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Noninvasive Brain Stimulation Rescues
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ABSTRACT
BACKGROUND: To obtain desirable goals, individuals must predict the outcome of specific choices, use that in-
formation to direct appropriate actions, and adjust behavior accordingly in changing environments (behavioral flex-
ibility). Substance use disorders are marked by impairments in behavioral flexibility along with decreased prefrontal
cortical function that limits the efficacy of treatment strategies. Restoring prefrontal hypoactivity, ideally in a nonin-
vasive manner, is an intriguing target for improving flexible behavior and treatment outcomes.
METHODS: A behavioral flexibility task was used in Long-Evans male rats (n = 97) in conjunction with
electrophysiology, optogenetics, and a novel rat model of transcranial alternating current stimulation (tACS) to
examine the prelimbic cortex (PrL) to nucleus accumbens (NAc) core circuit in behavioral flexibility and determine
whether tACS can restore cocaine-induced neural and cognitive dysfunction.
RESULTS: Optogenetic inactivation revealed that the PrL-NAc core circuit is necessary for the ability to learn
strategies to flexibly shift behavior. Cocaine self-administration history caused aberrant PrL-NAc core neural
encoding and deficits in flexibility. Optogenetics that selectively activated the PrL-NAc core pathway prior to
learning rescued cocaine-induced cognitive flexibility deficits. Remarkably, tACS prior to learning the task
reestablished adaptive signaling in the PrL-NAc circuit and restored flexible behavior in a relatively noninvasive
and frequency-specific manner.
CONCLUSIONS: We establish a role of NAc core–projecting PrL neurons in behavioral flexibility and provide a novel
noninvasive brain stimulation method in rats to rescue cocaine-induced frontal hypofunction and restore flexible
behavior, supporting a role of tACS as a therapeutic to treat cognitive deficits in substance use disorders.

https://doi.org/10.1016/j.biopsych.2020.12.027
To obtain a beneficial goal, individuals must predict the out-
comes associated with specific stimuli, use that information to
guide behavior, and adjust behavior to navigate ever-changing
environments, i.e., behavioral flexibility. Substance use disor-
ders (SUDs) are marked by impairments in behavioral flexibility,
which may lead to poor decision making and limit the efficacy
of current treatment strategies (1). Because individuals with
SUDs show decreased function in cortical regions (2,3) linked
to cognitive flexibility (4), reversing frontal hypoactivity is an
intriguing therapeutic strategy for improving decision-making
deficits and enhancing treatment outcomes.

Behavioral flexibility can be measured in rats using rein-
forcer devaluation tasks in which the expected value of an
upcoming reward is decreased. Here, several processes are
necessary to perform this task: 1) forming an association be-
tween a cue and an outcome, 2) registering the decreased
value of the outcome after its devaluation, and 3) integrating
the learned cue-outcome association with the decreased
outcome value to redirect behavior. Testing is performed under
extinction, so rats must use an internal representation of
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previously learned associations to alter behavior based on
newly computed expected outcomes (5–7).

Animals with a history of psychostimulant exposure are
impaired in reinforcer devaluation tasks by continuing to
respond to a reward-associated cue after the reward has been
devalued [i.e., behavior is inflexible (8,9)]. This occurs in
abstinence, suggesting lasting changes to brain function, not a
direct pharmacological effect of the drug (10–13). Psychosti-
mulants alter the ability to redirect behavior when administered
prior to initial formation of cue-outcome associations (i.e.,
during learning) but not after that learning has already occurred
(8). In support, processing in the prelimbic cortex (PrL) and the
nucleus accumbens (NAc) core, two interconnected brain re-
gions involved in the initial acquisition (14–16), is disrupted
following a history of cocaine use (17–19). Although the PrL
and the NAc core are independently implicated in forming cue-
outcome associations necessary for successfully adjusting
behavior following outcome devaluation (14,15,20), it is not
known if suppressing transmission in PrL neurons that project
to the NAc core throughout learning affects the ability to shift
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behavior. Likewise, while cocaine fundamentally alters synap-
tic functional connectivity between the PrL and NAc (18,21), it
is unknown if cocaine affects neural activity and oscillatory
signaling dynamics in this circuit during learning and subse-
quent behavioral flexibility and, if so, if restoration of these
cocaine-induced deficits can restore flexible behavior.

Here, we used optogenetics to show that PrL neurons that
project to the NAc core are required during learning for
behavioral flexibility. We determined how a history of cocaine
alters oscillatory signaling dynamics within this circuit and
used these findings to restore aberrant neural signaling dy-
namics and impaired behavioral flexibility. Because brain
stimulation methods show promise in decreasing drug seeking
(17,22) and restoring synaptic plasticity (17), we used a brain
stimulation method, transcranial alternating current stimulation
(tACS), that allowed us to tailor stimulation frequencies to
entrain specific neuronal activity patterns that our electro-
physiology studies showed were dampened following cocaine.
Remarkably, tACS prior to learning the task reestablished
adaptive signaling in the PrL-NAc circuit and restored behav-
ioral flexibility in a relatively noninvasive manner.

METHODS AND MATERIALS

Detailed methods are described in the Supplement.

Behavioral Flexibility Task

Long-Evans rats (Charles River Laboratories, Raleigh, NC; n =
90 total) were trained on a reinforcer devaluation task
described in Figure 1A and the Supplement. During Pavlovian
conditioning (10 daily sessions), rats were presented with two
visually distinct conditioned stimuli (CS1) for 10 seconds fol-
lowed by the delivery of two distinct rewards (food or sugar
pellets) and two additional visual cues that did not predict the
delivery of rewards (CS2). After Pavlovian conditioning, sugar
pellets were devalued by inducing a conditioned taste aversion
(23) with lithium chloride. Finally, rats were tested after deval-
uation in the same Pavlovian task, except under extinction, to
measure the ability of the rats to avoid the CS1 paired with the
sucrose pellets (and continue responding to the CS1 previ-
ously paired with food pellets).

