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Abstract
Current smoking cessation therapies offer limited success, as relapse rates remain high. Nico-
tine, which is the major component of tobacco smoke, is thought to be primarily responsible for 
the addictive properties of tobacco. However, little is known about the molecular mechanisms 
underlying nicotine relapse, hampering development of more effective therapies. The objec-
tive of this study was to elucidate the role of medial prefrontal cortex (mPFC) glutamatergic 
and gamma-aminobutyric acid (GABA)ergic receptors in controlling reinstatement of nicotine 
seeking. Using an intravenous self-administration model, we studied glutamate and GABA 
receptor regulation in the synaptic membrane fraction of the rat mPFC following extinction 
and cue-induced reinstatement of nicotine seeking. Subsequently, we locally intervened at the 
level of GABAergic signaling by using a mimetic peptide of the GABA receptor associa ted 
protein (GABARAP)-interacting domain of GABA type A (GABAA) receptor subunit γ2 (TAT-
GABAγ2) and muscimol, a GABAA receptor agonist. Alpha-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors were not 
regulated after the 30-minute reinstatement test. However, GABAA receptor subunits α1 and 
γ2 were upregulated, and interference with GABAA receptor insertion in the cell membrane 
using the TAT-GABAγ2 peptide in the dorsal mPFC, but not the ventral mPFC, significantly 
increased responding during reinstatement. Increasing GABAA transmission with muscimol in 
the dorsal and ventral mPFC attenuated reinstatement. These data indicate that cue-induced 
reinstatement entails a GABAergic plasticity mechanism that limits nicotine see king by re-
storing inhibitory control in the dorsal mPFC. GABAA receptor-mediated neurotransmission 
in the dorsal mPFC constitutes a possible future therapeutic target for maintaining smoking 
abstinence.



65

GABAergic plasticity controls nicotine relapse

Introduction
Addiction is a neuropsychiatric disorder characterized by drug use despite negative conse-
quences and high relapse rates. Nicotine addiction, generally encountered in the form of to-
bacco smoking, is one of the most common addictions worldwide199 and is associated with a 
high incidence of morbidity and mortality200. Although our understanding of the neurobiology 
underlying relapse to cocaine and heroin seeking is becoming more detailed73,76,201,202, less is 
known about the molecular mechanisms and neuronal circuitry driving relapse to nicotine 
seeking23,203. Increasing our understanding of the circuitry and mechanisms involved is a cru-
cial step towards the development of effective smoking cessation therapies23,204.
 Human imaging studies have shown increased activation of the prefrontal cortex and 
anterior cingulate gyrus during cue-induced craving in smokers205-208. Based on a selected set 
of criteria36, these areas correspond to the rat medial prefrontal cortex (mPFC), suggesting 
that the rodent mPFC may also be involved in cue-induced nicotine seeking. In rats, relapse 
to drugs of abuse can be modeled adequately using the cue-induced reinstatement model209-211, 
in which drug seeking is reinstated by the presentation of drug-associated cues. Studies on 
cocaine and heroin have indicated that the mPFC and its projections to the nucleus accumbens 
(NAc) have a central role in controlling reinstatement of drug seeking73,125,127,209,212. In line with 
this finding, studies in rodents using Fos expression as a marker for neuronal activity have 
provided evidence for mPFC involvement during acquisition and reinstatement of nicotine 
conditioned place preference and acquisition of nicotine self-administration213-215. In addition, 
re-exposure to environmental cues paired with non-contingent nicotine induces Fos expres-
sion in the mPFC216.
 The mPFC is subject to neuroadaptations induced by chronic drug taking and with-
drawal, bringing this area to a drug-adapted state that is thought to contribute to high relapse 
vulnerability163,217,218. For example, after 15–18 days of cocaine or nicotine self-administration, 
protein levels of NMDA receptor subunits are increased in the mPFC219,220. Such changes rela-
ted to receptor function are known to have long-term effects on synaptic physiology after drug 
exposure, such as in the mPFC, where aberrant long-term depression (LTD) is observed after 
chronic cocaine taking60. Long-term neuroadaptations may have an impact on relapse-asso-
ciated brain activation and acute neuroplasticity that drive or control relapse when confront-
ed with drug-associated cues73,109,221. This impact is demonstrated by studies that successfully 
reversed neuroadaptations or neuroplasticity observed in the mPFC and other brain areas, 
including reducing the glutamate tone in the NAc during withdrawal218,222-224, downregulating 
mGlu2/3 receptor function in the ventral tegmental area and NAc after nicotine self-admini-
stration225, and blocking endocytosis of AMPA receptors in the mPFC during reinstatement 
of heroin seeking109. From these studies, it can be concluded that manipulation of molecular 
changes in the glutamatergic system induced by drug exposure and relapse are amenable for 
intervention to reduce relapse vulnerability.
 Although the GABAergic system has been explored less in this respect, it also has been 
linked to addictive behavior in recent years85,210,226,227. For instance, cue-induced reinstatement 
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of heroin seeking is associated with increased GABAergic inhibition of mPFC pyramidal cells85. 
With respect to nicotine seeking, reinstatement can be modulated by systemic administration 
of compounds affecting both glutamate and GABA transmission210,228,229. Given that the mPFC 
has a major role in controlling relapse to addictive drugs, we hypothesized that reinstatement of 
nicotine seeking might be associated with glutamate-based or GABA-based neuroadaptations 
or neuroplasticity mechanisms in this area. To investigate this hypothesis, changes in synap-
tic expression level of glutamate and GABA receptors in the mPFC after self-administration 
and extinction as well as acute changes associated with cue-induced reinstatement of nicotine 
seeking were measured. We discovered an acute cue-induced GABAergic plasticity mechanism 
and showed that intervention at the level of mobility of GABAA receptors in the dorsal mPFC 
modulates relapse behavior.

