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Abstract

Glutamate receptor interacting protein (GRIP) is a neuronal scaffolding protein that anchors 

GluA2-containing AMPA receptors to the cell membrane. GRIP plays a critical role in activity-

dependent synaptic plasticity, including that which occurs after drug exposure. Given that cocaine 

administration alters glutamate receptor trafficking within the prefrontal cortex (PFC), a better 

understanding of the role of receptor trafficking proteins could lead to a more complete 

understanding of addictive phenotypes. AMPA receptor trafficking in general, and GRIP 

specifically, is known to play a role in cocaine seeking and conditioned reward in the nucleus 

accumbens, but its role in the PFC has not been characterized. The current study demonstrates that 

conditional deletion of GRIP1 in the medial prefrontal cortex increases the motivation for cocaine 

and potentiates cue-induced reinstatement of cocaine seeking in male and female mice. As no 

effects of PFC GRIP1 deletion were seen in reinstatement of food seeking, strategy set-shifting, or 

reversal learning the effects on cocaine seeking are not related to generalized alterations in 

cognitive function. While disrupting GRIP1 might be expected to lead to decreased AMPA 

transmission, our electrophysiological data indicate an increase in sEPSC amplitude in the 

prefrontal cortex and a corresponding decrease in paired pulse facilitation in the nucleus 

accumbens. Taken together this suggests a strengthening of the PFC to NAc input following 

prefrontal GRIP1 deletion that may mediate the enhanced drug seeking behavior.
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1. Introduction

Disruptions within glutamatergic pathways may underlie the development of uncontrollable 

drug seeking and relapse. Much work has focused on the role of the glutamatergic pathway 

from the medial prefrontal cortex (mPFC) to the nucleus accumbens in cocaine seeking 

(McFarland et al., 2003; Moorman et al., 2015; Park et al., 2002; Stefanik et al., 2016; 

Stefanik et al., 2013). After extended drug exposure, deficits in accumbal glutamate reuptake 

lead to reduced plasticity associated with addiction (Kalivas, 2009). Alterations in glutamate 

signaling within the PFC also play a role in addiction-like behaviors. Abnormalities in 

prefrontal functioning lead to compulsive drug taking and impairments in the executive 

function needed for a number of self-regulatory behaviors (Goldstein and Volkow, 2011).

Cocaine self-administration leads to both a decrease in basal glutamate levels within the 

mPFC and a decrease in cocaine-evoked glutamate release (Ben-Shahar et al., 2012). This 

decrease in release is accompanied by an increase in glutamate receptor expression, 

specifically GluN2B expression in the mPFC during withdrawal. Increased GluN2B 

expression is seen with or without cue-induced drug seeking, suggesting that the elevated 

GluN2B levels are the result of cocaine experience and/or withdrawal, and not other 

prefrontal mediated processes such as motivation (Szumlinski et al., 2016). These alterations 

in glutamate signaling have functional consequences such as increasing glutamate levels 

within the infralimbic cortex leading to attenuation of incubation of cocaine craving (Shin et 

al., 2018). While it is clear that dysfunction in glutamate signaling in the PFC plays a role in 

drug-associated behaviors, the mechanisms underlying these alterations in glutamate 

signaling within the PFC remain largely unexplored.

Glutamate Receptor Interacting Protein (GRIP) is a scaffolding protein that regulates the 

trafficking of GluA2-containing α-amino-3-hydroxy-5-methyl-4-isoazolepropionic acid 

receptors (AMPARs) in and out of the cell membrane (Dong et al., 1997). As such, GRIP 

has been shown to be involved in activity-dependent synaptic plasticity throughout the brain 

(Summa et al., 2011; Takamiya et al., 2008; Xue et al., 2010). Although the effects of GRIP 

on receptor trafficking have been characterized, its role in behavior is less clear. There is 

some evidence of a role for GRIP in social behavior (Mejias et al., 2011). Additionally, there 

has been some research on the role of GRIP in addictive phenotypes. Exposure to drug-

paired cues decreases GRIP expression in the nucleus accumbens core (Liang et al., 2017). 

