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ABSTRACT 

Somatostatin (SST) neurons have been implicated in a variety of neuropsychiatric disorders such as depression 

and anxiety, but their role in substance use disorders, including alcohol use disorder (AUD), is not fully 

characterized. Here, we found that repeated cycles of alcohol binge drinking via the Drinking-in-the-Dark (DID) 

model led to hypoactivity of SST neurons in the prelimbic (PL) cortex by diminishing their action potential firing 

capacity and excitatory/inhibitory transmission dynamic. We examined their role in regulating alcohol 

consumption via bidirectional chemogenetic manipulation. Both hM3Dq-induced excitation and KORD-induced 

silencing of PL SST neurons reduced alcohol binge drinking in males and females, with no effect on sucrose 

consumption. Alcohol binge drinking disinhibited pyramidal neurons by augmenting SST neurons-mediated 

GABA release and synaptic strength onto other GABAergic populations, reducing spontaneous inhibitory 

transmission onto pyramidal neurons and increasing their intrinsic excitability. Direct inhibition of PL pyramidal 

neurons via hM4Di was sufficient to reduce alcohol binge drinking. Together these data revealed an SST-

mediated microcircuit in the PL that modulates the inhibitory dynamics of pyramidal neurons, a major source of 

output to subcortical targets to drive reward-seeking behaviors and emotional response. 
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INTRODUCTION 

Alcohol use disorder (AUD) is a chronically relapsing disorder (with three sub-classifications: mild, moderate, 

severe), and is characterized by the presence of a minimum of 2 symptoms related to both alcohol consumption 

behavior and the ramifications of that behavior (1,2). Binge drinking, in particular, has been shown to have severe 

negative health outcomes, with over 26% of adults (18+) reporting binge drinking in the past month (3). The 

National Institute on Alcohol Abuse and Alcoholism (NIAAA) defines binge drinking as a consumption pattern 

leading to a blood alcohol content greater than 80 mg/dL in a 2 hr period (approximately 4 drinks for women or 

5 drinks for men). Though both men and women engage in binge drinking, sex differences exist in both onset 

and patterns of binge drinking and outcomes (for a review, see (4)). 

 
Multiple brain regions, neuronal subtypes, neurotransmitters, and neuromodulators have been implicated in 

alcohol’s effects (5). The prelimbic (PL) cortex is a key brain region in addiction and substance use (6,7), with 

projections to many limbic areas (7) including the bed nucleus of the stria terminalis (BNST) (8,9) and the nucleus 

accumbens (10). These PL glutamatergic outputs are thought to provide top-down regulation of affective and 

motivational behaviors. In addition, the PL receives excitatory glutamate afferents from the basolateral amygdala 

(11,12), and the hippocampus (13), and receive internal inhibitory modulation from a variety of subpopulations 

of gamma-aminobutyric acid (GABA) neurons that express peptidergic markers and receptors such as dynorphin 

(DYN; 14), corticotropin-releasing factor (CRF; (15,16)), neuropeptide-y (NPY;(17)) and somatostatin (SST; 

(18,19)). Neurotransmission within the PL is known to be altered in multiple animal models of alcohol exposure, 

including binge drinking (20) and vapor ethanol exposure (21,22). Recent work has demonstrated that repeated 

cycles of binge drinking diminishes NPY expression in the PL, and that activation of NPY signaling within the PL 

otherwise can reduce binge drinking (17), highlighting the engagement of these peptide-expressing GABA 

neurons in AUD and their therapeutic potentials. 

 
Human and preclinical rodent evidence points to SST neurons as a key modulator of neuropsychiatric disorders, 

in particular anxiety and depression (23). Global genetic upregulation of SST neurons reduces anxiety-like and 

depression-like behavior in mice (24), with site-specific manipulations of PL SST neurons having a similar effect 

(25). In addition, PL SST neurons specifically encode fear-related memories in fear conditioning (26) and social 
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fear (27). Despite the strong implications for SST neurons as a positive target for mood disorders, their role in 

AUD remains to be explored. Here, we demonstrate that PL SST neurons are strongly modulated by binge 

alcohol consumption in both male and female mice, and that bi-directional chemogenetic modulation of SST 

neurons in the PL reduces binge alcohol consumption in both sexes (with a greater overall effect in females). In 

addition, we provide new insight into the overall circuitry of SST neurons within the PL and SST neurons’ role in 

maintaining signaling of PL pyramidal output neurons. 