Electrophysiology

Rats (n = 19) were surgically implanted with microwire elec-
trode arrays in the PrL and/or the NAc core, described previ-
ously (13,16,24,25). Online isolation and discrimination of
single unit and local field potential (LFP) activity was accom-
plished using a commercially available neurophysiological
system (OmniPlex system; Plexon, Dallas, TX), described
previously [(13,16,24,25); also see Supplement]. Continuous
signals were high-pass filtered (300 Hz) to identify individual
spike events or low-pass filtered (200 Hz) to isolate LFPs.

Optogenetic Inhibition

Rats (n = 12) were infused with a retrograde Cre virus in the
core and Cre-inducible AAV (adeno-associated virus) encoding
for eNpHR3.0 fused to mCherry bilaterally into the PrL, with
chronic bilateral implantation of optical ferrules (200-mm
diameter) targeting the PrL (Figure 2A, B and Supplement).
The virus was given at least 8 weeks to be taken up and
1002 Biological Psychiatry May 15, 2021; 89:1001–1011 www.sobp.or
expressed in NAc terminals before experiments were con-
ducted (see Supplement). For photoinhibition, rats received a
10-second light-emitting diode delivery (550 nm, 8 mW) during
all cues throughout Pavlovian conditioning, but not on the post
devaluation test.

Cocaine Self-administration

Rats used for optogenetic stimulation (ChR2 [channelrhodop-
sin-2]) and tACS experiments (see below) underwent 14 to 16
days of cocaine self-administration in standard operant
chambers in which a nosepoke led to an intravenous infusion
of cocaine (6-s infusion, 0.33 mg/infusion, w0.75 mg/kg) fol-
lowed by the presentation of a tone-house light cue for 30
seconds, described previously (13,24,25). Self-administration
was performed before the behavioral flexibility task in these
groups. All rats earned between 133 and 368 mg of cocaine
across self-administration, sufficient to lead to blunted NAc
activity (25) and impaired higher-order conditioning (25,26).
Another group received saline (intravenous) and water into a
receptacle on nosepoke (25,26).

Optogenetic Stimulation

Rats with a history of self-administration (n = 13) received
optical stimulation on days 18 to 20 of cocaine abstinence to
determine if stimulation could restore cocaine-induced
behavioral deficits (see Supplement). Briefly, rats were injec-
ted with AAV5-DIO-ChR2 or AAV5-DIO-mCherry into the PrL
and AAV6-CMV-cre into the NAc core followed by optical
ferrule implantation in the PrL at least 1 month later. For
photostimulation, rats received laser delivery (83 Hz, 437 nm,
15 mW) consisting of 20 cycles of 10 seconds on/10 seconds
off for 3 consecutive days.

Transcranial Alternating Current Stimulation

Rats (n = 46) underwent surgery for in vivo electrophysiology
(as above) and electrode implantation for tACS. Rats under-
went tACS or sham treatment on days 18 to 20 of cocaine
abstinence in a distinct treatment chamber. A Linear Stimulus
Isolator (World Precision Instruments, Sarasota, FL) attached
to two leads (stainless steel skull screws; Fine Science Tools,
Foster City, CA) in direct contact with, but without penetrating
the outer surface of, the skull was used. Screws were posi-
tioned 2 mm apart, at midline at the level of the PrL
(bregma 12 mm and 14 mm). A computer-generated sine-
wave was input into the stimulator at the desired frequency (10
Hz or 80 Hz) such that the stimulation oscillated between
a 118 mA and 218 mA current across the screws. An electric
swivel was employed to allow free movement during stimula-
tion periods, which lasted w7 minutes per day. Stimulations
consisted of 20 cycles of 10 seconds on then 10 seconds off
for 3 consecutive days. Sham rats received identical headcaps
and treatments, except that no current was delivered.

Data Analysis

Behavior. To assess the degree of conditioning across all
experiments, the percent of time spent in the food cup during
the stimuli was measured for each animal on day 1 of
Pavlovian training and the last day of Pavlovian conditioning
(day 10) and analyzed using repeated-measures two-way
g/journal
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Figure 1. Prelimbic cortex activity during learning
is linked to subsequent behavioral flexibility. (A)
Schematic of reinforcer devaluation task design in
which rats underwent 10 days of Pavlovian condi-
tioning, devaluation of sucrose pellets by LiCl, and
post devaluation test. (B) After 10 days of Pavlovian
conditioning, rats spend more time in the food cup to
both CS11 and CS12 compared with CS21 and CS22

revealed by a two-way repeated-measures analysis
of variance (day 3 CS interaction, F3,45 = 40.82,
Tukey’s post hoc, ****p , .0001). Inset: CI represents
the degree to which rats discriminate between CS1

and CS2 [(CS11 1 CS12) – (CS21 1 CS22)]/[(CS11 1
CS12) 1 (CS21 1 CS22)]. Triangles represent indi-
vidual rats. (C) After one sugar/LiCl pairing, rats
decrease the amount of sugar they eat, showing
successful sugar devaluation (F1,17 = 40.76, Tukey’s
post hoc, ****p , .0001). Lines represent individual
rats. (D) Rats respond less to the CS1 paired with
sugar (devalued) than the CS1 paired with food
(nondevalued) after devaluation for the first half (trials
1–5 of each CS1) of testing revealed by two-way
repeated-measures analysis of variance (devalua-
tion status 3 time interaction, F1,17 = 6.879, Tukey’s
post hoc, ***p = .001). Inset: DI represents the degree
to which rats avoid CS1 paired with devalued food
after devaluation as proxy for behavioral flexibility
([nondevalued 2 devalued]/[nondevalued 1 deval-
ued]) (16). Circles represent individual rats. (E) Pop-
ulation response of prelimbic cortex neurons on day
1 and day 10 of Pavlovian conditioning. Prelimbic
cortex neurons show a decrease in nonphasic (i.e.,
nonresponsive to CS1) neurons and an increase in
neurons phasic by CS1 from day 1 to day 10 (c2