Materials and Methods
Animals
Male Wistar rats (Harlan CPB, Horst, The Netherlands), weighing 300–375 g at the time of sur-
gery, were single housed in Makrolon cages (Tecniplast, Milan, Italy) with ad libitum food and 
water. All experiments were conducted during the dark phase of a reversed 12 hour light-dark 
cycle and approved by the Animal Care Committee of the VU University Amsterdam.

Drugs
[–]Nicotine hydrogen tartrate salt and muscimol (Sigma, St. Louis, MO, USA) were dissolved 
in sterile saline. TAT-GABAγ2 peptide (R-T-G-A-W-R-H-G-R-I-H-I-R-I-A-K-M-D-G-G-G-
Y-G-R-K-K-R-R-Q-R-R-R, 80.3% purity) and scrambled peptide (TAT-scrambled; H-A-R-H-
R-G-W-H-R-I-K-I-D-I-G-R-A-T-G-G-G-Y-G-R-K-K-R-R-Q-R-R-R, 88.4% purity)230, from 
GenScript (Piscataway, NJ, USA), and GluA23Y and GluA23A

109 from the Netherlands Cancer 
Institute (Amsterdam, The Netherlands), were dissolved in sterile saline.

Nicotine self-administration
Self-administration experiments were conducted as described previously85,109,231 and in the 
Supplementary Methods. Following extinction training, reinstatement of nicotine seeking was 
induced by response-contingent presentation of nicotine-associated cues (fixed ratio (FR) 4 
schedule; 30 min). No-cue groups received a 30-min extinction session.

Experiment 1: Reinstatement-associated protein regulation
To assess protein regulation in the mPFC after nicotine self-administration and reinstatement, 
animals were trained to self-administer either saline (n=6) or nicotine (n=12). After extinction, 
animals received either another extinction session or a cue-induced reinstatement session. Pro-
tein levels were determined as described subsequently.

Experiment 2: Blocking GABAA receptor insertion during reinstatement
To block reinstatement-associated GABAA receptor insertion, rats received a bilateral guide 
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cannula (Plastics One, Düsseldorf, Germany) aimed at the dorsal mPFC (anterior-poste-
rior (AP), +3.0; medial-lateral (ML), ±0.75; dorso-ventral (DV), 3.7 mm) or ventral mPFC 
(AP, +3.0; ML, ±0.6; DV, 5.4 mm). After extinction training, animals were infused bilaterally 
with 35 pmol per hemisphere of either TAT-GABAγ2 or TAT-scrambled230 30 min before the 
reinstatement test (0.25 μL/min, 2 min (0.5 μL/side) followed by 1 min to allow diffusion). 
Using a within-subject design, all animals received both treatments in a randomized order 
(TAT-GABAγ2/TAT-scrambled in dorsal (n=16) or ventral mPFC (n=15)). Animals were left 
abstinent for 1 week between test days.

Experiment 3: Effects of muscimol infusion on reinstatement
Local application of muscimol (0.03 nmol per hemisphere) or vehicle into both mPFC sub-
regions was performed as described earlier (dorsal mPFC (n=8) or ventral mPFC (n=15)). 
Muscimol was infused 5–10 min before testing.

Experiment 4: Effects of TAT-GABAγ2 and muscimol on baseline responding
To determine the effect of TAT-GABAγ2 and muscimol on baseline responding under no-cue 
conditions, an independent group of rats received a bilateral guide cannula aimed at the dorsal 
mPFC (see earlier). After extinction of nicotine self-administration, rats were subjected to an 
additional four extinction tests preceded by successive infusions of 1) TAT-GABAγ2 versus 
TAT-scrambled and 2) muscimol versus saline into the dorsal mPFC, and 3) TAT-GABAγ2 
versus TAT-scrambled and 4) muscimol versus saline into the ventral mPFC (n=8 for all tests). 
For ventral mPFC infusions, injectors that extended 1.7 mm beyond the dorsal mPFC infusion 
site were used. Compounds were infused as described earlier. Before each test, animals were 
randomly assigned to one of the two groups, balanced according to the average FR4 responding 
during the preceding nicotine self-administration phase. Between tests, animals underwent 
regular extinction sessions to ensure responding before each test was at baseline level.

Exclusion criteria
Animals were excluded from analysis for the following reasons: the intravenous catheter was 
clogged; animals increased responding for nicotine on the FR2 and FR4 schedule with <50% 
compared with the average of the previous schedule; no reinstatement was observed in the 
control situation of a crossover design (fewer than eight active responses during the test); or the 
infusion site was outside of the targeted area (Supplementary Table 1).

Synaptic membrane isolation
Rats were decapitated 30 min after the start of the reinstatement session, and brains were ra-
pidly frozen. The mPFC, consisting of cingulate cortex, prelimbic cortex and infralimbic cortex 
between 2.28–4.20 mm bregma (Figure 1D)232, was dissected freehand, and primary and secon-
dary motor cortices were collected between these coordinates as controls. Synaptic membranes 
were isolated as described previously123 and in the Supplementary Methods.
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Immunoblotting
Synaptic membrane fraction proteins were separated by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis, transferred to polyvinylidene fluoride membrane and probed as des-
cribed in the Supplementary Methods. After incubation with alkaline phosphatase or horse-
radish peroxidase-conjugated secondary antibody (1:10,000; Dako, Glostrup, Denmark) and 
ECF Substrate (GE Healthcare, Piscataway, NJ, USA) or Femto Chemiluminescent Substrate 
(Thermo Fisher Scientific, Rockford, IL, USA) blots were scanned with an FLA 5000 (Fujifilm, 
Tokyo, Japan) or LI-COR Odyssey Fc (Westburg, Leusden, The Netherlands)) scanner and ana-
lyzed with Quantity One (Bio-Rad Laboratories, Inc, Hercules, CA, USA) or Image Studio (LI-
COR Biosciences, Lincoln, NE, USA) software. Total protein was visualized using Coomassie 
or trichloroethanol staining, scanned using a Gel Doc EZ imager (Bio-Rad Laboratories, Inc) 
and analyzed with Quantity One or Image Lab (Bio-Rad Laboratories, Inc) software to correct 
for input differences per sample; this is a reliable method that does not depend on a single 
protein for normalization109,233.

