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Abstract

Disruption of prefrontal glutamate receptor interacting protein (GRIP), which anchors GluA2-
containing AMPA receptors (AMPARS) into the synaptic membrane, potentiates cue-induced
cocaine seeking in both males and females. PICK1 plays an opposing role to that of GRIP,
removing AMPARs from the synapse. Consistent with our hypothesis that disruption of PICK1

in the mPFC would lead to a decrease in addiction-like behavior, we found that conditional
deletion of PICK1 in the mPFC attenuates cue-induced cocaine seeking in male mice. However,
prefrontal PICK1 deletion had the opposite effect in females, leading to an increase in cue-induced
reinstatement of cocaine seeking. We did not see any effects of PICK1 knockdown on sucrose
taking or seeking, suggesting the sex-specific effects do not generalize to natural reinforcers.
These findings suggest the role of PICKL1 in the prefrontal cortex of females may not be consistent
with its accepted role in males. To determine whether these sex differences were influenced by
gonadal hormones, we gonadectomized a cohort of males and found that removal of circulating
androgens eliminated the effect of prefrontal PICK1 knockdown. As there was no effect of
gonadectomy on its own on any of the behavioral measures collected, our results suggest that
androgens may be involved in compensatory downstream effects of PICK1 knockdown. Taken
together these results highlight the need for consideration of sex as a biological variable when
examining mechanisms underlying all behaviors, even those that do not appear to be influenced by
Sex.

Introduction

Substance use disorder affects nearly 20 million people in the United States, 966,000 of
whom primarily abuse cocainel. In 2017, the United States Department of State expressed
concern over the rapidly increasing amount of export-quality cocaine produced in several
South American countries, from 915 metric tons in 2009 to 1,930 metric tons in 20172
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These figures are particularly troublesome given the lack of pharmacological treatments
for cocaine abuse. Therefore, it is of utmost importance that the molecular mechanisms
underlying cocaine abuse are identified.

Heightened glutamate levels within the prefrontal cortex (PFC) have been shown to enhance
cocaine use in animal models of addiction. Memory of cocaine-associated contexts involves
prefrontal glutamatergic activity in mice3. In rats, incubation of craving after cocaine self-
administration is associated with elevated glutamate release in the ventromedial prefrontal
cortex?. The elevated glutamate release within the prefrontal cortex impacts downstream
regions such as the nucleus accumbens®. This process is hypothesized to lead to the
development of addiction in both rats and humans®”.

The trafficking of glutamate receptors into and out of the synaptic membrane ensures
appropriate levels of glutamate transmission in healthy individuals. However, cocaine
experience alters the balance of glutamate receptors at the synapse. During extinction of
cocaine seeking, elevated levels of the AMPA receptor containing the GIuA1 subunit are
observed in the prefrontal cortex® and nucleus accumbens®. Work in the nucleus accumbens
has also found an increase in calcium permeable AMPA receptors, which contain only the
GluA1 subunitl®, Notably, this increase was true only after self-administration of cocaine,
not experimenter-administered IP injections. Although these findings were described as

a possible cause of extinction?, this phenomenon has also been hypothesized to lead to
incubation of craving!! and therefore represents a potential mechanism driving relapse to
cocaine use.

Phosphorylation of GIuA2 by PKC disrupts the interaction between GIuA2 and glutamate
receptor interacting protein (GRIP) and allows protein interacting with C kinase 1

(PICK1) to bind to the GIuA2 subunit in its placel2. Whereas GRIP anchors AMPARs

at the synaptic membrane, PICK1 internalizes GluA2-containing AMPA receptors, thereby
decreasing surface expression. Under normal circumstances, GRIP and PICK1 act to
balance the number of GluA2-containing AMPA receptors available at the synapse. Reduced
expression of one of these proteins will prevent this method of maintaining homeostasis.
Notably, this homeostatic balance between GRIP and PICK1 only affects GIuA2 containing
AMPARSs. Therefore, it represents an important mechanism controlling the ratio of calcium
impermeable to calcium permeable AMPARS.