2 =
5.99, p = .05), specifically the neurons classified as
inhibited. (F) The change in total number of neurons
that were classified as excited but not inhibited in an
individual animal across learning (day 10 2 day 1)
predicted better behavioral flexibility measured as DI.
(G) Neurons excited by CS1 are more likely than

neurons inhibited or nonphasic to CS1 to be phase-locked (PLV) to the nucleus accumbens core (red), particularly at higher (.50 Hz) frequencies. Of the
excited neurons, 66.7% were phase-locked more than 2 standard deviations above the mean over at least 2 bins. In contrast, 0% and 9% of the inhibited and
nonphasic neurons, respectively, were phase-locked. All of these increases were observed in the gamma range. There was a significant difference in this
proportion (c2

2 = 9.92, p , .01). CI, conditioning index; CS, conditioned stimulus; DI, devaluation index; EXC, excitation; INH, inhibition; LiCl, lithium chloride;
NP, nonphasic; PLV, phase-locking value.
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analysis of variance (ANOVA) with day (day 1 vs. day 10) and
stimuli (CS11, CS12, CS21, CS22) as factors. We calculated a
devaluation index (DI) (16,27,28) on the first half of the CS1

trials on the test day (trials 1–5) using the following formula:

½nondevalued2devalued�=½nondevalued1devalued�

To normalize this to day 10 preferences, we used the same
formula as above on day 10 and subtracted it from the index
on the test day. A normalized DI equal to 1 represents an an-
imal that, prior to devaluation, entered the food cup in
response to both CS1 equally and, after devaluation, only
entered the food cup in response to CS1 that predicted the
nondevalued reinforcer (maximally flexible). A normalized DI
equal to 0 represents an animal that did not successfully alter
its response to CS1 between predevaluation and post-
devaluation sessions (maximally inflexible). We used these
values to correlate the strength of the devaluation effect
Biological Psy
(DI, 21 to 1) with the difference from day 1 to day 10 in
inhibited and excited neurons and coherence measures
(Supplement).

Electrophysiology. Analysis of electrophysiology data is
described elsewhere (13,16,24,25) and in the Supplement.

Histology. Verification of electrode placement for electro-
physiology is described in the Supplement and shown in
Figures S1F, S3, and S5. Optogenetic histology methods are
described in the Supplement, and optogenetic virus verifica-
tion and optical fiber placements are shown in Figures S2E and
S4D.

RESULTS

In the reinforcer devaluation task (Figure 1A and Figure S1),
rats underwent Pavlovian conditioning where one CS pre-
dicted food (CS11), another predicted sugar (CS12), and two
chiatry May 15, 2021; 89:1001–1011 www.sobp.org/journal 1003
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Figure 2. PrL-NAc circuit is causally linked to
behavioral flexibility. (A) Injections of AAV5-DIO-
NpHR or AAV5-DIO-mCherry into the PrL and AAV6-
CMV-cre into the NAc core followed by optical
ferrule implantation at least 2 months later to allow
optical inhibition to PrL neurons that project to the
NAc core throughout conditioning. (B) Schematic of
behavioral timeline of optogenetic study. Note that
optogenetic inhibition is only given during Pavlovian
conditioning cues. (C) Both control rats (mCherry)
and rats that received optogenetic inhibition of PrL-
NAc throughout Pavlovian conditioning (NpHR)
spend more time in the food cup to the CS1 than the
CS2 after 10 days of conditioning (mCherry: n = 6,
day 3 CS interaction, F3,15 = 17.62, ****p , .0001;
NpHR: n = 6, day 3 CS interaction, F3,18 = 10.76,
***p = .0003) showing successful discrimination. (D)
Bar graphs showing no differences in the ability to
discriminate between CS1 vs. CS2 (measured by CI,
triangles represent individual rats) in PrL-NAc::NpHR
(n = 6) and PrL-NAc::mCherry (n = 6) rats that
received optical inhibition throughout conditioning
(t11 = 1.49, p = .165). (E) Control rats (mCherry, n = 6)
spend less time in the cup in the devalued condition
than nondevalued, while PrL::NAc-NpHR (n = 6) rats
spend a similar amount of time in the cup under both

conditions, showing impaired behavioral flexibility (two-way repeated-measures analysis of variance, group 3 devaluation status interaction, F1,11 = 8.1, p =
.008, Bonferroni’s post hoc; mCherry: ND vs. D, *p = .012; NpHR: ND vs. D, p = .57). Lines represent individual rats. (F) Bar graphs show a significant
impairment in behavioral flexibility (measured as DI, circles represent individual rats) in the same PrL-NAc::NpHR rats compared with control PrL-NAc::mCherry
rats (t11 = 2.78, p = .018). Bar graphs represent mean 6 SEM. (G) PrL (blue line) and NAc (red line) average power for all rats and frequencies during cue
presentation (5 s) on day 1 (left) and day 10 (right). (H) PrL-NAc coherence across frequencies on day 1 and day 10 of Pavlovian conditioning (white lines). Each
frequency on day 1 and day 10 was correlated with individual rats’ DI (n = 7), and the R2 value for each of these correlations (0–100) are represented in the
overlay (R2 values ..60 are significant, p , .05, represented as red in the overlay). AAV, adeno-associated virus; CI, conditioning index; CS, conditioned
stimulus; D, devalued; DI, devaluation index; LED, light-emitting diode; NAc, nucleus accumbens; ND, nondevalued; NpHR, halorhodopsin; PrL, prelimbic
cortex; PSD, power spectral density.
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did not predict any reinforcers (CS21 and CS22). Rats
discriminated CS11 and CS12 from each respective CS2 and
spent more time in and made more entries in the food cup
during each CS1 presentation compared with each CS2 after
10 days of conditioning (Figure 1B and Figure S1B). After
pairing sugar with a nausea-inducing agent (lithium chloride),
rats consumed fewer sugar pellets (Figure 1C), showing suc-
cessful devaluation. After devaluation, rats spent less time
approaching the food cup (and made fewer entries) during
presentation of the CS1 paired with the sugar pellet (CS12,
devalued), demonstrating successful ability to shift behavior
based on newly updated values, i.e., behavioral flexibility
(Figure 1D and Figure S1C).

