additionally, we observed a treatment 3 opsin
interaction (F2,98 = 4.52, p , .05). As shown in Figure 1D, this
effect was driven by fewer completed reversals in YFP-
expressing PCP-treated rats versus YFP-expressing saline-
treated rats (Figure 1D, left), demonstrating that postnatal PCP
ll activity during probabilistic reversal learning performance. The probabilistic
ontarget stimuli. Responses are probabilistically reinforced (80:20 ratio), and
(A). An adeno-associated virus with a CaMKIIa promoter expressing either
x, and optic fibers were implanted (B). Rats were tested on the probabilistic
P) and 3 opsin groups (YFP, ChR2, halo), the number of completed reversals
ged for rats expressing YFP, with fewer completed reversals in PCP-treated
completed fewer reversals than rats expressing YFP. Within the PCP-treated
Circles indicate saline-treated rats. Squares indicate PCP-treated rats. Gray
ndicates halo-expressing rats. Saline YFP, n = 11 male, n = 10 female; saline
11 male, n = 10 female; PCP ChR2, n = 9 male, n = 7 female; PCP halo, n = 9
.001. CamKIIa, calcium/calmodulin-dependent protein kinase IIa; ChR2,

PCP, phencyclidine; Sal, saline; T, target; YFP, yellow fluorescent protein.
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treatment impaired PRL performance. Moreover, in saline-
treated rats, activation of vmOFC glutamate cells by stimu-
lating ChR2 replicated the reduction in reversals seen in PCP-
treated rats (Figure 1D, center). By contrast, inhibition of
vmOFC glutamate cells by stimulating halo ameliorated the
PCP-induced deficit in reversals (Figure 1D, right). Analysis of
the number of trials required to complete the initial discrimi-
nation and the first reversal indicated that this effect was likely
driven by a generalized learning impairment rather than a
specific deficit in reversal learning (Figure S1). Importantly,
however, analysis of secondary behavioral measures,
including choice and reward latencies (Figures S2, S3) and the
number of completed trials (Figure S4), suggest that these
findings were not driven by a nonspecific disruption in the
ability or desire to complete the task. Overall, these results
indicate that the PCP-induced PRL deficit was likely mediated
by vmOFC hyperactivity and that inhibition of vmOFC gluta-
mate cell activity ameliorated this performance deficit.

Analysis of win-stay responding (Figure 2A) showed that as
testing progressed, the propensity to repeat rewarded re-
sponses increased in both treatment groups (F19,1862 = 168.28,
p , .001) (Figure 2B). However, a significant treatment 3 opsin
interaction also emerged (F2,98 = 6.19, p , .01). As shown in
Figure 2C and similar to the data on the number of completed
reversals, this interaction reflected 1) a PCP-induced reduction
in YFP-expressing rats, 2) a reduction in saline-treated rats
when vmOFC glutamate cells were activated with ChR2, and 3)
rescue of the PCP-induced deficit when vmOFC glutamate cell
activity was inhibited with halo. A treatment 3 day interaction
(F2,98 = 1.75, p , .05) was due to a PCP-induced reduction in
win-stay responses on days 10 and 12 (p , .05).

Analysis of lose-shift responses (Figure 3A) also revealed a
main effect of day (F19,1862 = 30.45, p , .001), indicating that
the propensity to switch responses after nonrewarded out-
comes increased modestly with training (Figure 3B). A main
effect of treatment (F1,98 = 5.34, p, .05) and sex (F1,98 = 10.38,
p , .01) revealed that lose-shift responding was lower in PCP-
treated rats (p , .05) and female rats (p , .01). A main effect of
opsin (F2,98 = 5.06, p , .01) was also evident. Compared with
YFP-expressing rats, lose-shift responding was reduced in
ChR2-expressing rats (p , .05) but not in halo-expressing rats
(p . .79) (Figure 3C). No interaction terms were significant (all
Fs , 2.75). Collectively, these data suggest that the PCP-
induced impairment in PRL was predominantly mediated by
reduced reward sensitivity, and this deficit was rescued by
inhibiting vmOFC glutamate cell activity. This conclusion was
supported by logistic regression analysis (Figure S5).