 

METHODS 

Animals 

A total of 138 mice were used in these experiments. All experiments were approved by the Pennsylvania State 

University Institutional Animal Care and Use Committee. Adult (over 8 weeks of age) male and female C57BL/6J 

(stock #000664, The Jackson Laboratory), hemizygous SST-IRES-Cre mice (stock #013044, The Jackson 

Laboratory) and Ai9 reporter mice (stock #007909, The Jackson Laboratory) on C57BL6/J background were 

bred in-house and genotyped by standard PCR protocol. All mice were single-housed (vivarium temperature 

21°C, ±1°C) on a 12 hr reverse light cycle (lights off at 7:00 am) at least one week before experimental 

manipulation and for the duration of the experiments, as is consistent with choice alcohol consumption paradigms 

(28,29). Mice had ad libitum access to food and water (except for during the DID procedure, described below, 

when water was removed). Neither gonadal hormones (estrogen or testosterone) nor estrus cycles were tracked. 

 
Surgeries 

Where applicable, adult mice underwent intra-PL (from Bregma, AP: +1.8 mm, ML: ±0.4 mm, DV: -2.3 mm) viral 

injections. Mice were deeply anesthetized with isoflurane (5% induction, 1-2% maintenance) and mounted on 

the stereotaxic frame (Stoelting, Wood Dale, IL). Following craniotomy, 0.3 uL of virus per side was injected into 

the PL at a rate of 0.1 ul/min via a 1uL Hamilton Neuros Syringe. The syringe was left in place for an extra 5 

minutes before being slowly removed to limit efflux of virus. Bupivacaine (4 mg/kg) and ketoprofen (5 mg/kg) 

were applied topically and intraperitoneally, respectively, for postoperative pain management. Following surgery, 

mice were monitored and allowed to recover for one week. At least 3 weeks elapsed between the time of viral 



Dao et al. Prelimbic somatostatin neurons and binge drinking  
 
injection and experimental manipulations (Designer Receptors Exclusively Activated by Designer Drugs, 

DREADD; ligands administration or electrophysiology) to allow for ample viral expression. 

 

Viral Vectors 

AAV5-hSyn-DIO-mCherry, AAV8-hSyn-DIO-hM3D(Gq)-mCherry, AAV8-hSyn-dF-HA-KORD-IRES-mCitrine, 

AAV5-EF1a-dF-hChR2(H134R)-eYFP-WPRE-HGHpA, AAV5-CaMKIIa-hChR2(H134R)-EYFP, and AAV5-

CaMKIIa-hM4D(Gi)-mCherry, described elsewhere (30,31,32), were obtained from Addgene (Watertown, MA). 

 
Drinking in the Dark (DID) 

DID was conducted as previously published (20,29). Mice received 20% (v/v) ethanol (EtOH; Koptec, Decon 

Labs, King of Prussia, PA) in tap water, 3 hr into the dark cycle for 2 hr (i.e., 10 a.m. to 12 p.m.) on three 

sequential days. On the fourth day, they received EtOH for 4 hr (i.e., 10 a.m. to 2 p.m.). Following the binge day, 

mice had three days of abstinence before repeating the cycle (number of cycles indicated per experiment below). 

For experiments involving surgical manipulations, mice underwent a baseline week of DID before surgeries as 

is consistent with the literature. 

 
Sucrose DID 

In some cohorts, four days after the last EtOH binge session, mice underwent sucrose DID conducted as 

previously published (17,33). Mice received 10% (w/v) sucrose in tap water 3 hr into the dark cycle on three 

sequential days. On the fourth day, they received the sucrose for 4 hr (making sucrose DID overall experimentally 

similar to alcohol DID). The mice underwent three cycles total.  