In drug-naïve rats, we examined PrL neuronal activity in our
behavioral task as it is required for behavioral flexibility
(14,15,29,30). Multisite single unit activity in the PrL revealed a
shift in the population response of neurons, specifically an
increase in the number of neurons that displayed phasic ac-
tivity (excitatory and inhibitory firing) to the CS1 but not CS2

after conditioning (Figure 1E), and this was driven by an in-
crease in inhibitions to the CS1 but not CS2 (Figure S1H) after
conditioning. Although the population data showed an in-
crease in inhibitions after conditioning, across individual rats,
the change in the number of neurons that increased activity to
the CS1 (excitations) across learning predicted the degree of
behavioral flexibility (measured as DI) (Figure 1F). That is, rats
with an increase in CS1 excited neurons showed intact
behavioral flexibility while rats with a decrease in this excited
1004 Biological Psychiatry May 15, 2021; 89:1001–1011 www.sobp.or
population showed impaired behavioral flexibility, suggesting
that decreased PrL activity is a neural signature of inflexible
behavior (31). We previously reported that NAc core neural
activity during learning predicted how well rats could flexibly
shift behavior (16). Notably, the PrL sends dense glutamatergic
projections (32) to the NAc core with minimal collateralization
(33), and PrL neurons with projection-specific input to the NAc
are predominately excited to reward-predictive cues (34). We
show that PrL neurons that are excited to CS1 are more likely
to be phase-locked with NAc oscillatory dynamics (Figure 1G)
than inhibited or nonphasic neurons. This was particularly
evident in the gamma frequency range, which has been pre-
viously linked to reward-motivated behavior (35,36).

To determine if suppressing transmission in PrL neurons
that project to the NAc core during learning alters behavioral
flexibility, in another set of drug-naïve rats, we injected a
retrograde Cre virus in the NAc core and Cre-inducible AAV
encoding for eNpHR3.0 fused to mCherry bilaterally into the
PrL, with chronic bilateral implantation of optical ferrules tar-
geting the PrL (Figure 2A, B). Optogenetic inhibition of PrL to
NAc core neurons given throughout Pavlovian conditioning
(Figure S2A) did not alter the ability to discriminate between
CS1 and CS2 (Figure 2C, D and Figure S2B, C). However,
suppression of PrL to NAc core neurons during conditioning
impaired the ability of rats to later inhibit behavior toward CS1

following devaluation of the paired outcome, i.e., impaired
behavioral flexibility (Figure 2E, F and Figure S2C). These an-
imals remained sensitive to reinforcer devaluation with lithium
g/journal
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chloride (Figure S2D). Thus, NAc-projecting PrL neurons are
required during learning to allow for subsequent behavioral
flexibility based on previously learned cue-outcome
associations.

To further investigate how the profile of CS1 excited neu-
rons in the PrL contributes to behavioral flexibility, we exam-
ined learning-induced changes in PrL and NAc core LFPs.
Despite a sizable population of neurons that responded to CS1

on day 1 of training, CS1 elicited little change in the LFP signal
from baseline in either region on day 1 (Figure 2G). By day 10,
CS1 elicited broadband changes in LFP power in both the PrL
and NAc core (Figure 2G), suggesting the emergence of co-
ordinated neuronal responsiveness with learning. Changes in
LFP spectra induced by CS1 were nearly identical between the
PrL and NAc core, suggesting a high coupling of activity pat-
terns in these regions. Thus, we compared PrL and NAc core
coherence (37) at every individual frequency (0–100 Hz) with
behavioral flexibility (measured as DI) and found that a strong
correlation developed at higher (.50 Hz) frequencies by day 10
(Figure 2H), consistent with our findings that the PrL was
phase-locked with high gamma activity (50–100 Hz) in the NAc
after conditioning (Figure 1G).

We further probed this functional connectivity by trans-
fecting ChR2 into PrL-NAc neurons (Figure 3A and Figure S4D)
and found that frequency-specific optical stimulation in the
PrL-NAc–projecting neurons led to an increase in oscillatory
LFP power at the stimulation frequency in the NAc core
(Figure 3B). While in vitro studies of ChR2 have shown that
activation frequencies above w40 Hz decrease spike fidelity
(38), we show that NAc oscillatory dynamics in vivo reflect the
specific frequency stimulated in the PrL even up to 83 Hz
(Figure 3B). We also found that ChR2 stimulation frequency in
the PrL affects neuronal firing in the NAc core, even at fre-
quencies with decreased spike fidelity (83 Hz PrL optical
stimulation induced greater phasic responsiveness in the NAc
core, specifically the phasic excitations, while 50 Hz did not)
(Figure 3C). Because a history of cocaine abolishes NAc
phasic responsiveness to CS1 (39), which predicts behavioral
flexibility (20), we hypothesized that these stimulation param-
eters may restore behavioral flexibility after cocaine exposure.