Statistics
All values are given as mean ± SEM. Acquisition of nicotine self-administration was as-
sessed using a repeated-measures two-way analysis of variance (ANOVA) with drug (saline 
or nicotine) and hole (active or inactive) as between-subject factors. Extinction of active nose 
poke respon ding was tested using a repeated-measures one-way ANOVA with drug as be-
tween-subject factor. Significant reinstatement compared with average responding in the last 
three extinction sessions was evaluated with a repeated-measures ANOVA with drug and cue 
(no-cue or cue) as between-subject factors. For immunoblotting, saline-no-cue and saline-cue 
groups were combined for all analyses because no significant difference between these two 
groups was found using a Student’s t-test. Protein regulation was analyzed using a one-way 
ANOVA followed by a post hoc two-tailed Tukey honestly significant difference test. For in-
terventions on reinstatement, significance was evaluated using a paired Student’s t-test or a 
Wilcoxon signed rank for nonparametric data. To assess locomotor effects (see Supplementary 
Methods), differences in locomotor activity during the three phases of the open field test were 
determined using a repeated-measures ANOVA with treatment as between-subject factor. Ra-
tios between treatment and baseline sessions were compared using a one-way ANOVA. When 
Mauchly’s test of sphericity was significant, a Greenhouse-Geisser correction was applied.

Results
Experiment 1: Nicotine self-administration and reinstatement of nicotine seeking
To evaluate protein regulation during reinstatement of nicotine seeking, rats were trained to 
self-administer saline or nicotine. Saline animals did not alter their behavior after the shift to FR2 
and FR4, whereas animals receiving nicotine substantially increased responding on these sche-
dules with a higher ratio of active over inactive hole responding (Figure 1A; repeated-measures 
two-way ANOVA: session x drug x hole interaction, F7.1,254.3=5.94; p<0.001). Subsequent ex-
tinction training reduced response rates to saline levels (repeated-measures ANOVA, session 
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x drug interaction, F4.7,83.8=4.44; p=0.002; Figure 1B). A two-way repeated-measures ANOVA 
revealed that during the extinction versus reinstatement test a significant increase in respon-
ding was observed only in the nicotine-cue group (session x drug x cue interaction; F1,14=11.75; 
p=0.004; Figure 1C). Inactive nose poke responses remained stable throughout the entire ex-
periment (Supplementary Figure 1). Immediately after the extinction versus reinstatement test 
the mPFC was dissected (Figure 1D) and synaptic membranes were isolated for analysis of 
protein levels.

Figure 1. Active hole responses during acquisition, extinction and reinstatement of nicotine self-administration. 
(A) In FR2 and FR4, responding during daily 1-hour sessions was increased in nicotine self-administration groups 
(n=6 each) but not in saline groups (n=3 each) and started to deviate from inactive responses (Supplementary Figure 
1). (B) Responding during daily 1 h extinction sessions decreased responding in the nicotine groups. (C) Average 
responding during the first half hour of the last three extinction sessions (Extinction) and responding during a 30-min 
session (Reinstatement) in which either no cue was presented (i.e., another extinction session; no-cue) or cue-induced 
reinstatement was induced by presentation of nicotine-associated cues (cue). **p<0.01 versus all other groups. (D) 
The mPFC (consisting of anterior cingulate, prelimbic and infralimbic cortex, depicted at +3.0 mm bregma232) was 
dissected for analysis of cue-induced protein regulation in the synaptic membrane fraction 30 min after the start of the 
reinstatement test (Figures 2 and 3).
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GABAA receptor subunits are regulated after cue-induced reinstatement of nicotine seek-
ing
The glutamatergic and GABAergic neurotransmitter systems are subject to activity-dependent 
plasticity234-237. Manipulation of the regulation of synaptic receptors has been shown to inter-
fere with both execution and learning of addictive and other behaviors71,109,238. We examined 
whether long-term changes in expression of glutamate and GABA receptors in the synaptic 
membrane fraction of the mPFC are associated with nicotine self-administration. In addition, 
we determined whether cue-induced reinstatement of nicotine seeking induces acute changes 
in these receptor levels. No significant regulation was observed for AMPA and NMDA receptor 
subunits (Figure 2A,B) or the post-synaptic marker PSD95 (Supplementary Figure 2), secon-
dary to either long-term changes after nicotine exposure or the acute effects of reinstatement.
 Indicative for the absence of AMPA receptor endocytosis is the lack of effect of the 
AMPA receptor endocytosis blocking peptide GluA23Y on nicotine reinstatement (Supplemen-
tary Figure 3). In contrast, cue-induced reinstatement of heroin seeking is associated with a de-
crease of AMPA receptor levels in mPFC synaptic membranes, and GluA23Y attenuates heroin 
reinstatement109.
 In addition to glutamate receptors, no significant regulation was observed for GABAA 
receptor subunits GABAAR-α2 and GABAAR-β3 and the GABAB2 receptor (Figure 3A,B). 
However, GABAAR-α1 and GABAAR-γ2 were significantly upregulated after reinstatement of 
nicotine seeking (206%, F2,15=6.85; p=0.008 and 197%, F2,15=6.66; p=0.009, respectively, rela-
tive to the nicotine-no-cue group; Figure 3B). A trend for upregulation was observed for 
GABAAR-β3 (160%, F2,15=3.29; p=0.065, relative to the nicotine-no-cue group; Figure 3B). 
Because no differences in levels of GABAA receptors were observed between the saline and 
nicotine-no-cue group, our data indicate that cue-induced reinstatement resulted in an acute 
increase in synap tic GABAA receptors in the mPFC. Regulation of these GABAA receptors was 
specifically loca lized to the synaptic membrane fraction of the mPFC because no difference 