Furthermore, GRIP deletion from the nucleus accumbens enhances cue-induced cocaine 

seeking (Briand et al., 2014) and impairs the ability of calpain to disrupt reconsolidation of 

cocaine conditioned reward (Liang et al., 2017). However, little is known on the behavioral 

effects of GRIP in the prefrontal cortex. In this experiment, we sought to elucidate the 

effects of prefrontal GRIP knockout on addiction-like behaviors. There are two forms of 

GRIP, GRIP1 and GRIP2, and both regulate activity dependent AMPAR internalization and 

recycling (Mao et al., 2010). Although GRIP1 and GRIP2 are homologous and highly 

conserved, GRIP1 can completely rescue function in GRIP2 KO mice, whereas GRIP2 can 

only partially restore GRIP1 function (Tan et al., 2015). Therefore, to examine the influence 

of GRIP function, we utilized a mouse with a floxed GRIP1 gene on a background of GRIP2 

knockout. In the absence of cre recombinase, the GRIP1 performs all GRIP functions, 

thereby rendering this mouse indistinguishable from wildtype. However, the GRIP2 
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knockout background is needed in order to prevent GRIP2 from rescuing the function of 

GRIP1 following the inducible knockout. Based on the role of prefrontal glutamate signaling 

and addiction, we hypothesized that prefrontal GRIP1 knockout would lead to the 

development of an addictive phenotype in mice. We found that PFC GRIP1 knockout led to 

increased motivation for cocaine and increased cue-induced cocaine seeking, without 

altering motivation or seeking for sucrose.

2. Methods

2.1 Subjects

Mice homozygous for the Cre/lox-conditional allele of GRIP1 (flox/flox) and GRIP2 

knockout (−/−) were bred on a C57bl/6J background. Male and female mice (2–6-months 

old, age matched across group) were housed individually following stereotaxic surgery and 

during experimental paradigms. 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.

2.2 Prefrontal Microinjections and Adeno-Associated Virus Constructs

The adeno-associated virus (AAV) expressing Cre recombinase (AAV2/9.CMV.PI.CRE, titer 

2.84 × 1013 vgc/µl) and the AAV expressing green fluorescent protein (eGFP) 

(AAV2/9.CMV.eGFP, titer 3.74 × 1013 vgc/µl) were generated by the University of 

Pennsylvania Vector Core. GRIP1 flox/flox mice (6–8 weeks) were anesthetized with 

isoflurane and 0.4µl of the viral construct (Cre or GFP) was injected bilaterally into the 

prefrontal cortex through a 30-gauge needle at a rate of 0.1 µl/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. The procedures involving the AAV viruses have all been approved by the 

Temple University Institutional Biosafety committee. Knockout was confirmed via western 

blot, and animals removed from study if knockout was less than a 30% decrease from 

average GFP control levels (n=2).

2.3 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 FR1 responding followed by 5 days of FR5 responding, 

and a single day of a progressive ratio schedule (5*EXP(0.2*P)-5, where P=previous ratio; 

eg. 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40…). 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. During the food training phase, mice 
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were food restricted to ∼90% of their free-feeding weight. Mice returned to ad libitum food 

access 3 days following the start of the cocaine self-administration phase.

2.4 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 

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.

2.5 Cocaine Self-Administration

Mice were tested for cocaine self-administration behavior in 2-hour sessions in the same 

chamber used for sucrose pellet self-administration. During testing, responding on the wheel 

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

compound cue, under the same schedule as the food training. Following 10 days of cocaine 

self-administration on an FR1 schedule, mice underwent one day of cocaine self-

administration on a progressive ratio schedule (5*EXP(0.2*P)-5, where P=previous ratio; eg. 

1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40…) in which the same compound cue was presented. 

Breakpoint criteria were defined as failure to acquire an infusion of cocaine within 1800 

seconds of the last infusion. The following day, 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 following 

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. After 

this time period, the cues were presented contingent with operant responding, just as was 

done during the cocaine self-administration phase. During the reinstatement session, animals 

received saline infusions following responses on the active wheel.

2.6 Operant Set Shifting Task

Mice were run in a cognitive flexibility task as described in Parikh et al., 2016. A standard 

mouse operant conditioning chamber (MED Associates), containing grid floor, houselight, 

two large cue lights, central port with fluid dipper, and retractable levers was used. Mice 

were first trained on an FR1 schedule to acquire the lever press response, which provided 

10µl of .066% saccharin solution. Once mice had completed a minimum of 30 lever presses 

within a 30-minute session, they began a pretraining phase. During pretraining, one of the 

levers (left or right of the central port) was extended for 10 seconds. Pressing the lever 

resulted in presentation of the reward and retraction of the lever. After the lever press or 

omission, an ITI of 9 ± 3 seconds began. Once mice met criteria (30 rewards and ≤ 20% 

omissions for 3 consecutive days), they were moved on to the visual discrimination phase. In 

this phase, both levers were presented for 5 seconds and mice were required to press the one 

underneath the illuminated cue light in order to receive a reward. After 3 consecutive days of 
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80% correct responses, mice were moved on to the set shifting phase. During this phase, 

mice were assigned to a “right lever” or “left lever” condition in a counterbalanced manner. 