We applied high-frequency (83 Hz) optical stimulation to PrL
neurons that project to the NAc core during abstinence (last 3
days) after cocaine self-administration but prior to conditioning
and testing (Figure 3D). This treatment did not affect how well
rats discriminated during conditioning (Figure 3E, F and
Figure S4A) but rescued cocaine-induced deficits in behavioral
flexibility (Figure 3G, H and Figure S4B). There was also no
effect on the ability to devalue the outcome (Figure S4C).
These findings show that rescuing cocaine-induced deficits in
PrL-NAc core circuit function via optogenetics can restore
behavioral flexibility.

Next, we examined if noninvasive brain stimulation, a pro-
cedure with a more direct translational path to treating human
patients, could also restore cocaine-induced deficits in PrL-
NAc core circuit function and behavioral flexibility. Rats self-
administered cocaine for 2 weeks and, after abstinence, were
placed into a novel treatment chamber for 3 days prior to
Pavlovian conditioning, devaluation, and the post devaluation
test (Figure 4A). We used a rodent model of tACS to target the
PrL because of its capacity to influence neural oscillatory
Biological Psy
activity and its potential translational value (40) and stimulated
cocaine-exposed rats with either 10-Hz or 80-Hz tACS. We
found in rats that did not receive stimulation (sham), a history
of cocaine did not impair Pavlovian conditioning (Figure 4B
and Figure S6A) but led to deficits in the ability to flexibly
shift behavior in real time (Figure 4D, E and Figure S6B) without
effecting the ability to devalue the outcome (Figure S6C). We
found that 80-Hz, but not 10-Hz, stimulation rescued cocaine-
induced deficits in behavioral flexibility (Figure 4D, E). In
cocaine-experienced rats, we found a loss of CS1-induced
oscillatory activity, particularly at w10 Hz and .65 Hz
(Figure 5A–D and Figure S5) and dampened PrL-NAc coher-
ence (Figure 5E). The CS1 oscillatory dynamics were restored
in cocaine-exposed rats following both 10-Hz and 80-Hz
stimulation (Figure 5B–D); however, only the 80-Hz stimula-
tion rescued cocaine-induced deficits in coherent activity
(Figure 5E). In addition, PrL-NAc coherence did not correlate
with behavioral flexibility (DI) in cocaine and cocaine/10-Hz
rats, while coherent activity at 60 to 70 Hz and 5 to 10 Hz/75
to 80 Hz correlated with behavioral flexibility in saline and
cocaine/80-Hz rats, respectively (Figure S7). In drug-naïve rats,
80-Hz tACS weakened Pavlovian conditioning and subsequent
behavioral flexibility (Figure S8).
DISCUSSION

Cognitive deficits, such as the inability to flexibly shift behav-
ioral strategies, are a hallmark of SUDs and can hinder effec-
tive treatment strategies (41), but the underlying
neurobiological mechanisms mediating these effects remain
unknown. We show that PrL neurons that project to the NAc
core circuit are functionally linked to behavioral flexibility and
that cocaine experience leads to aberrant in vivo PrL-NAc core
neural signaling and deficits in behavioral flexibility. These ef-
fects are not due to an inability to avoid the devalued outcome
(i.e., devaluation) but rather to an inability to integrate previ-
ously learned cue-outcome associations with the updated
outcome value to flexibly shift behavior. Remarkably, we also
show that high-frequency stimulation (80 Hz) can reestablish
adaptive signaling in the PrL-NAc circuit and restore cocaine-
induced deficits in behavioral flexibility.

Performance in the reinforcer devaluation task is impaired
when rats must acquire new cue-outcome associations after
psychostimulant exposure, but it is intact when rats utilize
cue-outcome associations learned before this exposure (8).
Thus, we focused on the PrL and NAc, as they are both
implicated in learning that ultimately allows for the shift in
behavioral flexibility (14–16,20). We show that PrL neural
encoding (particularly excitations during learning) predicts
behavioral flexibility. Across rats, there was an increase in
inhibitions during Pavlovian conditioning. Inhibitions may
play a role in approach behavior during conditioning but not
behavioral flexibility, because it is distinct from being able to
use information acquired during conditioning to achieve new
learning (25) or behavioral flexibility following outcome
devaluation (9,20).

Critically, PrL neurons that project to the NAc are predom-
inately excited, while neurons that project to the thalamus are
predominately inhibited (34). This is consistent with our find-
ings that excited neurons were more likely to be phase-locked
chiatry May 15, 2021; 89:1001–1011 www.sobp.org/journal 1005
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Figure 3. High gamma optical stimulation (83 Hz)
of PrL neurons projecting to the NAc core restores
behavioral flexibility. (A) Injections of AAV5-DIO-
ChR2 or AAV5-DIO-mCherry into the PrL and AAV6-
CMV-cre into the NAc core followed by optical
ferrule implantation in the PrL at least 1 month later.
(B) Representative spectrograms for optogenetic
stimulation of 50 Hz (bottom) or 83 Hz (top) in a ChR2
and an mCherry rat. (C) Stimulation at 83 Hz, but not
50 Hz, in ChR2 (n = 3) increased phasic activity,
specifically the phasic excitations, in the NAc relative
to mCherry rats (n = 4) (two-way repeated-measures
analysis of variance revealed a main effect of
group 3 frequency interaction, F1,5 = 30.4, p = .0048;
post hoc Bonferroni comparison revealed that 83-Hz
stimulation significantly increased phasic excitations
in ChR2 compared with mCherry [***p = .0003]).
There was a trend for a difference between ChR2
and mCherry for phasic inhibitions following 83-Hz
stimulation (p = .084). There were no differences
between groups with 50 Hz stimulation. (D) Timeline
of surgeries and behavioral design. All rats under-
went cocaine self-administration. (E) Control rats
(mCherry) and rats that received optogenetic stimu-
lation of PrL-NAc core at the end of abstinence
before conditioning and testing (ChR2) show that
both groups spend more time in the food cup to the
CS1 than the CS2 after 10 days of conditioning (two-
way repeated-measures analysis of variance;
mCherry, day 3 CS interaction, F3,15 = 58.96; ChR2,
day 3 CS interaction, F3,21 = 28.28, Tukey’s post
hoc, ****p , .0001), showing successful discrimina-
tion in both groups. (F) Bar graphs showing no dif-
ferences in the ability to discriminate CS1 vs. CS2