We fit 2 Q-learning computational models to the data to
further explore the behavioral mechanisms underlying these
effects. Comparison of the Bayesian information criterion
revealed that the model with the single learning rate was a
better fit for our dataset than the model with separate learning
rates for wins versus losses (329.43 vs. 332.82, respectively).
The effects of our experimental manipulation on the parame-
ters for the two-alpha forget model are shown in Figure S6.

The best-fitting model included 3 free parameters (learning
rate, inverse temperature, and forget rate). In our previous
work, this model (Figure 4A) revealed a lower learning rate in
PCP-treated rats (38). Here, we found that the learning rate
increased as training progressed (F19,1862 = 82.23, p , .001)
268 Biological Psychiatry: Global Open Science January 2024; 4:264–
(Figure 4B–D). In addition, a treatment 3 opsin interaction was
evident (F2,98 = 4.99, p , .01). As shown in Figure 4E and
consistent with our previous findings, the learning rate was
lower in YFP-expressing rats treated with PCP versus those
treated with saline. In addition, in saline-treated rats, we found
that activating vmOFC glutamate neurons with ChR2 resulted in
lower learning rates than those seen in YFP-expressing saline-
treated rats. Perhaps most importantly, when vmOFC glutamate
cell activity was inhibited in PCP-treated rats by stimulating
halo, the reduction in the learning rate was ameliorated.

We previously showed that the parameters in our Q-learning
model are recoverable (38). To validate the application of the
model to the current dataset, we performed a posterior pre-
dictive check by using the best-fitting model parameters to
generate simulated data and then comparing those data to the
actual behavior. Figure 4F shows a close match between the
rodent and simulated data for each treatment group (saline,
PCP) and opsin (YFP, ChR2, halo), confirming that the model
captured PRL performance accurately. The PCP-induced
alteration in Q-learning was largely restricted to the learning
rate. Although the forget parameter was unaffected by treat-
ment, a sex 3 day interaction was evident (Figure S7). The
inverse temperature parameter analysis revealed a significant
four-way interaction (Figure S8). However, the differences that
mediated this interaction were restricted to the earlier test
days.
DISCUSSION

Our findings are consistent with previous work showing that
disrupting glutamate transmission during early postnatal
neurodevelopment impaired PRL performance. Replicating
our previous findings (38), postnatal PCP-treated rats showed
reduced win-stay responding and lower learning rates than
saline-treated rats. The current study extends these previous
efforts by showing that PCP-induced impairments involve
disrupted regulation of vmOFC glutamate activity. More
specifically, saline-treated rats showed PRL deficits similar to
those observed in PCP-treated rats when vmOFC glutamate
neurons were hyperactivated (ChR2). Most strikingly, the
opposite was also true: we were able to rescue the PCP-
induced deficits in PRL by inhibiting vmOFC glutamate
activity.

These data indicate that disinhibition or hyperactivation of
the vmOFC in postnatal PCP-treated rats may be a core
pathophysiological mechanism contributing to impaired PRL.
Indeed, previous reports have shown that inhibition of the
medial OFC improved reversal learning (42,45) and has been
linked to win-stay responding (42,46), whereas we have pre-
viously shown that activation of the vmOFC reduced win-stay
responding during the PRL task (42). Interestingly, the post-
natal PCP-induced disruption in PRL performance seemed to
reflect a generalized impairment in learning, disrupting perfor-
mance in a stage-independent manner. By contrast, opto-
genetic manipulation of vmOFC activity produced a stage-
dependent effect on PRL performance. More specifically,
hyperactivation of vmOFC glutamate neurons impaired per-
formance during the initial discrimination, whereas inhibition of
vmOFC glutamate cell activity improved PRL performance af-
ter the reward contingencies had reversed. Coordination of
274 www.sobp.org/GOS
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pyramidal cell activity (47) and NMDAR signaling (48) within the
OFC is critical for reversal learning. Indeed, reversal learning
impairments in Plaur knockout mice resulted from reduced
GABAergic interneuron expression and an elevation in baseline
OFC activity (47). Thus, the improvement in performance evident
after the contingency reversal is consistent with the notion that
inhibition of OFC activity helps facilitate flexible decision making.