The lever condition denoted which lever (right or left) was the active lever, and mice were 

required to press that lever to receive a reward, regardless of the location of the illuminated 

cue light. Once mice again were responding at least 80% correct for three consecutive days, 

they were moved on to the final stage, reversal. During reversal, mice were assigned the 

opposite lever condition as their set shift assignment. Once they had responded at 80% 

correct for three consecutive days, they were removed from the task and water returned ad 
libitum.

2.7 Western Blot

GRIP1 levels in the prefrontal cortex were measured using a western blot, as described in 

Briand et al., 2014. 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 µg) 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 (GRIP1, 1:2000 (BD Biosciences) and 

GAPDH, 1:5000 (Cell Signaling)) for 24 hours at 4°C. Membranes were then incubated 

with fl uorescent 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 knockout calculated 

as a fraction of the average of the GRIP1 levels in GFP-infused mice.

2.8 Electrophysiology

Slice Preparation.—Following prefrontal injection of AAV-Cre or GFP, naïve mice were 

cervically dislocated and decapitated. The brain was removed and coronal slices of 

prefrontal cortex and nucleus accumbens were cut with a Vibratome (VT1000S, Leica 

Microsystems) in an ice-cold artificial cerebrospinal fluid solution (ACSF), in which NaCl 

was replaced by an equiosmolar concentration of sucrose. ACSF consisted of 130 mM NaCl, 

3 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 10 mM glucose, 1 mM MgCl2, and 2 

mM CaCl2 (pH 7.2–7.4 when saturated with 95% O2/5% CO2). Slices were incubated in 

ACSF at 32–34 °C for 25 min and kept at 22–25 °C thereafter, until transfer to the recording 

chamber. The osmolarity of all extracellular solutions was 300–315 mOsm. Slices were 

viewed using infrared differential interference contrast optics under an upright microscope 

(Slice Scope Pro, Scientifica) with a 40 × water-immersion objective.

Recordings.—The recording chamber was continuously perfused (1–2 ml/min) with 

oxygenated ACSF heated to 32±1 °C using an automatic temperatu re controller (Warner 

Instruments). Picrotoxin (100 µM) was added to all solutions to block the GABAA receptor-

mediated currents. Recording pipettes were pulled from borosilicate glass capillaries (World 

Precision Instruments) to a resistance of 4–7 MΩ when filled with the intracellular solution 

(whole-cell recordings) or to a resistance of 1–2 MΩ when filled with extracellular solution 

(field recordings). All recordings were conducted with a MultiClamp700B amplifier 

(Molecular Devices). Whole-cell recordings. Intracellular solution contained (in mM): 100 
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CsCH3O3S, 50 CsCl, 3 KCl, 0.2 BAPTA, 10 HEPES, 1 MgCl2, 2.5 phosphocreatine-2Na, 2 

Mg-ATP, 0.25 GTP-Tris, 1 QX-314 (pH 7.2–7.3 with CsOH, osmolarity 280–290 mOsm). 

All sEPSC recordings were conducted in whole-cell voltage-clamp mode (Vh = −70 mV). 

Currents were low-pass filtered at 2 kHz and digitized at 20 kHz using a Digidata 1440A 

acquisition board and pClamp10 software (both from Molecular Devices). Access resistance 

(10–30 MΩ) was monitored throughout the recordings by injection of 10 mV 

hyperpolarizing pulses and data were discarded if access resistance changed by >25% over 

the course of data acquisition. sEPSCs were detected using an automated sliding-template-

based algorithm in pClamp 10. This method compares the shape of the detected current to 

that of a template and has been shown to detect events with amplitude of at least 3 times the 

square deviation of the noise (Clements and Bekkers, 1997). All detected events were 

verified by visual confirmation of a fast rise time and slower exponential decay to baseline. 