(measured by CI, triangles represent individual rats)
in PrL-NAc::ChR2 (n = 8) and PrL-NAc::mCherry (n =
6) rats that received optical stimulation (83 Hz) prior
to Pavlovian conditioning (unpaired t test, t12 =
0.861, p = .401). (G) Control rats (mCherry, n = 6) that
received a history of cocaine spent similar amount of
time in the food cup in the devalued and non-
devalued conditions. In contrast, PrL::NAc-ChR2
(n = 7) rats that received a history of cocaine spent
more time in the food cup in the nondevalued con-
dition than the devalued condition, showing that
ChR2 treatment before conditioning and testing
restored cocaine-induced deficits (two-way
repeated-measures analysis of variance, group 3

devaluation status interaction, F1,12 = 12.45, **p =
.004). Lines represent individual rats. (H) Bar graphs
showing a significant impairment in behavioral flexi-
bility (measured as DI, circles represent individual

rats) in cocaine PrL-NAc::mCherry rats compared with cocaine PrL-NAc::ChR2 rats, showing that the optical stimulation restored cocaine-induced behavioral
flexibility deficits (unpaired t test, t12 = 2.789, *p = .0164). Bar graphs represent mean 6 SEM. AAV, adeno-associated virus; ChR2, channelrhodopsin-2; CI,
conditioning index; CS, conditioned stimulus; D, devalued; DI, devaluation index; EXC, excitation; INH, inhibition; NAc, nucleus accumbens; ND, nondevalued;
PrL, prelimbic cortex.
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to NAc oscillatory dynamics, specifically gamma. We also
found that learning enhanced oscillations in the PrL and NAc in
theta (defined here as 10 Hz) and gamma frequency ranges.
Previous studies also show enhancements in the PrL and NAc,
particularly in the gamma range during motivated behavior
(35,36) and impulsive choice (39). These effects seem to be
predominately driven by learning and reward consumption
(35,36,39), although we cannot rule out some contribution of
movement toward the cue following learning.
1006 Biological Psychiatry May 15, 2021; 89:1001–1011 www.sobp.or
Given that neurons in the NAc core that receive pro-
jections from the PrL are predominately excited to cues (34),
we examined if suppressing transmission from PrL neurons
that project to the NAc impairs behavioral flexibility. Here, we
show that photoinhibition to PrL neurons that project to the
NAc during learning prevents subsequent behavioral flexi-
bility without affecting the ability to learn to approach pre-
dictive cues. Thus, inhibiting PrL neurons that project to the
NAc core during learning affects the acquisition of cue-
g/journal
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Figure 4. High gamma tACS (80 Hz), but not theta
tACS (10 Hz), rescues impairments in cocaine-
induced behavioral flexibility. (A) Timeline of sur-
geries and behavioral design. Rats either received
water/saline or self-administered cocaine followed
by behavioral testing and training. (B) Control rats
(Saline/Sham), cocaine rats (Cocaine/Sham), cocaine
rats treated with 10-Hz tACS (Cocaine/10 Hz), and
cocaine rats treated with 80-Hz tACS (Cocaine/80
Hz) spend more time in the food cup to the CS1 than
the CS2 after 10 days of conditioning (Saline/Sham:
n = 10, day 3 CS interaction, F3,27 = 30.15, ****p ,

.0001; Cocaine/Sham: day 3 CS interaction, n = 13,
F3,36 = 20.85, ****p , .0001; Cocaine/10 Hz: n = 8,
day 3 CS interaction, F3,18 = 18.21, ****p , .0001;
Cocaine/80 Hz: n = 9, day 3 CS interaction, F3,24 =
37.22, *p , .05), showing successful discrimination
in all groups. (C) Bar graphs showing no differences
in the ability to discriminate between CS1 vs. CS2

(measured by CI, triangles represent individual rats)
between Saline/Sham rats (n = 10), Cocaine/Sham
rats (n = 13), Cocaine/10 Hz rats (n = 8), and
Cocaine/80 Hz rats (n = 9) (one-way analysis of
variance, F2,34 = 0.2150, p = .885) on conditioning
day 10. (D) Control rats (Saline/Sham, n = 10) and
cocaine rats treated with 80 Hz tACS (Cocaine/80
Hz, n = 9) spend less time in the cup in the devalued
condition compared with the nondevalued condition,
while cocaine rats (Cocaine/Sham, n = 13) and
cocaine rats treated with 10-Hz tACS (Cocaine/10
Hz) spend a similar amount of time in the cup under