Figure 2. Glutamate receptor expression is unchanged in the mPFC synaptic membrane fraction after cue-in-
duced reinstatement of nicotine seeking. Average levels of AMPA (A) and NMDA (B) receptor subunits in saline (S), 
nicotine-no-cue (NCC) and nicotine-cue (NC) groups (n=6; n=9 for the NCC and NC groups for GluA3, GluN1 and 
GluN2A) were determined by immunoblotting of the synaptic membrane fraction and normalized for loading (total 
protein shown below immune-detected bands). No significant regulation of glutamate receptor subunits was found 
using an ANOVA test.
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was found in protein levels in the total homogenate fractions of the mPFC (Figure 3C) or in 
synaptic membrane fractions isolated from motor cortex adjacent to the mPFC (Supplementa-
ry Figure 4). If this increase is causally related to relapse propensity, intervening with GABAA 
receptor membrane insertion in the mPFC might alter nicotine reinstatement.

Experiment 2: Blocking GABAA receptor insertion in the dorsal mPFC augments rein-
statement of nicotine seeking
Synaptic insertion of GABAA receptors follows a two-step pathway. The receptors travel to 
the synapse by lateral diffusion239 after first being inserted at extrasynaptic sites in the plas-
ma membrane237. This insertion occurs through interaction with different components of the 

Figure 3. GABAA receptor subunits GABAAR-α1 and -γ2 are upregulated specifically in the mPFC synaptic mem-
brane fraction after cue-induced reinstatement of nicotine seeking. Average levels of GABAB2 receptor (A) and 
GABAA receptor subunits GABAAR-α1, -α2, -β3, and -γ2 (B) in saline (S), nicotine-no-cue (NCC) and nicotine-cue 
(NC) groups (n=6) were determined by immunoblotting of the synaptic membrane fraction and normalized for loa-
ding (total protein shown below immune-detected bands). ANOVA revealed a significant regulation of GABAAR-α1 
and -γ2 and a trend for regulation of GABAAR-β3 in mPFC synaptic membranes. *p<0.05 versus other groups. Other 
subunits and receptors were unaffected by nicotine or cue (GABAAR-α2: F2,15=1.71; p=0.215). (C) Total homogenates 
(n=6) of the mPFC were also probed for GABAA receptor subunits GABAAR-α1 and -γ2 but were unaffected.
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cellular trafficking machinery, one of the predominant and best characterized being GABA 
receptor-associated protein (GABARAP)237. It has been shown in different cell types, inclu-
ding Xenopus laevis oocytes240 and cultured hippocampal neurons241, that increasing GABA-
RAP expression levels results in higher surface levels of GABAA receptors. Direct interaction of 
GABARAP with the intracellular loop of GABAAR-γ2 occurs242. The functional significance of 
this interaction was demonstrated using a TAT-conjugated peptide mimicking the GABARAP 
interaction domain of GABAAR-γ2 (TAT-GABAγ2) to block GABAA receptor insertion in hip-
pocampal neurons230 and amygdala slices243. In vivo application of TAT-GABAγ2 decreased the 
association between GABARAP and GABAAR-γ2 as well as miniature inhibitory postsynaptic 
current (mIPSC) frequency and amplitude in the amygdala243.
 We hypothesized that reinstatement-associated regulation of GABAA receptors was 
GABARAP-mediated, based on previous data indicating that the GABARAP-dependent mecha-
nism of GABAA receptor insertion is responsible specifically for activity-induced increases in 
receptor levels but not for maintaining basal expression levels230,243. To test the functio nal sig-
nificance of GABAA receptor insertion during cue-induced reinstatement of nicotine see king, 
we tested whether blocking this process by TAT-GABAγ2 peptide infusion into the mPFC 
would affect reinstatement. Because of different connectivity and functionality of the dorsal 
and ventral subregions of the mPFC73,244, we targeted these subregions separately (Supplemen-
tary Figure 5 for self-administration and extinction). Infusion of TAT-GABAγ2 (35 pmol per 
hemisphere) into the dorsal mPFC (Figure 4A), but not into the ventral mPFC (Figure 4B), 
significantly increased responding during reinstatement of nicotine seeking compared with 
animals that received a scrambled peptide (TAT-scrambled) (Student’s t-test, t15=–2.3; p=0.037; 

Figure 4. Peptide mimetic competition of dorsal mPFC GABAAR-γ2 and GABARAP interaction augments cue- 
induced reinstatement of nicotine seeking. (A,B) Active hole responding during a 30-min reinstatement test after 
infusion with TAT-GABAγ2 or TAT-scrambled (TAT-Scr) peptide. All animals received both treatments following 
a within-subject design. Peptides were infused into either the dorsal mPFC (dmPFC; n=16; A) or ventral mPFC 
(vmPFC; n=15; B). A Student’s t-test revealed a significant effect of treatment in dorsal mPFC (*p=0.037) but not in 
ventral mPFC. (C) Infusion sites for dorsal mPFC (triangles; light gray) and ventral mPFC (circles; dark gray) between 
+2.52 and +3.72 mm bregma232.
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Figure 4A–C). This identifies the dorsal mPFC as a key substrate that regulates reinstatement 
of nicotine seeking.
 No effect of treatment was observed on inactive responses during reinstatement in 
either area (Supplementary Figure 5). Locomotor activity was not affected by TAT-GABAγ2 in 
an open field test (Supplementary Figure 6), indicating that the effect on reinstatement is not due 
to increased locomotor activity. Our observation that blockade of GABAA receptor insertion 
enhanced nicotine seeking suggests that reinstatement-associated inhibitory plasticity does not 
drive reinstatement but rather might act as a constraint on responding to nicotine-associated 
cues.