Mean sEPSC amplitude was analyzed from an average sEPSCs trace computed from a 

minimum of 150 individual sEPSCs. Mean sEPSC frequencies were analyzed from 180-s 

long trace segments. Evoked responses were triggered by 100 µs constant-current pulses 

generated by an A310 Accupulser (World Precision Instruments) and delivered at 0.1 Hz via 

a bipolar tungsten stimulation electrode positioned within 100 µm of the recorded cell. The 

amplitude of the current pulses was controlled by a stimulus isolator (WPI Linear Stimulus 

Isolator A395) and was adjusted to elicit monosynaptic responses in the range of 100–300 

pA (the required stimulus intensity ranged from 15 to 80 µA). For all measures, cells from at 

least 3 animals, within each group, were used. Recordings were taken from cells within the 

accumbens core. Field Recordings. A bipolar tungsten stimulating electrode was placed 

within 100–300 µm from the recording electrode and used to stimulate excitatory afferents at 

0.1 Hz. The field recordings were performed within the core of the nucleus accumbens. The 

amplitude of current pulses was set at the intensity required to evoke a 70% maximal 

response. Stimulations were applied as paired pulses (interval 20–420 ms) at 0.06Hz. The 

initial slope of fEPSPs was used as a measure of synaptic response.

2.9 Statistical analysis.

All self-administration experiments were analyzed with two-way ANOVAs with viral 

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, progressive ratio, 

extinction responding and days to criterion, cue-induced reinstatement responding and 

cognitive flexibility data were analyzed using unpaired t-tests with viral injection as the 

independent variable. The sEPSC data were also analyzed using an upaired t-test with viral 

injection as the independent variable. The paired pulse recordings were analyzed using a 

two-way ANOVA with viral injection and interpulse interval as the independent variables.

3. Results

3.1 Viral Mediated Deletion of GRIP1 in the Medial Prefrontal Cortex

Mice used in this experiment were GRIP1-floxed mice bred on a GRIP2-null background, as 

the elimination of both GRIP isoforms is necessary (Takamiya et al, 2008). Six weeks 

following the injection of AAV-Cre into the mPFC, we elicited a significant knockout in 
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GRIP1 levels in this region compared to AAV-GFP injected controls [t(35) = 4.79, p < 

0.0001; Fig. 1]. The available antibodies only allow us to quantify the extent of the knockout 

using western blot techniques; this does not allow us to differentiate between GRIP1 

knockout in neurons versus GRIP1 knockout in glial cells. As AAV9 preferentially targets 

neurons, the lack of complete knockout may be due to glial expression of GRIP1. To insure 

the behavioral effects seen here were not due to anterograde AAV expression, we confirmed 

that AAV-Cre injection into the mPFC did not affect GRIP1 expression in the nucleus 

accumbens [t(29) = 0.337, p =.74; Fig. 1f].

3.2 Prefrontal GRIP1 Knockout Does Not Affect Fixed Ratio Self-Administration of 
Sucrose or Cocaine

Six weeks after viral injections, GFP controls and Cre GRIP1 knockout mice underwent ten 

days of sucrose self-administration to acquire the operant response. An ANOVA for training 

day and viral injection revealed that there were no differences in number of pellets received 

[F(1, 83)=0.37, p=0.54; Fig. 2a], number of responses on the active response wheel [F(1, 

83)=1.37, p=0.25; Fig. 2b], nor in percent of responses on the active response wheel 

between the two groups [F(1, 75)=2.27, p= 0.14; Fig. 2c]. After acquiring the operant 

response for food, mice received jugular catheterization surgery and began the cocaine self-

administration phase. Again, ANOVA revealed that there were no differences between 

controls and prefrontal GRIP1 knockout mice in number of infusions received 

[F(1,59)=0.01, p=0.91; Fig. 3a], number of responses on the active response wheel 

[F(1,59)=1.11, p=0.30; Fig. 3b], nor in percent of active wheel responses [F(1,57)=0.21, 

p=0.65]. As no effect of sex was found for either food or cocaine self-administration (Table 

1), sex is collapsed across groups.

3.3 Prefrontal GRIP1 Knockout Enhances Responding for Cocaine but not Sucrose on a 
Progressive Ratio Schedule

After 10 days of fixed ratio cocaine self-administration, GFP control and Cre GRIP1 

knockout mice ran on a progressive ratio schedule of reinforcement to assess their 

willingness to work for cocaine. An unpaired t-test showed that Cre GRIP1 knockout mice 

exhibited a higher breakpoint compared to the GFP control mice [t(38)=2.18, p=0.04; Fig. 