both conditions (two-way repeated-measures analysis of variance, group 3 devaluation status interaction, F3,34 = 3.77, p = .019, Bonferroni post hoc;
nondevalued vs. devalued: Saline/Sham, **p = .001, Cocaine/Sham, p = .99, Cocaine/10 Hz, p = .99, Cocaine/80 Hz, **p = .003). Lines represent individual rats.
(E) Bar graphs showing a significant impairment in behavioral flexibility (measured as DI, circles represent individual rats) by a cocaine history that was restored
in the Cocaine/80 Hz rats but not in Cocaine/10 Hz rats (one-way analysis of variance, F2,34 = 6.48, p = .0013, Tukey’s post hoc; Saline/Sham vs. Cocaine/
Sham, *p = .03, Cocaine/Sham vs. Cocaine/80 Hz, ***p = .0009, Cocaine/Sham vs. Cocaine/10 Hz, p = .35, Saline/Sham vs. Cocaine/10 Hz, p = .82, Saline/
Sham vs. Cocaine/80 Hz, p = .54, and Cocaine/10 Hz vs. Cocaine/80 Hz, p = .18). CI, conditioning index; CS, conditioned stimulus; D, devalued; DI,
devaluation index; ND, nondevalued; tACS, transcranial alternating current stimulation.
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outcome associations, which subsequently disrupts behav-
ioral flexibility.

We also show that coherent activity between the PrL and
NAc at the gamma frequencies, but not lower frequencies (,45
Hz), predicted behavioral flexibility. We had previously shown
that phasic activity in the NAc core during learning predicted
behavioral flexibility [i.e., diminished NAc activity was linked to
impaired flexible behavior (16)] and a history of cocaine abol-
ished NAc encoding during learning (25). We hypothesized that
enhancing activity within this circuit may restore neural
encoding to reward-predictive cues in cocaine-exposed
animals and allow for rats to access information about the
cue-outcome association formed during initial learning for
subsequent behavioral flexibility. Because high (but not low)
gamma stimulation led to enhanced NAc phasic responding
when stimulating cell bodies in the PrL that project to the NAc,
we reintroduced oscillatory activity at this specific frequency
by photostimulation of NAc-projecting PrL cell bodies and
successfully restored behavioral flexibility following cocaine
exposure.

Given the promise of utilizing specific optical frequencies in
the PrL to restore behavioral flexibility, we next examined if
noninvasive brain stimulation methods (specifically tACS)
could also alter oscillatory dynamics in this circuit and behavior
(40,42). Using gamma frequency (80 Hz) tACS, we were able to
Biological Psy
restore both underlying neural dysfunction and behavioral
flexibility following cocaine exposure. Enhancing PrL activity
via tACS before learning in cocaine-exposed rats may have
allowed them to acquire cue-outcome associations appropri-
ately and then flexibly shift behavior during testing. Thus, while
stimulation and testing are separated by weeks, we suggest
that our stimulation is having its primary effect during early
Pavlovian conditioning.

Interestingly, 80-Hz tACS in drug-naïve rats actually weak-
ened Pavlovian conditioning. While these rats still preferentially
approached CS1 versus CS2, they had impaired discrimina-
tion during Pavlovian conditioning and behavioral flexibility;
however, it is difficult to disentangle these findings. We believe
that overstimulating this circuit in drug-naïve rats led to dele-
terious effects distinct from cocaine effects (because cocaine
exposure does not affect Pavlovian conditioning).

While optogenetic modulation of PrL-NAc–projecting neu-
rons restored behavior, perhaps by normalizing their dendritic
profile (19,43) or synaptic transmission to the NAc (17), our
tACS stimulation is less specific and may have additional ef-
fects via alternative connections. Indeed, other cortical [e.g.,
the orbitofrontal cortex (7,27,44–49)] and subcortical [e.g.,
basolateral amygdala (28,44,47,50–52)] regions are inter-
connected with the PrL (32) and NAc (53) and are required to
adjust behavior. Future studies will be needed to determine
chiatry May 15, 2021; 89:1001–1011 www.sobp.org/journal 1007

http://www.sobp.org/journal


Figure 5. High gamma transcranial alternating current stimulation (80 Hz) restores underlying PrL and NAc core neural dynamics, while theta transcranial
alternating current stimulation (10 Hz) restores a subset of neural dynamics. (A) Schematic of transcranial alternating current stimulation. (B) Representative
perievent spectrogram (z-normalized to baseline) in the PrL (top) and NAc core (bottom) on day 10. (C) Average power across frequencies in the PrL during cue
presentation (5 s) on day 10 in Saline/Sham (n = 9, black), Cocaine/Sham (n = 10, blue), Cocaine/10 Hz (n = 6, purple), and Cocaine/80 Hz (n = 8, red). Two-way
ANOVA revealed a main effect of group 3 frequency interaction at 8 to 12 Hz (F15,140 = 2.5, p = .007; Tukey’s planned comparison post hoc revealed no
significant difference between any groups [Saline/Sham vs. Cocaine/Sham, p = .14; Saline/Sham vs. Cocaine/10 Hz, p = .99; Saline/Sham vs. Cocaine/80 Hz,
p = .99; Cocaine/Sham vs. Cocaine/10 Hz, p = .194; Cocaine/Sham vs. Cocaine/80 Hz, p = .22; Cocaine/10 Hz vs. Cocaine/80 Hz, p = .98]). Two-way ANOVA
revealed a trend toward a main effect of group at 50 to 100 Hz (F3,28 = 2.6, p = .085; Tukey’s post hoc planned comparisons reveal a significant difference
between Cocaine/Sham and all other groups, Saline/Sham, Cocaine/10 Hz, and Cocaine/80 Hz [Saline/Sham vs. Cocaine/Sham, p , .0001; Saline/Sham vs.
Cocaine/10 Hz, p = .62; Saline/Sham vs. Cocaine/80 Hz, p = .75; Cocaine/Sham vs. Cocaine/10 Hz, p , .0001; Cocaine/Sham vs. Cocaine/80 Hz, p , .0001;
Cocaine/10 Hz vs. Cocaine/80 Hz, p = .98]). (D) Average power across frequencies in the NAc core during cue presentation (5 s) on day 10 in Saline/Sham (n =
8, black), Cocaine/Sham (n = 7, blue), Cocaine/10 Hz (n = 6, purple), and Cocaine/80 Hz (n = 8, red). Two-way ANOVA revealed a main effect of group 3