Experiment 3: Infusion of muscimol into the dorsal or ventral mPFC attenuates rein-
statement of nicotine seeking
Because the TAT-GABAγ2 peptide suppresses inhibitory neurotransmission by reducing 
mIPSC amplitude and frequency230,243, we hypothesized that stimulation of GABAA recep-
tor-mediated inhibitory neurotransmission with the GABAA receptor agonist muscimol in the 
dorsal mPFC should conversely attenuate cue-induced reinstatement, in accordance with the 
role of the dorsal mPFC in context-induced and drug-primed reinstatement115,144,245. Before re-
instatement testing, animals were trained as previously described (Supplementary Figure 7).
 Infusion of muscimol (0.03 nmol per hemisphere) into the dorsal mPFC before a 
cue-induced reinstatement test decreased active hole responding (Student’s t-test, t7=2.5; 
p=0.041; Figure 5A–C). Similar to heroin seeking246, ventral mPFC muscimol infusion reduced 
cue-induced reinstatement of nicotine seeking (t17=5.0; p<0.001; Figure 5A–C). No effect of 
muscimol on inactive responses was observed for the dorsal mPFC, although there was a small 

Figure 5. Muscimol attenuates cue-induced reinstatement of nicotine seeking after infusion into the dorsal and 
ventral mPFC. (A,B) Active hole responding during a 30-min reinstatement test after infusion of muscimol (0.03 
nmol per hemisphere) or saline. All animals received both treatments following a within-subject design. Muscimol 
and saline were infused into the dorsal mPFC (dmPFC; n=8; A) or ventral mPFC (vmPFC; n=15; B). Muscimol sig-
nificantly decreased active hole responding after infusion into the dorsal (Student’s t-test, *p=0.041) and the ventral 
mPFC (***p<0.001). (C) Infusion sites for dorsal mPFC (triangles; light gray) and ventral mPFC (circles; dark gray) 
between +2.76 and +3.72 mm bregma232.
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non-significant reduction in inactive responding on ventral mPFC infusion (p=0.09; Supple-
mentary Figure 7). Muscimol infusion into the dorsal mPFC before an open field test did not 
affect locomotor activity in either of the time bins tested (Supplementary Figure 6).

Experiment 4: TAT-GABAγ2 and muscimol do not affect responding under no cue con-
ditions
We evaluated whether infusion of TAT-GABAγ2 or muscimol into the mPFC was sufficient to 
affect nose poke responding in the absence of nicotine-associated cues in an independent group 
of animals (Supplementary Figure 8 for self-administration and extinction). The TAT-GABAγ2 
peptide (versus control) or muscimol (versus control) was infused into the dorsal or ventral 
mPFC before a regular extinction session and did not affect baseline responding (Figure 6A–E).