4a]. In contrast, GFP control and Cre GRIP1 knockout mice exhibit similar willingness to 

work for sucrose on a PR schedule [t(48)=0.33, p=0.75; Fig. 4b]. Sex is collapsed across 

groups as no sex differences were observed (Table 1).

3.4 Prefrontal GRIP1 Knockout Enhances Responding for Cocaine but not Sucrose 
During Cue-Reinstatement

Following the cocaine self-administration phase, a subset of mice began extinction training. 

No differences were seen in the responding on the first day of extinction [GFP Control= 

206.21±60.94; Cre GRIP1 KO= 293.67±91.18; t(40)=0.83, p=0.41] or in the days to reach 

the extinction criterion [GFP Control=6.63±0.78; Cre GRIP1 KO=6.07±0.95; t(31)=0.46, 

p=0.65]. However, during the cue-induced reinstatement session, mPFC GRIP1 knockout 

mice exhibit significantly greater responding compared to GFP control mice [t(31) = 2.27, p 
= 0.03; Fig. 4c], indicating higher cue-derived cocaine seeking. In a separate cohort of mice, 

we examined extinction and cue-induced reinstatement of food seeking. Similar to what was 
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seen with extinction of cocaine seeking, we did not see any effect of mPFC GRIP1 knockout 

on extinction of food seeking (GFP Control= 483.69±66.44; Cre GRIP1 KO= 

481.79±113.15; t(25)=0.01, p=0.99]. Additionally, we did not see a viral mediated increase 

in cue-induced food seeking following mPFC GRIP1 knockout [t(24) = 0.61, p = 0.30; Fig. 

4d]. There were no sex differences in these behavioral measures (Table 1), so sex is 

collapsed across groups.

3.5 Prefrontal GRIP1 Knockout Does Not Lead to Deficits in Cognitive Flexibility

To determine whether the increased cocaine seeking during reinstatement was due to deficits 

in cognitive flexibility, we ran a separate cohort of mice on a cognitive flexibility task 

(Parikh et al., 2016). There were no differences between GFP controls and Cre GRIP1 KO 

on the number of trials to reach visual discrimination criteria [t(81)=1.74, p=0.09]. We did 

not detect any effect of mPFC GRIP1 knockout on the trials to criterion [t(84)=1.47, p=.15; 

Fig. 5a] or errors to criterion [t(84)=0.24, p=0.81; Fig. 5b] on the set-shift phase of the task. 

We also did not see any differences between the groups during the reversal phase of the task 

in either the trials to criterion [t(84)=0.70, p=.49; Fig. 5c] or the errors to criterion 

[t(84)=0.25, p=.81; Fig. 5d]. As no sex differences were observed (Table 1), sex is collapsed 

across groups for analysis.

3.6 Prefrontal GRIP1 Knockout alters glutamate transmission in the PFC and the NAc.

Six to eight weeks after viral-mediated knockout of GRIP1 in the prefrontal cortex, we 

examined spontaneous excitatory transmission in drug-naïve mice. Following mPFC GRIP1 

knockout we see an increase in the amplitude of spontaneous excitatory postsynaptic 

currents (sEPSCs) compared to GFP-injected controls [t(15)=3.24, p<0.01; Fig. 6a]. No 

differences were seen between the groups in sEPSC frequency [t(15) = 0.91, p = 0.38; Fig. 

6b]. To determine whether these physiological effects within the PFC altered downstream 

transmission in the nucleus accumbens, we examined paired-pulse ratio (PPR) in both 

cocaine-experienced and naïve mice. Medial PFC GRIP1 knockout led to a decrease in PPR 

in the nucleus accumbens regardless of drug history [F(1,33)=4.35, p=0.04; Fig. 6c]. No sex 

differences were observed.

4. Discussion

Overall, we find that the scaffolding protein, GRIP1, plays a critical role within the 

prefrontal cortex in mediating cocaine seeking. Our data demonstrate that knockout of 

prefrontal GRIP1 increases motivation for cocaine and cocaine seeking during cue-induced 

reinstatement, while not affecting sucrose seeking or consumption. Furthermore, these 

alterations are not simply the result of alterations in cognitive function. Prefrontal GRIP1 

knockout does not alter set-shifting or reversal learning. Electrophysiological recordings 

demonstrate that GRIP1 knockout leads to increased sEPSC amplitude within the PFC and 

downstream alterations in presynaptic transmission in the NAc.
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4.1 GRIP1 knockout in the prefrontal cortex increases motivation for cocaine and 
potentiates cocaine seeking in both males and females.