Following chronic cocaine use, changes in levels of AMPA receptors may represent a
maladaptive form of learning®3. Previous work in our lab demonstrated that disrupting
GRIP, which anchors GluA2-containing AMPARSs into the synaptic membrane, in the
mPFC potentiates cocaine reinstatement in both male and female mice. In the current
experiment, we aimed to determine if disrupting PICK1 in the mPFC would lead to blunted
reinstatement of cocaine seeking in male and female mice; the opposite effect of what was
seen after disrupting GRIP in the PFC. Our sex-specific behavioral results suggest that
PICK1 in the mPFC is involved in different protein interactions in males and females. In
males, the predicted reduction in reinstatement supports the existing model of how PICK1
and GRIP mediate glutamate signaling in this region. The same cannot be said for females,
suggesting that PICK1 plays a sex-specific role in mechanisms of synaptic plasticity.
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Mice homozygous for the Cre/lox-conditional allele of PICK1 (flox/flox) were bred on

a C57bl/6J background. Adult male and female mice (2-6-months old, age matched

across group) were group housed until three days before the first day of food training,

at which time they were single housed and began food deprivation. Food deprivation

(mice restricted to >90% of their free-feeding weight) lasted until the third day of cocaine
self-administration. The single housing condition lasted throughout the duration of the
experiment. All animals were housed in a temperature- and humidity-controlled animal care
facility with a 12-h light/dark cycle (lights on at 0700 hours). All procedures were approved
by the Temple University Animal Care and Use Committee. Cocaine was obtained from the
National Institute on Drug Abuse Drug Supply Program (Bethesda, MD) and dissolved in
sterile 0.9% saline.

Prefrontal Microinjections and Adeno-Associated Virus Constructs.

The adeno-associated virus (AAV) expressing Cre recombinase (AAV2/9.CMV.PI.CRE,
titer 2.84 x 1013 vgc/ul) and the AAV expressing green fluorescent protein (eGFP)
(AAV2/9.CMV.eGFP, titer 3.74 x 1013 vgc/pl) were generated by Addgene. PICK1 flox/flox
mice (6-8 weeks) were anesthetized with isoflurane and 0.4pl of the viral vector construct
(Cre or GFP) was injected bilaterally into the prefrontal cortex through a 30-gauge needle

at a rate of 0.1 ul/min. Stereotaxic coordinates for the prefrontal cortex are (from Bregma)
anterior-posterior 2.4, lateral +/- 0.3, dorso-ventral —2.3. Following recovery, mice remained
in the home cage for 6 weeks prior to behavioral testing. Meloxicam (2.0 mg/kg, S.C.) was
administered for the first three days following surgery. The procedures involving the AAV
viruses have all been approved by the Temple University Institutional Biosafety committee.
Knockdown was confirmed via western blot, and animals were removed from study if
knockdown was less than a 30% decrease from average GFP control levels.

Experiment 1.

Operant Food Training.

Before catheterization, mice were trained to perform an operant response for sucrose pellets.
The mice were placed in operant chambers (Med-Associates) and trained to spin a wheel
manipulandum to receive a sucrose pellet, with one-quarter spin measured as a single active
response. Mice performed 5 days of fixed ratio 1 (FR1) responding followed by 5 days of
FR5 responding. A compound cue stimulus consisting of a cue light above the active wheel,
a 2900-Hz tone, and house light off was concurrent with each pellet administration, followed
by an additional 8 s time-out when responding had no programmed consequences and the
house light remained off. Mice were allowed to self-administer a maximum of 50 pellets per
60 min operant session.

Jugular Catheterization Surgery.

Prior to surgery, mice were anesthetized with 80 mg/kg ketamine and 12 mg/kg xylazine. An
indwelling silastic catheter was placed into the right jugular vein and sutured in place. The
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catheter was then threaded subcutaneously over the shoulder blade and was routed to a mesh
backmount platform (Strategic Applications, Inc) that secured the placement. Catheters were
flushed daily with 0.1 ml of an antibiotic (Timentin, 0.93 mg/ml) dissolved in heparinized
saline. The catheters were sealed with plastic obturators when not in use. Meloxicam (2.0
mg/kg, S.C.) was administered for the first three days following surgery.

Cocaine Self-Administration, Extinction, and Reinstatement.