Figure 6. The TAT-GABAγ2 peptide and muscimol do not affect responding in absence of nicotine-associated 
cues. (A,B) Infusion of TAT-GABAγ2 versus TAT-scrambled (TAT-Scr) into the dorsal mPFC (dmPFC; n=5 versus 
n=3; A) and ventral mPFC (vmPFC; n=3 versus n=5; B), before an extinction test after nicotine self-administration 
had been extinguished (Supplementary Figure 8), did not have a significant effect on active hole responding (Student’s 
t-test; dmPFC: t6=-0.9; p=0.40; vmPFC: t6=0.0; p=1.00). (C,D) Infusion of muscimol versus saline into the dorsal 
mPFC (n=3 versus n=5; C) and ventral mPFC (n=3 versus n=5; D) before an extinction test also did not significant-
ly affect active hole-responding (dmPFC: t6=–0.6; p=0.59; vmPFC: t6=0.3; p=0.81). (E) Infusion sites for the ventral 
mPFC (circles; dark gray) between +2.76 and +3.72 mm bregma232. The dorsal mPFC infusions (triangles; light gray) 
were targeted 1.7 mm dorsal of the ventral mPFC infusions (see Materials and Methods).
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Discussion
We identified an acute GABAergic plasticity mechanism in the dorsal mPFC that controls 
cue-induced reinstatement of nicotine seeking. Peptide mimetic intervention with the GABA-
ergic system in this brain area was sufficient to affect responding to nicotine-associated cues. 
Specifically, blocking GABARAP-mediated insertion of GABAA receptors in the dorsal mPFC 
membrane augmented responding during the reinstatement test. This enhancing effect was 
dependent on cue-induced GABAA receptor regulation because it was not observed under ex-
tinction conditions. Stimulation of GABAA receptor-mediated neurotransmission in the dorsal 
and ventral mPFC with muscimol attenuated cue-induced nicotine seeking, indicating that 
both subregions of the mPFC are part of the circuitry driving reinstatement of nicotine seeking.
 Different phases of addiction are paralleled by long-term adaptations and acute 
plasticity in the mesocorticolimbic reward system73,76,163. Drug-induced adaptations embody 
long-lasting drug memories that are thought to underlie a high vulnerability to relapse73,217,218, 
possibly by forming the basis for acute plasticity mechanisms that drive relapse109,221. Both the 
excitatory glutamatergic system and the inhibitory GABAergic system are highly plastic234,236,247. 
Not only are these systems altered following different behavioral paradigms, but also mani-
pulation of these alterations has been used to affect behavior, including fear conditioning71,243, 
self-administration225 and reinstatement of drug seeking85,109,221,225,248. Although glutamatergic 
plasticity has received the most attention in addiction research, we found acute GABAergic 
plasticity in the mPFC as a modifier of cue-induced reinstatement of nicotine seeking.
 Previously, we reported that under similar conditions, cue-induced heroin seeking is 
associated with ventral mPFC AMPA receptor endocytosis109. In the present study, we showed 
that cue-induced nicotine seeking was associated with insertion of GABAA receptors in mPFC 
synaptic membranes and not with AMPA receptor trafficking (Figures 2 and 3). In contrast, 
expression of GABAA receptors in the mPFC was not altered after reinstatement of heroin 
seeking (SS, unpublished data, 2013). This finding indicates that molecular plasticity related 
to cue-induced reinstatement seems specific for the type of addictive drug used. A molecular 
blockade of these specific processes in the ventral or dorsal mPFC for heroin109 or nicotine 
(Figure 4), respectively, affected reinstatement responding, demonstrating their causal role in 
reinstatement. The notion of drug specificity is consistent with the observation that blocking 
AMPA receptor endocytosis did not affect reinstatement of nicotine seeking (Supplementary 
Figure 3).
 Although GABA receptor levels in the mPFC were unchanged after extinction of nico-
tine self-administration compared with the saline group, re-exposure to nicotine cues induced 
acute insertion of GABAA receptors into mPFC synaptic membranes. Higher synaptic GABAA 
receptor levels might potentiate GABAergic neurotransmission by increasing mIPSC ampli-
tudes230,237. Long-term potentiation and long-term depression of GABAergic synapses have 
been observed in several brain areas, including the cortex234, regulating excitability of neural 
circuits88,249. Although GABAA receptor transmission seems specifically regulated in the dorsal 
mPFC, it is as yet unclear which cell types and cortical layers are involved. 
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 The trafficking protein GABARAP directly interacts with the intracellular loop of 
GABAAR-γ2242, regulating GABAA receptor membrane insertion240,241 and the extent of inhibi-
tory neurotransmission. Lin et al.243 showed the relevance of modulation of inhibitory neuro-
transmission for learning and memory. These investigators observed a reversal of a fear condi-
tioning-induced reduction of GABAA receptor-dependent neurotransmission in the amygdala 
during extinction. Blockade of this reversal by competing with GABAAR-γ2 for interaction 
with the GABAAR-γ2 binding site of GABARAP using the TAT-GABAγ2 peptide interfered 
with extinction of fear-potentiated startle. The observation that blocking insertion of GABAA 
receptors increased responding during reinstatement of nicotine seeking (Figure 4) suggests 
that plasticity in inhibitory neurotransmission serves to balance excitatory transmission in the 
dorsal mPFC and to limit drug seeking responses (i.e., it acts as an inhibitory constraint on 
drug seeking). This process of “compensatory neuroplasticity” is consistent with the observa-
tion that activation of GABAA receptors reduced reinstatement of nicotine seeking (Figure 5). 
The absence of effect of TAT-GABAγ2 and muscimol on inactive lever responding and locomo-
tion after infusion into the dorsal mPFC shows that the effect of these treatments on nicotine 
seeking is not confounded by locomotor effects.
 The notion of a molecular mechanism that counteracts the process that it parallels is 
not new in the addiction field. Sadri-Vakili et al.250 identified an increase in mPFC brain-derived 
neurotrophic factor (BDNF) protein levels after a 7-day withdrawal from cocaine self-admini-
stration. Suppressing BDNF levels by local infusion of short hairpin RNA resulted in a higher 
motivation to self-administer cocaine, leading the investigators to coin the term “compensatory 
neuroadaptation” for this induction of BDNF. As has been shown more recently248, the ob-
served involvement of GABAergic plasticity in nicotine reinstatement does not rule out other 
mechanisms controlling reinstatement of nicotine seeking.
 The dorsal mPFC has been repeatedly implicated in driving drug taking and see-
king for various drugs of abuse73,125. For example, specific inactivation of this area attenuates 
drug, stress, context and cue-induced reinstatement of cocaine seeking144,245,251,252 and drug and 
cue-induced reinstatement of heroin seeking115. In the present study, we identified a molecular 
mechanism in the dorsal mPFC that regulates reinstatement of nicotine seeking. The dorsal 
mPFC is thought to function as a relay station, receiving afferents from several areas involved 
in cue-induced drug seeking, including the ventral tegmental area253 and basolateral amygda-
la254. These areas are thought to enhance excitatory output from the dorsal mPFC to the NAc 
core, resulting in activation of the motor circuitry144,251. A more recent study by Gipson et al.248 
identified increased glutamate release and synaptic potentiation in the NAc core associated 
with cue-induced reinstatement of nicotine seeking. This study suggests that enhanced gluta-
mate release in the NAc core could be a downstream consequence of increased dorsal mPFC 
neurotransmission. One way to counteract reinstatement is upregulation of GABAA receptors, 
which leads to decreased glutamatergic input into the NAc core. Likewise, local application of 
TAT-GABAγ2 might enhance glutamate release and augment reinstatement. Taken together, 
these data point out the relevance of activation of the dorsal mPFC to NAc core projection for 
nicotine reinstatement.
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 Although the molecular intervention aimed at GABAA receptor membrane insertion 
had no effect in the ventral mPFC, pharmacological inhibition of this region by muscimol did 
reduce cue-induced reinstatement. Infusion of muscimol into the ventral mPFC had no effect 
under extinction conditions. The latter observation contrasts previous findings in extinguished 
cocaine trained animals, in which infusions of baclofen and muscimol into the infralimbic 
cortex reinstated cocaine seeking155. This finding suggests that the ventral mPFC does not par-
ticipate in a functional network mediating extinction-induced inhibition of nicotine seeking, 
in contrast to that for cocaine seeking. Rather, the ventral mPFC, in concert with the dorsal 
mPFC, is part of the circuitry driving cue-induced reinstatement of nicotine seeking, albeit 
apparently without compensatory changes in GABAA receptor subunit regulation because the 
molecular intervention was ineffective.
 In conclusion, our results identified the dorsal and ventral mPFC as part of the neural 
circuitry driving cue-induced reinstatement of nicotine seeking. GABAergic plasticity in the 
dorsal mPFC controls reinstatement of nicotine seeking, indicating that GABAA receptors and 
associated proteins may form novel targets for treatment of relapse to smoking.
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Supplemental Materials and Methods
Nicotine Self-Administration
Rats were implanted with a catheter in the jugular vein, and for the intervention experiments 
also with a bilateral guide cannula (Plastics One, Düsseldorf, Germany) aimed at the dorsal 
(AP +3.0; ML +/-0.75; DV 3.7 mm) or ventral medial prefrontal cortex (mPFC) (AP +3.0; ML 
+/-0.6; DV 5.4 mm). Rats were trained in identical operant chambers with a grid floor (Med 
Associates Inc., Georgia, VT, USA), which were surrounded by sound-attenuating ventilated 
cubicles. One side of the chamber was equipped with two nose poke holes (one active, one 
inactive) with a yellow cue light in the holes and a red drug-availability light above the hole. 
Furthermore a red house light, a tone generator (cue tone) and a swivel to connect the infu-
sion pump to the intravenous catheter were present. During the acquisition phase, animals 
were allowed to nose poke in the active hole for intravenous nicotine (two second infusions 
of 40 μg/kg nicotine in a total volume of 42.52 μL; nicotine calculated as free base) or saline 
infusions during one-hour sessions, 5–6 days/week. A poke in the inactive hole was without 
consequences. Every infusion was paired with light and tone cues and was followed by a 15-sec-
ond time-out period during which the drug was not available. The acquisition phase consisted 
of approximately 10 sessions on fixed ratio 1 (FR1), 2 on FR2 and 5 on FR4. Following the 
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acquisition phase, operant responding was extinguished during approximately 15 one-hour 
extinction sessions. During these sessions, only the house light was on while the availability 
light was off and an active nose poke did neither result in an infusion, nor in presentation of 
the light and tone cue. Finally, reinstatement of nicotine seeking was induced in the cue groups 
by presentation of the availability light in combination with response-contingent presentation 
of nicotine-associated cues under an FR4 schedule during a 30-min reinstatement session. The 
no-cue group received a 30-min extinction session.