The glutamatergic projection from the PFC to the NAc is critically involved in the 

reinstatement of drug seeking in part due to its role in consolidation of cue-driven reward 

memory (Berke and Hyman, 2000; Kalivas et al., 2005). Inactivation of the medial PFC 

disrupts reinstatement of drug seeking (Martin-Garcia et al., 2014; McLaughlin and See, 

2003; Palombo et al., 2017; Rocha and Kalivas, 2010; Zavala et al., 2003). However, the 

mechanisms underlying this involvement are less well understood. The current study 

demonstrates that glutamate trafficking within the PFC, specifically mediated by GRIP1 

function, plays a role in cocaine seeking.

Our findings build upon previous work showing cocaine-induced alterations in glutamate 

signaling in the prefrontal cortex. Prefrontal glutamatergic transmission, and especially the 

pathway between the PFC and nucleus accumbens, is involved in reinstatement of cocaine-

seeking (McFarland et al., 2003). Within the PFC itself, glutamate release plays a role in 

protracted withdrawal from cocaine and the development of incubation of craving (Shin et 

al., 2018). An increase in prefrontal glutamate is also seen during the first day of withdrawal 

after chronic cocaine treatment (Williams and Steketee, 2004). Within 24 hours of cocaine 

self-administration, prefrontal glutamate levels are decreased (Ben-Shahar et al., 2012). 

However, while basal glutamatergic activity within the PFC is decreased, burst firing in 

response to cocaine is increased in drug-experienced rats (Sun and Rebec, 2006). This 

increase, not seen in drug-naïve rats, suggests a mechanism by which cocaine usurps 

prefrontal circuits during addiction (Sun and Rebec, 2006).

In the current study we found that GRIP1 knockout led to an increase in sEPSC amplitude, 

suggesting our manipulation has increased excitatory transmission in the PFC. Cocaine is 

known to increase excitability in the PFC (Nasif et al., 2005), so these changes may underlie 

the potentiated cocaine seeking seen here. GRIP1 is specifically involved in anchoring 

GluA2-containing AMPARs, therefore, we hypothesize that this increased activity is due to 

a relative increase in the amount of GluA2-lacking AMPA receptors at the membrane. 

Cocaine experience can increase in the contribution of GluA2-lacking AMPARs in the PFC 

(Nic Dhonnchadha et al., 2013; Pena-Bravo et al., 2017), and these molecular changes are 

hypothesized to underlie cocaine withdrawal symptoms (Nasif et al., 2005). As we also see a 

downstream decrease in paired pulse ratio in the accumbens, GRIP1 KO in the PFC may be 

priming the brain into an addictive-like state.

4.2 Prefrontal GRIP1 does not play a role in natural reward taking or seeking.

We did not find any effect of prefrontal GRIP1 knockout on natural reward taking or 

seeking. This is consistent with past work showing that glutamatergic afferents from the PFC 

are active during drug, but not food, reinstatement (McFarland et al., 2003). Moreover, 

experimental manipulation of AMPA receptors has consistently failed to affect food seeking 

(Anderson et al., 2008; Briand et al., 2014; Famous et al., 2008). Therefore, we must 

conclude that glutamatergic plasticity within the PFC is more sensitive to drug use than to 

natural reward. Given that specific neuronal ensembles within the vmPFC are responsible 

for encoding food reward and extinction of food seeking, we may have seen different results 
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if we had manipulated GRIP1 expression after the formation of these memories (Warren et 

al., 2016). However, it is also possible that we would have found different results had we 

examined a high fat food reward that can lead to more compulsive food seeking (Decarie-

Spain et al., 2018; Ghitza et al., 2006; Johnson and Kenny, 2010).

The differing effects between drug seeking and natural reward are also seen in the 

extracellular accumbal glutamate levels of rats trained to self-administer cocaine (McFarland 

et al., 2003). Extracellular glutamate levels are increased after cocaine self-administration 

but not food self-administration. Additionally, food self-administration has been shown to 

create a reversible potentiation of glutamatergic signaling within the VTA, whereas cocaine 

self-administration leads to VTA potentiation stable for at least 3 weeks (Chen et al., 2008). 

Thus, our data is congruent with the existing literature on the effects of glutamate during 

drug versus natural reward.