Another major outcome of the current study is the
reduced learning rate that we observed in postnatal PCP-
Figure 2. Effect of manipulating ventromedial orbitofrontal cortex glutamate
reward was delivered constitutes a win-stay response (A). In both treatment grou
increased across the 20-day testing period (B). However, compared with saline-tr
rats expressing YFP and saline-treated rats expressing ChR2. Compared with PC
treated rats expressing halo (C). Circles indicate saline-treated rats. Squares ind
dicates ChR2-expressing rats, and green indicates halo-expressing rats. Saline Y
halo, n = 9 male, n = 9 female; PCP YFP, n = 11 male, n = 10 female; PCP ChR
presented as mean 6 SEM. ***p , .001. ChR2, channelrhodopsin-2; halo, halorh

Biological Psychiatry: Global O
treated rats. This effect not only replicates our previous
finding (38) but is also consistent with another study in
which the NMDAR antagonist MK-801 was administered
during PRL performance (49). Systemic administration of
MK-801 produces a sustained increase in pyramidal cell
activity within the OFC (24). Thus, our current findings
support the notion that postnatal PCP treatment disrupts
the ability to regulate glutamatergic activity within the
vmOFC, but that hyperactivation of vmOFC glutamate cell
cell activity on win-stay responding. Repeating the same response after a
ps (saline, PCP) and 3 opsin groups (YFP, ChR2, halo), win-stay responses
eated rats expressing YFP, win-stay responding was reduced in PCP-treated
P-treated rats expressing YFP, win-stay responding was increased in PCP-
icate PCP-treated rats. Gray color indicates YFP-expressing rats, blue in-
FP, n = 11 male, n = 10 female; saline ChR2, n = 7 male, n = 8 female; saline
2, n = 9 male, n = 7 female; PCP halo, n = 9 male, n = 10 female. Data are
odopsin; PCP, phencyclidine; Sal, saline; YFP, yellow fluorescent protein.
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activity leads to an attenuation in the rate at which out-
comes update value estimates. The learning rate is critical
for trial-to-trial learning (50–53). While slow procedural
learning is relatively intact in patients with schizophrenia
(54,55), impairments in the ability to make rapid behavioral
adjustments in response to the feedback just received are
evident (15). Although PRL performance was impaired
overall in postnatal PCP-treated rats, their performance
improved over the 20-day test period. This finding shows
that postnatal PCP-treated rats could learn the task’s basic
Figure 3. Effect of manipulating ventromedial orbitofrontal cortex glutamate c
the previous response did not yield a reward constitutes a lose-shift response (A)
testing period (B). Independent of saline/PCP treatment, lose-shift responding wa
Circles indicate saline-treated rats. Squares indicate PCP-treated rats. Gray colo
green indicates halo-expressing rats. Saline YFP, n = 11 male, n = 10 female; salin
YFP, n = 11 male, n = 10 female; PCP ChR2, n = 9 male, n = 7 female; PCP halo
ChR2, channelrhodopsin-2; halo, halorhodopsin; PCP, phencyclidine; Rew, rewa
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rules. Instead, an impairment in the ability to choose the
best action based on recent outcome history likely played a
role in their suboptimal performance. Indeed, our logistic
regression analysis showed that PCP-treated rats had diffi-
culty using rewarded outcomes from the previous trial to
guide subsequent decisions, whereas there was no differ-
ence for trials farther back in history. Furthermore, this
impairment was induced in saline-treated rats when ChR2
was stimulated to increase neural activity but ameliorated in
PCP-treated rats by stimulating halo to inhibit neural activity.
ell activity on lose-shift responses. Switching to the alternative option when
. Lose-shift responding was modestly increased in all rats across the 20-day
s reduced in rats expressing ChR2 compared with rats expressing YFP (C).
r indicates YFP-expressing rats, blue indicates ChR2-expressing rats, and
e ChR2, n = 7 male, n = 8 female; saline halo, n = 9 male, n = 9 female; PCP
, n = 9 male, n = 10 female. Data are presented as mean 6 SEM. #p , .05.
rd; Sal, saline; YFP, yellow fluorescent protein.
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Thus, in the context of our current findings, the functional
hyperactivity of the OFC that has been observed in patients
with schizophrenia (24) may disrupt reward sensitivity and
the ability to use rewards delivered during the previous trial
to guide current choices.