Experiment S1
To test the effect of the AMPA receptor endocytosis-blocking peptide GluA23Y

109, animals were 
trained to self-administer nicotine (n=14), then left undisturbed for 3 weeks, after which the 
30-min reinstatement session was preceded (90 min) by an intravenous injection (1.5 nmol/g 
bodyweight) of GluA23Y or a control peptide (GluA23A)109.

Open Field
Sixteen animals of experiments 2 and 3 were left undisturbed in their home cage for three 
weeks and were then used to assess locomotor activity during three subsequent 30-min ses-
sions in a plastic box (79 x 57 x 42 cm). After initial habituation, all animals (n=4 per condi-
tion) received a vehicle infusion (“baseline”) in the dorsal mPFC before the second test. The 
effect of TAT-GABAγ2 and muscimol on locomotor activity was tested during the third session 
(“treatment”). Control animals received either an infusion with TAT-scrambled or saline. All 
infusions were performed as described in the main text. Sessions were recorded and analyzed 
using Ethovision XT 8 (Noldus, Wageningen, The Netherlands). Differences in locomotor ac-
tivity during the three phases of the open field test were determined using a repeated-measures 
analysis of variance (ANOVA) with treatment as between-subject factor. Ratios between treat-
ment and baseline sessions were compared using a one-way ANOVA.

Synaptic Membrane Isolation
Samples were homogenized in ice-cold homogenization buffer (0.32 M sucrose, 5 mM HEPES, 
pH 7.4 with fresh protease inhibitors) and 5% of this homogenate was collected as total cell 
lysate. The remaining homogenate was centrifuged at 1,000x g for 10 min. The supernatant was 
loaded on top of a sucrose gradient consisting of 0.85 M and 1.2 M sucrose. After centrifuga-
tion at 30,000x g for 2 h, the synaptosome fraction at the interface of 0.85 ⁄ 1.2 M sucrose was 
collected, concentrated by centrifugation at 25,000x g for 30 min, and then lysed for 15 min 
in a hypotonic solution (5 mM HEPES, pH 7.4, with fresh protease inhibitors). The resulting 
synaptic membrane fraction was recovered by centrifugation using the sucrose step gradient 
as stated above. The synaptic membrane fraction was collected from the 0.85 ⁄ 1.2 M interface 
and concentrated by centrifugation at 25,000x g for 30 min. Protein concentrations were deter-
mined using a Bradford assay (Bio-Rad, Hercules, CA, USA).
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Immunoblotting
After SDS-PAGE and transfer to PVDF membranes, synaptic membrane fraction proteins (2.5–
5 μg protein/lane) were probed with rabbit anti-GluA1 (1:50,000; Epitomix, Burlingame, CA, 
USA), mouse anti-GluA2 (1:2,000; NeuroMab, Davis, CA, USA), rabbit anti-GluA3 (1:2,000; 
Abcam, Cambridge, UK), rabbit anti-GluN1 (1:2,000; GenScript, Piscataway, NJ, USA), rab-
bit anti-GluN2A (1:500; Abcam), mouse anti-GluN2B (1:500; NeuroMab), mouse anti-PSD95 
(1:10.000; NeuroMab), mouse anti-GABAB2 (1:40; NeuroMab), mouse anti-GABAAR-α1 
(1:2,000; NeuroMab), rabbit anti-GABAAR-α2 (1:1,000; Novus Biologicals, Cambridge, UK), 
mouse anti-GABAAR-β3 (1:500; NeuroMab) or rabbit anti-GABAAR-γ2 (1:1,000; Millipore, 
Temecula, CA, USA).