4.3 Knocking down GRIP1 in the PFC does not alter cognitive function.

The PFC is involved in executive behavior, including whether a rodent should engage in or 

suppress an action based on context (Moorman and Aston-Jones, 2015). Prefrontal lesions 

impair set-shifting in mice as well as rats (Bissonette et al., 2008). Additionally, lesions of 

the mPFC disrupt the formation of an attentional set (Bissonette et al., 2008), impair both 

sustained attention and response inhibition (Broersen and Uylings, 1999), and impair 

performance on a delay discounting task in both rodents (Déziel and Tasker, 2017) and 

humans (Bechara et al., 2000). More specifically, glutamate within the PFC is critical for 

maintenance of these cognitive functions. Disrupting either AMPAR or NMDAR function in 

the prefrontal cortex leads to deficits in behavioral flexibility in male rats retrieving a food 

reward from a T-maze (Stefani et al., 2003). Similarly, AMPA antagonists injected into the 

mPFC of male rats causes deficits in extradimensional shifting when digging for a food 

reward in pots containing two different odors and digging mediums (Jett et al., 2017).

Given the role of the PFC in cognitive function (Miller, 2000), it is perhaps surprising that 

the current study did not find any effects of prefrontal GRIP1 knockout on strategy set-

shifting, reversal learning or the ability of mice to learn an operant task. However, prefrontal 

GRIP1 knockout did not lead to an overall disruption in glutamate signaling in the PFC. To 

the contrary, we saw increased AMPA transmission. Therefore, our findings are consistent 

with previous work highlighting the role of the PFC in cognition. In rats, microinfusion of 

an AMPAR positive allosteric modulator into the prelimbic cortex has been shown to 

enhance cognition on an odor-reward association task (Yefimenko et al., 2013). Likewise, 

injection of an AMPAR antagonist into the mPFC of rats impairs discrimination learning 

and set-shifting due to general learning deficits (Stefani and Moghaddam, 2006). Consistent 

with our findings, an increase in prefrontal AMPA transmission would not be predicted to 

inhibit cognitive learning on an operant task.

4.4 Altering AMPA trafficking in the PFC has downstream effects on accumbal 
physiology.

Disrupting GRIP1 function leads to a decrease in the anchoring of GluA2-containing 

AMPARs to the synapse (Mejias et al., 2011). Therefore, one might expect a decrease in 

Wickens et al. Page 10

Neuropharmacology. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



prefrontal glutamate transmission following site-specific GRIP1 deletion. In contrast, we 

found that prefrontal GRIP1 knockout led to an increase in sEPSC amplitude, measured in 

layer 5 of the PFC. While GluA2-containing AMPARs are the primary subtype, GluA2-

lacking AMPARs are also present in the PFC. In fact, cocaine exposure can lead to an 

increase in the contribution of GluA2-lacking AMPARs in the prefrontal cortex (Pena-Bravo 

et al., 2017). GluA2-lacking AMPARs are calcium permeable and therefore exhibit a higher 

conductance than the GluA2-containing AMPARs. By knocking out GRIP1 in the PFC and 

disrupting the insertion of GluA2-containing AMPARs into the membrane, it’s possible that 

GluA2-lacking AMPA were preferentially inserted in the synapse, leading to an enhanced 

sEPSC amplitude. As the sEPSC recordings are influenced by not only AMPA-mediated 

currents but also spontaneous action potential firing, it is possible that the effects we see on 

sEPSC amplitude are mediated by other glutamate receptor subtypes (i.e. NMDARs). 

However, as GRIP1 has not been demonstrated to be involved in NMDAR trafficking but 

plays an established role in AMPAR trafficking, the effects we see are likely due to 

differences in AMPAR signaling.

As cocaine increases excitability in the prefrontal cortex (Nasif et al., 2005), the increased 

sEPSC amplitude following GRIP1 knockout could contribute to the increased cocaine 

seeking. The current study also found that prefrontal GRIP1 knockout led to a decrease in 

paired pulse ratio within the nucleus accumbens of both naïve and cocaine-experienced 

mice. The decrease in paired-pulse ratio suggests that prefrontal GRIP1 knockout leads to an 

increase in glutamate release probability in the nucleus accumbens (Fioravante and Regehr, 

2011; Regehr, 2012). This increase in release probability could lead to an increase in cue-

evoked glutamate release in the nucleus accumbens, perhaps driving the increases in 

reinstatement behavior.