The inclusion of male and female rats in our study revealed
several sex differences that warrant discussion. First, male
rats completed more trials than female rats (independent of
treatment or opsin group). Because female rats are smaller
than male rats, this effect may have resulted from satiety
(both sexes received 45-mg sucrose pellets) or from male rats
being more resilient to the bilateral fiber tethering. Impor-
tantly, however, we did not observe any difference in the la-
tency to collect the reward once delivered, thus ruling out
differences in motivation to complete the task. We also
found that male rats had a higher proportion of lose-shift
responses than female rats. Although most studies using
Figure 4. Computational model of reinforcement learning. The Q-learning mo
used the softmax equation to convert action value into choice probabilities. The
inverse temperature (b) parameter. To update value estimates based on the outco
from the actual outcome received. The rate at which a PE updates the value of the
unchosen action value was decayed to simulate forgetting. The rate at which the v
F) (A). In all groups, the learning rate increased throughout the 20-day testing pe
learning rate was reduced in PCP-treated rats expressing YFP and saline-treated
learning rate was increased in PCP-treated rats expressing halo (E). Circles indicat
YFP-expressing rats, blue indicates ChR2-expressing rats, and green indicates h
the best-fitting parameter values to validate the model. This posterior predictive
rodent (circles) data in each treatment group (saline, PCP) and opsin group (YFP,
n = 11 male, n = 10 female; saline ChR2, n = 7 male, n = 8 female; saline halo, n =
male, n = 7 female; PCP halo, n = 9 male, n = 10 female. Data are presented as me
halorhodopsin; PCP, phencyclidine; PE, prediction error; Revs, reversals; Sal, sa

Biological Psychiatry: Global O
the PRL only include male rats, this sex-dependent effect
on lose-shift responding is consistent with a recent study
(56). Finally, we observed a reduced rate at which the
unchosen action value decayed in female rats, an effect
that only emerged after several days of testing. While Q-
learning models with a forget rate have been used in the
past (57,58), no sex differences have been reported for this
measure. Indeed, our previous study that used an identical
Q-learning model to analyze postnatal PCP-induced defi-
cits in the PRL task did not reveal a sex difference in the
forget rate (38). However, because the sex effect was in-
dependent of treatment or opsin groups, the statistical
analysis collapsed groups, thereby increasing the sample
size and likely increasing our ability to detect subtle sex
differences on this measure. Importantly, the sex differ-
ences that we observed did not affect the major conclu-
sions of our study but nonetheless highlight the importance
del that we used to characterize probabilistic reversal learning performance
balance between exploratory and exploitative choices is regulated by the
me, we first calculated the reward PE by subtracting the expected outcome
chosen action is controlled by the learning rate (a) parameter. In addition, the
alue of the unchosen action decays is controlled by the forget parameter (a-
riod (B–D). However, compared with saline-treated rats expressing YFP, the
rats expressing ChR2. Compared with PCP-treated rats expressing YFP, the
e saline-treated rats. Squares indicate PCP-treated rats. Gray color indicates
alo-expressing rats. We simulated probabilistic reversal learning data using
check revealed a close match between the simulated (squares) and actual
ChR2, halo), indicating that the model captured the data well (F). Saline YFP,
9 male, n = 9 female; PCP YFP, n = 11 male, n = 10 female; PCP ChR2, n = 9
an 6 SEM. *p, .05, **p, .01, ***p, .001. ChR2, channelrhodopsin-2; halo,
line; sim, simulated; YFP, yellow fluorescent protein.
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of including both male and female rats in behavioral
neuroscience studies.