Mice were tested for cocaine self-administration behavior in 2-hour sessions in the same
chamber used for sucrose pellet self-administration. During testing, one quarter turn of

the wheel now delivered an intravenous cocaine injection (0.6 mg/kg/infusion), paired

with the same compound cue, and following an FR1 schedule. After 10 days of cocaine
self-administration mice began extinction training, in which cocaine-seeking behavior was
extinguished by replacing the cocaine with 0.9% saline. During this time the light and tone
cues paired with cocaine delivery were not present. Daily 2-h extinction sessions continued
until animals met the extinction criterion of less than 25% of their self-administration
responding (average of last 3 days). Twenty-four hours after meeting the extinction
criterion, animals underwent a cue-induced reinstatement session. During the cue-induced
reinstatement session, the light and tone cues were presented non-contingently for 20
seconds every 2 minutes during the first 10 minutes of the session. Animals were still able to
respond on the active and inactive response wheels during this time. After this time period,
the cues were presented contingent with responding on the active response wheel, just as
was done during the cocaine self-administration phase. During the reinstatement session,
animals received saline infusions following responses on the active wheel.

Sucrose Self-Administration, Extinction, and Reinstatement.

Following food training, a subset of mice went on to the extinction and cue-induced
reinstatement phases as described above. These mice began extinction training after 10
days of food self-administration, during which neither the cues (light and tone) nor

the reinforcing pellet were provided. This continued until mice performed fewer active
responses than 25% of their responding during the last three days of self-administration.
A single day of cue-induced reinstatement for sucrose pellets was performed the day after
extinction criterion was met.

Statistical analysis.

Self-administration experiments were analyzed with two-way ANOVAs with viral vector
injection and day as the independent variables and pellets/responses/infusions as the
dependent variable. Sidak’s post hoc comparisons were made when main effects or
interactions were detected (p < 0.05). The protein quantification, extinction responding, days
to criterion, and cue-induced reinstatement responding data were analyzed using unpaired
t-tests with viral vector injection as the independent variable. As we were examining

the effects of PICK1 knockdown and not directly testing sex differences the data were
analyzed separately in males and females. However, to directly compare the sexes, we ran
an additional two-way ANOVA on the reinstatement data with sex as one of the independent
variables.

Ad(dict Biol. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wickens et al.

Page 5

Experiment Il.

Subjects.

As the goal of this experiment was to examine the relationship between mPFC PICK1
knockdown and androgens, only male mice were used in these studies.

Gonadectomy.

Five weeks prior to food training, mice underwent orchiectomy or sham surgery. Mice were
anesthetized with 80 mg/kg ketamine and 12 mg/kg xylazine via an IP injection. Mice in
the gonadectomy (orchiectomy) group had the caudal epididymis removed bilaterally. Sham
animals received incisions into the skin and peritoneum only. All animals were placed under
a heat lamp until awake and mobile. For the week following gonadectomy or sham surgery,
animals were monitored to ensure proper healing. Meloxicam (2.0 mg/kg, subcutaneous
injection) was administered for the first three days following surgery, and triple antibiotic
ointment applied to the surgical site until the skin had fully healed.

Operant Food Training, Jugular Catheterization, and Cocaine Self-Administration.

See methods for Experiment I.

Western Blot.

PICK1 levels in the prefrontal cortex were measured using a western blot, as described in
Briand et al., 201414, This method was used for animals in both experiment 1 and 2. Briefly,
animals were decapitated, and the prefrontal cortex dissected using a brain block (Braintree
Scientific). Protein quantification was performed using a Pierce BCA Protein Assay Kit
(Thermo Scientific). Equal amounts of protein (30 pg) were loaded into each well of a Tris-
glycine gel (Lonza) and transferred to nitrocellulose membranes (Immobilon). Membranes
were blocked with Li-Cor blocking buffer and allowed to incubate in primary antibody
solution (PICK1, 1:2000 (NeuroMab) and GAPDH, 1:5000 (Cell Signaling)) for 24 hours
at 4°C. Membranes were then incubated with fluorescent secondary antibodies (1:20,000;
IR-dye 680 or IR-dye 800, Li-Cor) and imaged on an Odyssey fluorescent scanner (Li-Cor).
Western blots were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
and the percent knockdown calculated as a fraction of the average of the PICK1 levels in
GFP-infused mice.

Statistical analysis.