 
Drug Administration 

Clozapine n-oxide (CNO; #HB1807, HelloBio, Princeton, NJ) was dissolved to 30 mg/ml in pure DMSO (Fisher 

Scientific, Waltham, MA) and subsequently diluted to 0.3 mg/ml in 0.9% saline. Salvinorin B (SalB; #HB4887, 

HelloBio, Princeton, NJ) was dissolved to 10 mg/ml in DMSO. Mice were habituated to handling for injections for 

three consecutive days before the first vehicle injection. For EtOH DID, mice received vehicle injections of either 

1% DMSO in saline (10 ml/kg; intraperitoneal, i.p.) or pure DMSO (1 ml/kg; subcutaneously, s.c.) on cycle 2. 

Injections of CNO and SalB were counterbalanced across mice to account for any order effects (i.e., mice 
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received either CNO (3 mg/kg; i.p.) or SalB (10 mg/kg; s.c.) on cycle 3, and the other drug on cycle 4). For 

sucrose DID, mice received vehicle injections on cycle 1, and CNO or SalB counterbalanced injections on cycle 

2 or 3.  For the hM4D-mediated inhibition of pyramidal neurons experiment, mice were administered saline on 

cycle 2 and CNO (3 mg/kg) on cycle 3. All injections were done 30-40 minutes before the start of the binge 

session (30). 

 
Electrophysiology  

Whole-cell voltage clamp and current clamp recordings were conducted in the PL similarly to those previously 

published (spontaneous excitatory and inhibitory postsynaptic currents, sEPSCs and sIPSCs respectively, and 

intrinsic excitability (20,21,34); confirmation of DREADD expression and function (30)). Mice were deeply 

anesthetized via inhaled isoflurane and rapidly decapitated. Brains were quickly removed and processed 

according to the NMDG protective recovery method (35). Briefly, brains were immediately placed in ice-cold 

oxygenated N-methyl-D-glucamine (NMDG)-HEPES aCSF containing the following, in mM: 92 NMDG, 2.5 KCl, 

1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 

CaCl2·2H2O, and 10 MgSO4·7H2O (pH to 7.3–7.4). The PL was identified according to the Allen Mouse Brain 

Atlas. 300 M coronal slices containing the PL were prepared on a Compresstome vibrating microtome VF-300-

0Z (Precisionary Instruments, Greenville, NC), and transferred to heated (31°C) NMDG-HEPES aCSF for a 

maximum of 10 min. Slices were then transferred to heated (31°C) oxygenated normal aCSF (in mM: 124 NaCl, 

4.4 KCl, 2 CaCl2, 1.2 MgSO4, 1 NaH2PO4, 10.0 glucose, and 26.0 NaHCO3, pH 7.4, mOsm 300-310), where 

they were allowed to rest for at least 1 h before use. Finally, slices were moved to a submerged recording 

chamber (Warner Instruments, Hamden, CT) where they were continuously perfused with the recording aCSF 

(2 ml per min flow rate, 31°C). Recording electrodes (3–6 MΩ) were pulled from thin-walled borosilicate glass 

capillaries with a Narishige P-100 Puller. 

 
Pyramidal neurons in layer 2/3 of the PL cortex were identified by location, morphology (prominent triangular 

soma and apical dendrites), and membrane characteristics (capacitance > 75 pF, or membrane resistance < 100 

mΩ). SST-expressing neurons were identified in SST-IRES-Cre::Ai9 mice via presence of tdTomato 

fluorescence under a 40x immersed objective with 565 nm LED excitation. Non-SST expressing neurons 
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(putatively other GABAergic neurons) were identified by lack of fluorescence, morphology, and membrane 

characteristics (low capacitance, and membrane resistance > 200 mΩ).  