Blockade of NMDAR neurotransmission in rodents during
early postnatal neurodevelopment produces several neuro-
pathological changes that persist throughout adulthood (30,59)
and are reminiscent of deficits observed in patients with
schizophrenia (20,21,60–62). These include a reduction in
dendritic spine density of cortical pyramidal neurons (63), al-
terations in NMDAR subunit composition or expression
(64–66), and disruptions in synaptic plasticity (67). Perhaps
most importantly, however, is that several reports have shown
that postnatal PCP treatment induces long-lasting impair-
ments in parvalbumin-positive GABAergic interneurons within
the prefrontal cortex, thereby reducing the frequency of mini-
ature inhibitory postsynaptic currents leading to disinhibition of
cortical pyramidal cells (39,40,63). Indeed, our findings sug-
gest that hyperactivity of vmOFC glutamate neurons may
represent a core pathophysiological mechanism underlying the
PRL impairments observed in postnatal PCP-treated rats.
Although it has been shown that parvalbumin-positive
GABAergic interneurons within the OFC are critical for
reversal learning (47), we targeted glutamatergic neurons
because our previous work had shown that suppression of
vmOFC glutamate cell activity occurs during reward con-
sumption, and vmOFC activation impaired PRL by reducing
reward sensitivity (42). However, because parvalbumin-
positive GABAergic interneurons play a crucial role in regu-
lating glutamatergic neuron activity (19,68), it is tempting to
speculate that PCP-induced impairments in PRL would also be
ameliorated by enhancing vmOFC GABAergic activity (rather
than inhibiting glutamate activity as in the current study). With
the recent development of transgenic rats expressing cre-
recombinase in parvalbumin-positive GABAergic interneurons
(69–71), this hypothesis could be tested in future investigations
by using cre-dependent ChR2 expression and increasing
GABAergic activity within the vmOFC of PCP-treated rats. In
addition, some OFC neurons respond to reward, whereas
others do not (51,72). This heterogeneity may reflect distinct
populations of cortical neurons that project to different
downstream targets (73), but the current study would have
manipulated the activity of any transfected neurons that
received optical stimulation. Importantly, the vmOFC sends
glutamatergic projections to multiple brains regions that are
also implicated in reward learning and decision making, such
as the amygdala and striatum (74,75). Interestingly, ablation of
the striatum disrupts reversal learning (76,77) and the forma-
tion of attentional sets (78). Therefore, in addition to targeting
inhibitory neurons within the vmOFC, future research that tar-
gets the vmOFC glutamatergic projections to the striatum
would further delineate the role of aberrant OFC excitatory
activity and maladaptive decision making.
Conclusions

In conclusion, the current investigation demonstrated that
postnatal PCP treatment impaired PRL performance by
reducing reward sensitivity and lowering the learning rate.
Furthermore, these data demonstrated that hyperactivation of
vmOFC glutamate neurons induced impairments in saline-
treated rats that resembled those observed in PCP-treated
272 Biological Psychiatry: Global Open Science January 2024; 4:264–
rats. Most importantly, inhibiting vmOFC glutamate neurons
rescued PCP-induced deficits in PRL performance. Thus, our
findings support the hypothesis that pharmacological or neu-
romodulatory strategies aimed at normalizing vmOFC activity
represent a potential therapeutic target for disrupted cognitive
flexibility in adults with schizophrenia.
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