In experiment 1, all self-administration experiments were analyzed with two-way ANOVAS
with viral vector injection and day as the independent variables and pellets/responses/
infusions as the dependent variable. Experiment 2 was analyzed in the same manner, though
groups were separated into “sham control” or “gonadectomy.” Sidak’s post hoc comparisons
were made when main effects or interactions were detected (p < 0.05). The protein
quantification, extinction responding, days to criterion, and cue-induced reinstatement
responding data were analyzed using unpaired t-tests with viral vector injection as the
independent variable.
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Cre-Mediated Deletion of PICK1 in the Medial Prefrontal Cortex

Six weeks following the injection of AAV-Cre into the mPFC (see Fig. 1a for placement) of
PICK1 floxed mice, we demonstrate a knockdown in PICK1 levels in this region compared
to AAV-GFP injected controls in both male and female mice [Fig. 1b; main effect of

virus, A1,48)=36.9, p<.0001]. Performing the viral vector injections six weeks before the
beginning of behavior allows for adequate expression of the virus and removal of existing
PICK1 from the membrane without being affected by cocaine experience. The available
antibodies only allow us to quantify the extent of the knockdown using western blot
techniques; this does not allow us to differentiate between PICK1 knockdown in PFC cell
bodies versus PICK1 knockdown in terminals of neurons projecting to the PFC. Although
AAV9 preferentially targets neurons, the lack of complete knockout may be due to glial
expression of PICK11°. Confirmation of viral vector injection placement was performed via
GFP imaging in an additional group of mice.

Prefrontal PICK1 Knockdown Does Not Affect Food Training, Sucrose Self-Administration
or Cocaine Self-Administration in Intact Mice

Six weeks following the viral vector injections, GFP controls and PICK1 knockdown mice
were given 10 days of operant training to acquire sucrose self-administration. Both groups
acquired the operant response for sucrose, exhibiting a significant increase in the number of
pellets earned over the 10 sessions [males: A9,441)=31.6, p<0.01; females: A9,450)=23.6,
p<0.01]. However, there was no effect of PICK1 knockdown on the number of pellets
received [males: A1,49)=2.84, p=0.09; females: A1,50)=0.11, p=0.74; Fig. 2a,b], number
of active responses [males: A1,47) = 0.38, p= 0.54; females: A1,50)=0.69, p=0.41; Fig
2c,d], or percent active responding [males: A1,49)=2.39, p=0.13; females: A1,50)<0.01,
£~=0.99]. During the cocaine self-administration phase, there were no differences between
GFP controls and PICK1 knockdown animals in the number of infusions received [males:
A1, 39) =0.08, p=0.77; females: A1,33)=0.22, p=0.64; Fig. 2e,f] or the number of active
responses [males: A1, 39) = 0.33, p=0.57; females: A1,34)=0.95, p=0.34; Fig. 2g,h].

Prefrontal PICK1 Knockdown Has a Sex-Specific Effect on Cue-Induced Reinstatement for
Cocaine but Not Sucrose in Intact Mice

Following the cocaine self-administration phase, a subset of mice began extinction training.
No differences were seen between the GFP controls and PICK1 knockdown animals in the
days to reach the extinction criteria [A1, 39) = 1.29, p = 0.26], nor was there an effect

of sex [A1, 39) = 1.20, p=0.28; Fig 3a]. However, during cue-induced reinstatement of
cocaine seeking we found a sex specific effect of PICK1 knockdown. In male mice, PICK1
knockdown animals exhibited a significant decrease in cocaine seeking compared to GFP
controls [Interaction, A1,20)=5.85, p=.025, Sidak post-hoc GFP control reinstatement vs.
PICK1 knockdown reinstatement, p=.011; Fig. 3b]. In contrast, female PICK1 knockdown
animals exhibit an increase in cue-induced cocaine seeking during the reinstatement

test [Interaction, A1,19)=5.47, p=.030, Sidak post-hoc GFP control reinstatement vs.
PICKZ1 knockdown reinstatement, p=.011; Fig. 3c]. When comparing the effect of PICK1
knockdown on reinstatement across the sexes, a significant interaction between viral vector
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injection and sex was found [Interaction, A1,39)=9.01, p=.0047]. These effects were
specific to cocaine, as no effect of prefrontal PICK1 knockdown was seen in either male

or female mice during cue-induced reinstatement of sucrose seeking [males: main effect test,
A1,16)=20.8, p=.0003; main effect of PICK1 knockdown, A1,16)=0.20, p=.41; interaction,
H1,16)=0.36, p=.56; females: main effect test, A1,10)=54.6, p<.0001; main effect of PICK1
knockdown, A1,10)=0.24, p=.64; interaction, A1,10)=1.80, p=.21; Fig. 4].