Supplementary Figures

Supplementary Figure 1. Inactive hole responses during acquisition, extinction and reinstatement of nicotine 
self-administration. (A) Responding during daily 1 h sessions in nicotine groups (n=6) and saline groups (n=3). (B) 
Responding during daily 1 h extinction sessions. (C) Average responding during the first half hour of the last three 
extinction sessions (Extinction) and responding during a 30-min extinction session (no-cue) or cue-induced reinstate-
ment session (cue; Reinstatement). No significant differences between groups in responding in the inactive hole were 
found during any phase of nicotine self-administration. FR, fixed ratio.
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Supplementary Figure 2. PSD95 expression levels are 
constant across the medial prefrontal cortex synaptic 
membrane fractions used to determine cue-induced 
protein regulation. Average level of PSD95 in saline (S), 
nicotine-no-cue (NCC) and nicotine-cue (NC) groups 
(n=6) was determined by immunoblotting of the synap-
tic membrane fraction, and normalized for loading (total 
protein shown below immune-detected bands). No sig-
nificant regulation of PSD95 was found using an analysis 
of variance test.

Supplementary Figure 3. Blocking AMPA receptor endocytosis is ineffective in preventing reinstatement of nico-
tine seeking. (A) Responding during daily 1 h sessions increased in nicotine self-administration groups (n=7 each) in 
FR2 and FR4, and started to deviate from inactive responses. (B) Average responding at the active and inactive hole 
during a 30-min session (after a 3-week withdrawal period of abstinence) in which cue-induced reinstatement was 
induced by response-contingent presentation of nicotine-associated cues, and 90 min after an intravenous infusion 
of the AMPAR receptor endocytosis blocking peptide (GluA23Y; 1.5 nmol/g bodyweight) known to block heroin re-
instatement109 or its control (GluA23A). The peptide was without effect (Student’s t-test active hole responses GluA23A 
versus GluA23Y: p=0.72), hinting to absence of mPFC glutamatergic control over nicotine reinstatement. FR, fixed ratio.

Supplementary Figure 4. No cue-induced regulation of GABAA receptor subunits α1 and γ2 in the synaptic mem-
brane fraction of motor cortex after reinstatement of nicotine seeking. Average levels of GABAA receptor subunits 
GABAAR-α1 and GABAAR-γ2 in saline (S), nicotine-no-cue (NNC) and nicotine-cue (NC) groups were determined 
by immunoblotting and normalized for loading (total protein). GABAAR-α1 and -γ2 were not regulated in synaptic 
membranes derived from cortex adjacent to the mPFC (primary and secondary motor cortex) after cue-induced re-
instatement of nicotine seeking (n=6 per group). dmPFC, dorsomedial prefrontal cortex; vmPFC, ventromedial pre-
frontal cortex. *p<0.05.
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Supplementary Figure 5. The TAT-GABAγ2 peptide has no effect on inactive responding during reinstatement 
after infusion into the mPFC. (A,B) Active and inactive hole responses during acquisition and extinction of nicotine 
self-administration of animals with a dorsal (A) or ventral (B) mPFC guide cannula. After extinction, animals were 
randomly divided into group 1, which received TAT-scrambled (TAT-Scr) and TAT-GABAγ2 before reinstatement test 
1 and 2, respectively, or group 2, which received the treatments in a reversed order. (C,D) Inactive hole responding 
during a 30-min cue-induced reinstatement test after infusion with TAT-Scr or TAT-GABAγ2. Note that the average 
number of nose pokes was very low, hence data are represented as box-plots. All animals received both treatments fol-
lowing a within-subject design (described earlier). Peptides were infused into the dorsal mPFC (dmPFC; n=16; C) or 
the ventral mPFC (vmPFC; n=15; D). No significant effect was observed for dorsal (p=0.18) or ventral (p=0.42) mPFC 
infusions using a Wilcoxon signed rank test. FR, fixed ratio.
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Supplementary Figure 6. The TAT-GABAγ2 peptide and muscimol did not affect locomotor activity after infusion 
into the dorsal mPFC. (A,B) Upper panels: locomotor activity during (A) the first 5 min and (B) the whole 30 min 
of each open field session (n=4 each) was unaffected by TAT-GABAγ2 and muscimol compared with control animals 
(saline or TAT-scrambled peptide) in any of the consecutive phases (Habituation, Baseline, Treatment). Lower panels: 
the ratio between locomotor activity during the treatment phase and baseline locomotion is constant among all four 
groups.
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Supplementary Figure 7. Muscimol has no effect on inactive responding during reinstatement after infusion into 
the mPFC. (A,B) Active and inactive hole responses during acquisition and extinction of nicotine self-administration 
of animals with a dorsal (A) or ventral (B) mPFC guide cannula. After extinction, animals were randomly divided 
into group 1, which received vehicle and muscimol before reinstatement test 1 and 2, respectively, or group 2, which 
received the treatments in a reversed order. (C,D) Inactive hole responding during a 30-min cue-induced reinstate-
ment test after infusion of vehicle or muscimol. All animals received both treatments following a within-subject design 
(described earlier). Peptides were infused into either the dorsal mPFC (dmPFC; n=8; C) or the ventral mPFC (vmPFC; 
n=15; D). No significant effect was observed for dorsal (p=1.00) or ventral (p=0.09) mPFC infusions using a Wilcoxon 
signed rank test. FR, fixed ratio.
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Supplementary Figure 8. Nicotine self-administration group for baseline responding. Responding during acquisi-
tion and extinction of nicotine self-administration. The effect of TAT-GABAγ2 and muscimol infusions on responding 
in the absence of nicotine-associated cues are given in Figure 6. FR, fixed ratio.
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