Conclusion

In the current study, we have shown that conditional deletion of GRIP1 in the mPFC leads to 

a specific increase in cocaine seeking and motivation for cocaine in both male and female 

mice. Disrupting GRIP1 in the mPFC does not alter intake or seeking of natural rewards nor 

does it affect cognitive flexibility. Furthermore, GRIP1 knockout leads to an increase in 

AMPA transmission in the mPFC as well as alterations in glutamate transmission 

downstream in the nucleus accumbens. These results suggest that pharmacotherapies aimed 

at augmenting the interaction between GRIP1 and GluA2 could be effective in treating 

cocaine use disorder.
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Highlights

• Disruption of GRIP in the prefrontal cortex potentiates motivation for cocaine 

in male and female mice.

• Disruption of GRIP in the prefrontal cortex potentiates cue-induced cocaine 

seeking in male and female mice.

• Disruption of GRIP in the prefrontal cortex does not alter motivation for food 

or cue-induced cocaine seeking

• Prefrontal GRIP expression is not necessary for strategy set shifting or 

reversal learning.

• Selective deletion of GRIP in the PFC leads to an increase in sEPSC 

amplitude in the PFC and a decrease in paired pulse ratio in the nucleus 

accumbens
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Figure 1. Cre recombinase injection into the mPFC leads to a significant decrease in GRIP1 
protein levels.
Green areas indicate the location of the bilateral injections of 0.4 µg of GFP or AAV-Cre 

recombinase into the medial prefrontal cortex (a). Coronal section of the mouse brain 

showing the viral expression of GFP within the mPFC (b). Quantification of western blot 

reveals a significant decrease in GRIP1 protein within the mPFC following AAV-Cre 

injection, as normalized to glyceraldehyde 3-phosphate dehydrogenase [GAPDH; 

t(35)=4.79, ***p<.0001, n=15–24; c]. Representative western blots showed GRIP1 knockout 

in the mPFC (d). There was no effect of AAV-Cre injection on either GAPDH expression in 
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the PFC (e) or GRIP1 expression in the nucleus accumbens (NAc; f). Bars represent average 

± SEM.
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Figure 2. GRIP1 knockout in the mPFC does not alter operant learning during food self-
administration.
Over the 10 days of food self-administration, there were no significant differences between 

GFP control mice (n=39) and Cre GRIP1 KO mice (n=46) in the number of pellets 

consumed (a), number of responses on the active wheel (b), or percent of active responses 

during food training (c). Boxes represent average ± SEM.
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Figure 3. GRIP1 knockout in the mPFC does not alter cocaine self-administration on a fixed 
ratio schedule of reinforcement.
Over 10 days of cocaine self-administration, there were no significant differences between 

GFP control mice and Cre GRIP1 KO mice in the number of cocaine infusions or the 

number of responses on the active wheel (a, b; n=27–34). Boxes represent average ± SEM.
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Figure 4. Prefrontal GRIP1 knockout increases progressive ratio breakpoint and reinstatement 
responding for cocaine but not sucrose.
Following prefrontal GRIP1 knockout, mice exhibited an increased breakpoint on a 

progressive ratio schedule for cocaine [a; t(38) = 2.18, *p = 0.04; n=18–24] but not for food 

(b; n=24–26). Breakpoint is defined as the final ratio the mice achieved before timing out of 

the session, i.e. the number active responses required to move onto the next step. Further, 

PFC GRIP1 knockout mice exhibit greater cocaine seeking during cue-induced 

reinstatement [c; t(31) = 2.27, *p = 0.03; n=14–20] but not greater reinstatement of food 

seeking (d; n=13–14). Bars represent average ± SEM.
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Figure 5. Prefrontal GRIP1 knockout does not impact cognitive flexibility.
No differences in were seen following prefrontal GRIP1 knockout in set-shifting 

performance, either trials to criterion or errors to criterion (a, b; n=40–45). Further, no 

differences were seen between the groups in trials to criterion or errors to criterion in the 

reversal learning task (c,d; n=40–45). Bars represent average ± SEM.
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Figure 6. Disrupting GRIP1 in the PFC augments glutamate transmission in the PFC and 
nucleus accumbens.
Quantification of sEPSC amplitude reveals an increase in prefrontal GRIP1 knockout mice 

compared to GFP controls [a; t(15)=3.24, **p<0.01; n=15–20]. No differences were seen 

between the groups in sEPSC frequency (b; n=15–19). Prefrontal GRIP1 knockout led to a 

decrease in the paired-pulse ratio (40ms IPI) in both naïve and cocaine-experienced mice [c; 

F(1,33)=4.35, p=0.04; n=12–13]. Bars represent average ± SEM.
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