Gonadectomy Reversed the Effect of Prefrontal PICK1 knockdown on Cue-Induced
Reinstatement of Cocaine Seeking in Males

Male gonadectomy did not alter the total number of sucrose pellets earned over the 10
sucrose self-administration sessions [effect of GDX: A1,40)=0.003, p=0.96; effect of virus:
A1,40)=0.0007, p=.98; Fig 5a]. Similarly, there was no effect of gonadectomy or PICK1
knockdown in the total number of cocaine infusions received over the 10 days of cocaine
self-administration [effect of GDX: A1,37)=0.11, p=0.74; effect of virus: A1,37)=0.12,
£~=0.73; Fig. 5b]. Neither prefrontal PICK1 knockdown nor gonadectomy influenced the
number of days required to meet extinction criteria among gonadectomized males [effect of
GDX: A1,26)=0.48, p=0.49; effect of virus: A1,26)=0.71, p=0.41 Fig. 5c]. In contrast, there
was a significant interaction between prefrontal PICK1 knockdown and gonadectomy during
cue-reinstatement (interaction, A1,27)=4.31, *p<0.05; Fig. 5d].

Discussion

Overall, we find that the AMPA receptor scaffolding protein PICK1, within the prefrontal
cortex, plays a sex-specific role in mediating cocaine seeking. Our data demonstrate

that knockdown of prefrontal PICK1 decreases cue-induced cocaine seeking in males
while not affecting sucrose or cocaine self-administration. In contrast, prefrontal PICK1
knockdown increases cue-induced cocaine seeking in females. The effects of prefrontal
PICK1 knockdown in males are mediated in part by gonadal hormones, as gonadectomized
males responded more like females after the PICK1 manipulation.

PICK1 Knockdown in the Prefrontal Cortex Dampens Cocaine Seeking in Males

The scaffolding proteins GRIP and PICK1 bind to the GIuA2 subunit of the AMPA
receptor!2. GRIP maintains the GluA2-containing receptor within the synapse, whereas
PICK1 internalizes the receptor after phosphorylation2. Together, these proteins regulate
the GluA2-containing AMPA receptors available at the synapse. Previous work has

shown that knockdown of prefrontal GRIP potentiates cocaine seeking'6. Therefore, we
hypothesized that disrupting PICK1 function in this region would have the opposite effect:
attenuated responding during reinstatement. This is exactly what we found in the male
mice. As prefrontal GRIP knockdown leads to an increase in AMPA-mediated glutamate
transmission1®, we believe our PICK1 manipulation leads to a decrease in AMPA-mediated
transmission due to a decrease in the contribution of GluA1-lacking AMPA receptors.
This would lead to a net decrease in AMPA transmission. This is consistent with work in
male rats demonstrating that inactivation of the mPFC disrupts reinstatement of cocaine
seekingl7-21,
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Although the control males had a higher numerical value for reinstatement than control
females, it was not statistically significant due to the variability inherent in mouse behavioral
studies. In the literature, some studies have found that females show higher levels of cocaine
reinstatement compared to males?2-24 though this is dose dependent?®. Past work in our lab
has not shown a sex difference in reinstatement among control mice26:27.

PICK1 Knockdown in the Prefrontal Cortex Leads to a Sex-Specific Effect in Cocaine

Seeking

In contrast to what we found in male mice, female mice exhibited an increase in cue-induced
reinstatement following prefrontal deletion of PICK1. These findings suggest that PICK1
plays a sex-specific role in glutamate receptor trafficking. Since we previously demonstrated
that knocking out GRIP from the PFC leads to similar effects on cocaine seeking in male
and female micel8, this would suggest something unique to PICK1 rather than an overall sex
difference in the role of PFC glutamate trafficking in cocaine seeking. The GluA2 subunit

is only one of over forty proteins that bind to PICK128, Therefore, PICK1 may exhibit a
different binding profile in the PFC of male and female mice.

One such protein that PICK1 binds to is the dopamine transporter (DAT)28, the primary
target of cocaine. Colocalization of PICK1 and DAT increases dopamine uptake in vitro2?,
thereby attenuating the effects of dopamine at the synapse. If PICK1 binds with greater
affinity to the DAT in female mice compared to male mice, then disrupting PICK1
function in females could lead to alterations in dopamine transmission. While male PICK1
knockdown mice do not show evidence for alterations in surface expression of DAT30,
these studies have not been done in female PICK1 knockdown mice. Dopamine antagonist
administration into the prefrontal cortex dampens cue-induced cocaine seeking on a second
order schedule3?, therefore it is plausible that prefrontal PICK1 increases cocaine seeking
via dopaminergic mechanisms.