frequency interaction at 8 to 12 Hz (F15,130 = 3.03, p = .003; Tukey’s post hoc planned comparisons reveal a significant difference between Cocaine/Sham and
all other groups, Saline/Sham, Cocaine/10 Hz, and Cocaine/80 Hz [Saline/Sham vs. Cocaine/Sham, p, .0001; Saline/Sham vs. Cocaine/10 Hz, p = .56; Saline/
Sham vs. Cocaine/80 Hz, p = .41; Cocaine/Sham vs. Cocaine/10 Hz, p = .0014; Cocaine/Sham vs. Cocaine/80 Hz, p = .0079; Cocaine/10 Hz vs. Cocaine/80
Hz, p = .99]); two-way ANOVA revealed a main effect of frequency at 50 to 100 Hz (F3,78 = 10.25, p , .0001; Tukey’s post hoc planned comparisons revealed a
significant difference between Cocaine/Sham and all other groups, Saline/Sham, Cocaine/10 Hz, and Cocaine/80 Hz [Saline/Sham vs. Cocaine/Sham, p ,

.0001; Saline/Sham vs. Cocaine/10 Hz, p = .70; Saline/Sham vs. Cocaine/80 Hz, p = 0.99; Cocaine/Sham vs. Cocaine/10 Hz, p = .0047; Cocaine/Sham vs.
Cocaine/80 Hz, p , .0001; Cocaine/10 Hz vs Cocaine/80 Hz, p = .63]). (E) PrL-NAc coherence showed a significant main effect of group (two-way ANOVA,
F3,2781 = 121.8, p, .0001). Specifically, PrL-NAc coherence in Cocaine/Sham rats was significantly dampened across frequencies compared with Saline/Sham
and Cocaine/80 Hz, but not Cocaine/10 Hz (Saline/Sham vs. Cocaine/Sham, p , .0001; Saline/Sham vs. Cocaine/10 Hz, p , .0001; Saline/Sham vs. Cocaine/
80 Hz, p = .20; Cocaine/Sham vs. Cocaine/10 Hz, p = .1626; Cocaine/Sham vs. Cocaine/80 Hz, p , .0001; Cocaine/10 Hz vs. Cocaine/80 Hz, p , .0001).
ANOVA, analysis of variance; NAc, nucleus accumbens; PrL, prelimbic cortex; PSD, power spectral density.
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how these additional connections and circuits are linked and
lead to deficits in behavioral flexibility following cocaine and
how tACS affects the broader circuitry underlying this
behavior. In addition, gamma oscillations are often induced by
GABA (gamma-aminobutyric acid) interneuron activity, which
1008 Biological Psychiatry May 15, 2021; 89:1001–1011 www.sobp.or
can then influence pyramidal neuron activity (54). Because
GABAergic interneuron dysfunction is implicated in deficits of
behavioral flexibility (55), and these neurons may also be tar-
geted with high-frequency tACS (56), future examination of this
system is warranted.
g/journal
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Extensive work has shown synaptic potentiation in the NAc
that is dependent on the PrL (18) following a history of
cocaine (10,19,21,57). We have previously reported enhanced
NAc core (11,12) and PrL responsiveness (13) in vivo to drug-
associated cues following abstinence. Together, these sug-
gest elevated synaptic activity to cocaine-associated cues
following cocaine abstinence. This is consistent with reports
in people with SUDs showing heightened frontal cortex and
NAc activity to drug-associated stimuli (58). In contrast, we
report dampened activity in both the PrL and NAc during a
cognitive task following a history of cocaine consistent with
hypoactivity in compulsive drug seeking in rats (59) and with
human studies that show both reduced brain activity (2) and
reduced gray matter volume (3,60) in the frontal cortex. Thus,
understanding the circuit-level mechanisms that underlie drug
cue–induced craving may be fundamentally distinct from
those that impair executive function following continued drug
use. In support, lower stimulation (w13 Hz) is sufficient to
normalize enhanced synaptic activity in the PrL-NAc circuit
following cocaine as well as reduce drug seeking (17,21).
Here, we show that high-frequency (80 Hz) stimulation is
required to restore behavioral flexibility and underlying PrL-
NAc functional activity, and low-frequency stimulation (10
Hz) is insufficient to restore behavioral flexibility. This could be
due to the different oscillatory dynamics or the lower number
of pulses. Because 10 Hz restores some of the neural dy-
namics, but not all, increasing the duration of 10-Hz stimu-
lation may be equally effective in restoring behavioral flexibility
following cocaine; future studies are needed to explore this
possibility.

Many treatments have shown promise in reducing craving
and relapse (61); however, SUDs remain incredibly difficult to
treat because of a high relapse rate. Our findings, in
conjunction with the extensive studies examining drug
seeking, support the need to follow a multifaceted approach
in treating SUDs. Future studies need to extend the circuit-
level mechanisms that underlie the interplay between drug
seeking and diminished executive function (62–64). Our data
identify a promising target for treatment of impaired cognitive
flexibility in patients with SUDs and demonstrate that tACS
may hold great therapeutic value as a noninvasive treatment
strategy for SUDs by restoring drug-induced disrupted
cortical oscillations related to impaired cognitive function.
These results support a treatment regimen wherein targeting
and entraining specific oscillatory bands that are disrupted by
cocaine history can alleviate behavioral and functional im-
pairments using noninvasive brain stimulation, specifically
tACS.
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