 

sEPSCs and sIPSCs were measured in voltage-clamp (held at -55 mV and +10 mV, respectively) using 

electrodes filled with a cesium-methanesulfonate (Cs-Meth) intracellular recording solution (containing the 

following, in mM: 135 Cs-methanesulfonate, 10 KCl, 10 HEPES, 1 MgCl2, 0.2 EGTA, 4 Mg-ATP, 0.3 GTP, 20 

phosphocreatine, 287-290 mOsm, pH 7.33). In some experiments, tetrodotoxin (TTX; 500 nM) was included in 

the aCSF to isolate miniature IPSCs (mIPSCs). Frequency (Hz) and amplitude (pA) of PSCs (both spontaneous 

and miniature) within individual neurons were calculated in a 2-minute epoch following a minimum of 10 min of 

stabilization. Measurements of intrinsic excitability were recorded in current clamp, including resting membrane 

potential (RMP), rheobase (the minimum amount of current needed to elicit an action potential), action potential 

threshold (the membrane potential at which the first action potential fired), and current injection-induced firing 

(0-200 pA, 10 pA per step). Experiments were performed at both RMP and the holding potential -70 mV. 

Electrodes were filled with a potassium gluconate-based (KGluc) intracellular recording solution (in mM: 135 K-

Gluc, 5 NaCl, 2 MgCl2, 10 HEPES, 0.6 EGTA, 4 Na2ATP, and 0.4 Na2GTP, 287-290 mOsm, pH 7.35).   

 

To confirm the functionality of the hM3Dq and KORD viruses, CNO (10 μM) or SalB (1 μM) was added to the 

recording aCSF for 10 min following a 10 min stabilization of RMP, and recording continued for a 15-min washout. 

Tetrodotoxin (500 nM) was added to the recording aCSF to block action potentials for consistent measurement 

of RMP. Average RMP was normalized to a 5 min baseline. To record sIPSCs on pyramidal neurons during CNO 

and SalB bath application, 3 mM kynurenic acid was included in the recording aCSF to block α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptor-mediated EPSCs using 

a potassium chloride/potassium-gluconate (KCl-KGluc) intracellular recording solution (in mM: 70 potassium 

gluconate, 80 KCl, 10  HEPES, 1 EGTA, 4 Na2ATP, 0.4 Na2GTP, 287-290 mOsm, pH 7.3). Neurons were held 

at -70 mV. After a stable 6-min baseline, CNO (10 M) or SalB (1 M) in aCSF+kynurenic acid was perfused 

onto the slice for 10 min, followed by 15 min of aCSF+kynurenic acid only washout. Frequency and amplitude of 

postsynaptic events were normalized to a 6-min baseline period. 
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To assess the local connectivity between SST neurons and both pyramidal neurons and non-SST putative 

GABAergic neurons, optogenetically-evoked IPSCs were elicited by 2 x 1 ms pulses of 470 nM blue light 

delivered 100 ms apart (Cool LED, Traverse City, MI, USA) using the K-gluc intracellular recording solution (see 

above). Neurons were held at -50 mV, and photostimulation of SST neurons produced outward currents onto 

pyramidal neurons and non-SST neurons that were sensitive to blockage by the GABAA receptor antagonist 

picrotoxin (100 µM; Supplementary Figure 2A). Evoked IPSC peak amplitude induced by the first LED pulse 

and paired-pulse ratio (PPR: amplitude of pulse 2/amplitude of pulse 1) were measured as proxies of synaptic 

strength between SST neurons and other neuronal populations in the PL cortex. Photostimulations were 

performed across multiple laser intensities (10%-100%, 10% interval), however the peak optically-evoked IPSC 

amplitude did not significantly vary with laser intensity (data not shown) so only data derived from maximum 

laser intensity are reported. The cell type of recorded neurons was then confirmed in current clamp mode, in 

which action potential properties were assessed via a V-I protocol (0-300 pA, 10 pA per step). To confirm 

monosynaptic connections between PL SST neurons and other populations, TTX (500 nM) and 4-aminopyridine 

(4-AP, 100 µM) was bath applied for 10 min after 5 min of stable optically evoked IPSC to eliminate polysynaptic 

currents (Supplementary Figure 3).   

 
Signals were digitized at 10 kHz and filtered at 3 kHz using a Multiclamp 700B amplifier and analyzed using 

Clampfit 10.7 software (Molecular Devices, Sunnyvale, CA). For all measures, recordings were performed in a 

maximum of two neurons per subregion, per mouse, and lowercase n values reported reflect the number of 

neurons for each measure. 