Gonadectomy Eliminates PICK1 Knockdown Effect on Cocaine Cue-Induced
Reinstatement in Males

The data from the males fits within the AMPA trafficking model proposed by the current
body of literature, so our first step was to examine gonadectomy of males. We found that
gonadectomized male mice did not show the prefrontal PICK1 knockdown effect that was
seen in intact and sham surgerized males. As gonadectomy did not influence reinstatement
behavior in control mice, this suggests that androgens are involved in the downstream
effects of PICK1 knockdown that lead to the decrease in reinstatement behavior. Interaction
between androgens and the glutamate system has been described in several brain regions32.
In the hypothalamus, testosterone has been shown to upregulate AMPA receptor subunits in
the rat32, while in male hamsters, androgens increase glutamate synthesis and GIuA1 subunit
expression33. However, gonadectomy does not alter the levels of AMPA or NMDA receptor
subunits within the striatum or amygdala of male rats32:34, suggesting that the effects of
testosterone on glutamate signaling may be brain region specific.

While it is not known whether gonadectomy influences glutamate signaling within the
NAc, microinjection of testosterone in the NAc leads to the development of conditioned
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place preference®®, indicating that it regulates reward circuitry. However, higher peripheral
testosterone levels are associated with decreased behavioral effects of cocaine36:37. In the
current study, we found that gonadectomy did not influence cocaine taking or seeking
behavior. These results are consistent with one other study that examined the effect of male
gonadectomy on cocaine self-administration in rats38. We have extended this finding to
confirm that along with having no effect on cocaine taking, gonadectomy does not influence
cocaine seeking in male mice.

The lack of effect of gonadectomy in control mice on reinstatement behavior suggests that
the lack of circulating androgens does not directly influence glutamate signaling. However,
it does influence the downstream effects of PICK1 knockdown. We propose that one of the
downstream effects of PICK1 knockdown is a decrease in the expression of GluA2-lacking
AMPARSs to compensate for the increased expression of GluA2-containing AMPARS. This
yin-yang relationship between GluA2-containing and GluA2-lacking AMPARSs is consistent
with our previous findings following prefrontal GRIP knockdown®. We hypothesize that
gonadectomy prevents this compensatory response thereby increasing the contribution of
GluA2-lacking, calcium permeable AMPARs. While very little has been done examining
how androgens influence glutamate receptor trafficking, androgen receptor antagonism can
lead to an increase in glutamate-evoked intracellular calcium3°. Therefore, it is possible that
gonadectomy is potentiating the effects of the calcium-permeable GluA2-lacking AMPARS
thereby preventing this decrease in net glutamate transmission.

The current studies focused on the effect of gonadectomy in males because our findings on
the role of prefrontal PICK1 knockdown are consistent with previous work suggesting that
higher levels of GluA2-containing AMPARs, relative to GluA2-lacking AMPARS, dampens
cocaine seeking®. While female gonadal hormones may be playing a role in the effects

of PICK1 in cocaine seeking, these findings suggest the role of PICK1 itself may be sex
specific. Further studies are need to characterize the role of this protein in females prior to
examining how gonadal hormones might be interacting with it.

Prefrontal PICK1 Knockdown Does Not Play a Role in Fixed Ratio Measures of Food or
Cocaine Self-Administration

We did not find any effect of prefrontal PICK1 knockdown on sucrose or cocaine taking.
This is consistent with previous work in our lab showing that prefrontal GRIP knockdown
had no effect on fixed ratio measures of reward administrationl®, and with existing

literature showing no effect of PICK1 inhibition on natural reinforcement4041, Disruptions
to glutamatergic signaling mechanisms have not been reported to affect sucrose seeking#243,
initial fixed ratio measures of self-administration44°, or extinction?®, suggesting that
glutamate is more important for cocaine seeking than sucrose or drug taking.

Of note, we did not observe sex-specific differences in the acquisition of sucrose or cocaine
taking, though it has been well established that females acquire drug seeking behavior at a
faster rate than males?2:2447_ However, this effect is not seen in every cohort of animals due
to differences in cocaine dose, time of day, and reinforcement schedule38:48, It is possible
that the parameters of our self-administration setup minimize sex differences during the
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acquisition phase, or that females must begin self-administration at a specific point in the
estrus cycle (likely estrus, see23) to show robust differences.

Additionally, gonadectomy did not alter sucrose training or cocaine self-administration in
male animals. Testosterone in male rats is required for cocaine sensitization3’, particularly
during adolescence®®. However, operant learning during adulthood is primarily dependent
upon changes during adolescence?9:50. As all the animals described in the current
experiment were adults, no deficits in operant learning were expected.

Conclusions

In the current study, we have shown that conditional deletion of PICK1 in the mPFC

leads to sex-specific effects during cue-induced reinstatement to cocaine. Males showed
decreased reinstatement while females increased their reinstatement responding. The PICK1
knockdown induced decrease in reinstatement responding was blocked by gonadectomy,
suggesting that circulating testosterone has a downstream effect on this phenotype. Further
study will be needed to parse apart effects in the females and to develop an understanding
of interactions between gonadal hormones and prefrontal addiction circuitry. In the future,
this could represent a novel avenue for treatment of psychostimulant addiction. However,
currently these are the first results to show that PICK1 may be playing different roles in
males and females, which highlights the importance of considering sex differences even in
basic biological processes.

This is the first study to examine the possibility of sex differences in the role of PICK1.
The results for males are consistent with past literature showing increased reinstatement
after PICK1 antagonism?0, elevated levels of GluA2-lacking AMPARs after the removal

of GluA2-containing AMPARs!1, and the importance of PFC to NAc glutamatergic
transmission in addiction-like behavior’41:51 Very little of this work has been replicated

in females, and it is not known if females rely on the same molecular pathways for PICK1-
mediated plasticity as do males. Further, regions of the brain that differ in males and females
often rely on distinct mechanisms®2. We propose that the role of PICK1 as a homeostatic
balance with GRIP is true in males but that in females additional processes are involved.
Identifying the processes in females is complicated by the vast number of proteins to which
PICK1 binds®3. Work involving electrophysiology, behavior, binding assays, and protein
quantification will be required to answer these open questions.
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Figure 1. Significant Cre-mediated prefrontal PICK1 knockdown.

Male and female mice were injected bilaterally with 0.4pl of AAV-GFP or AAV-Cre
recombinase into the medial prefrontal cortex (A). Western blots showed significant

Males

prefrontal PICK1 knockdown [B, ***p<.0001 main effect of virus].
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Figure 2. PICK 1 knockdown in the mPFC does not alter operant learning during sucrose
self-administration or cocaine self-administration in male or female mice.

There were no significant effects of prefrontal PICK1 knockdown (PICK1 KD) among
males or females during sucrose self-administration, as measured by the number of sucrose
pellets received during a one-hour testing session (A-C; n=24-27/group). There were also
no significant effects of prefrontal PICK1 KD among males or females during the self-
administration of cocaine, as measured by the number of cocaine infusions received during a
two-hour period (D-F; n=14-22/group).
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Figure 3. Prefrontal PICK 1 knockdown leads to sex-specific effects on cue-induced reinstatement
of cocaine seeking.

Male and female mice showed no effect of prefrontal PICK1 knockdown (KD) on the time
to reach extinction criterion (A). However, PICK1 KD in the mPFC of male mice led to a
significant decrease in active responses during cue-induced reinstatement [B, A1,20)= 4.44,
*p<0.01, n=10-12/group]. In contrast, PICK1 KD in the mPFC of female mice led to an
increase in active responses during cue-induced reinstatement [C, interaction: A1,19)=4.87,
*p<0.01, n=9-13/group].
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Figure 4. Prefrontal PICK 1 knockdown does not affect cue-induced reinstatement of sucrose
seeking.

There were no effects of prefrontal PICK1 knockdown (KD) on cue-induced reinstatement
of sucrose in males (A) or females (B; n= 4-5/group).
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Figure 5. Gonadectomy eliminates the effect of prefrontal PICK 1 knockdown on cue-induced
reinstatement.

There were no group differences over the course of the 10 days of sucrose self-
administration in the total number of pellets received (A). During the 10 days of cocaine
self-administration, there were no group differences in the total number of infusions received
(B). There was no effect of PICK1 KD or gonadectomy on active responses performed on
the last day of extinction [C; A1,27)= 3.48, p=0.07]. There was a significant interaction
between gonadectomy and prefrontal PICK1 KD on responses during the cue-reinstatement
session [D; A1,27)=4.31, *p<0.05, n=6-9/group].
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