 
Histology 

Mice were deeply anesthetized with Avertin (250 mg/kg), and transcardially perfused with ice-cold phosphate 

buffered saline (PBS) then 4% (w/v) paraformaldehyde (PFA). Brains were post-fixed in PFA overnight and 

sectioned at 40 microns using a Compresstome vibrating microtome. PL cortex-containing sections were 

incubated in 1:20,000 DAPI in PBS for 30 min, mounted on SuperFrost glass slides, air-dried, and coverslipped 

with ImmunoMount mounting media. Viral injections were assessed under mCherry and/or mCitrine fluorescence 
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filter in an Olympus BX63 upright microscope (Center Valley, PA), and the brightest fluorescence point was 

chosen as the center of the injection. Mice with unilateral viral expression, and/or missed injections (including 

expression in the infralimbic cortex) were excluded from analysis (n = 4 for hM3Dq/KORD DREADD experiment, 

n = 1 for SST-opto evoked IPSC experiment, n = 2 for CamKIIa-hM4Di experiment). Quantification of overall 

injection localization was performed in ImageJ (NIH) and presented in Figure 2B and Supplementary Figure 

2. Cells visualizable with both mCherry and mCitrine fluorescence were counted as mCitrine+/mCherry+, 

whereas those visualizable with either mCherry or mCitrine only were counted as mCherry+ or mCitrine+, 

respectively. 

 
Statistical Analysis 

Experimenters were blinded to group (alcohol or water), and chemogenetic manipulation whenever possible. 

Data were analyzed by ANOVAs and post-hoc tests as appropriate and indicated for each experiment. Statistical 

significance threshold was set at ɑ = 0.05. Statistical analysis and graph construction was performed in Graphpad 

Prism 7.0, and finalized figures were constructed in Adobe Illustrator and BioRender. Data are presented as 

Means and Standard Error of the Mean (SEM).  

 

RESULTS 

Alcohol binge-like drinking alters excitatory transmission onto, and neuronal intrinsic excitability of, PL SST 

neurons 

To examine DID-induced plasticity in PL SST neurons, SST-IRES-CRE::Ai9 male and female mice underwent 

DID for four cycles (Figure 1A for representative expression and experimental timeline). Similar to previous 

reports, female mice consumed higher levels of alcohol than male mice (Supplementary Figure 1). 24 hr after 

the last alcohol binge drinking session, we performed whole-cell patch clamp electrophysiology in PL SST 

neurons to examine DID-induced alterations in intrinsic excitability in and synaptic transmission on these 

neurons. First, voltage clamp experiments revealed that alcohol binge drinking disrupted the excitation/inhibition 

dynamics onto PL SST neurons. Both DID-exposed male and female DID exposed SST neurons showed an 

attenuation of sEPSC frequency as compared to their control counterparts (control male: n = 11 cells/ 5 mice, 

DID male: n = 11 cells/ 6 mice, control female: n = 10 cells/ 5 mice, DID female: n = 11 cells/ 5 mice, Fsex(1,39) 
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= 2.101, p = 0.155; Fbinge(1,39) = 18.649, p < 0.001, Fsex x binge(1,39) = 2.472, p = 0.123; Figure 1B, C), with no 

changes in sEPSC amplitude  (Fsex(1,38) = 0.024, p = 0.8763; Fbinge(1,39) = 0.066, p = 0.798, Fsex x binge(1,39) 

= 1.704, p = 0.199; Figure 1D).  While we found no changes in sIPSC frequency across sexes and drinking 

groups (control male: n = 11 cells, DID male: n = 10 cells, control female: n = 9 cells, DID female: n = 11 cells; 

Fsex(1,37) = 0.021, p = 0.884; Fbinge(1,37) = 0.152, p = 0.698, Fsex x binge(1,37) = 3.232, p = 0.080; Figure 1E), 

DID produced opposite adaptations in PL SST neuronal sIPSC amplitude between sexes (Fsex(1,37) = 0.25, p 

= 0.62; Fbinge(1,37) = 0.007, p = 0.932, Fsex x binge(1,37) = 14.13, p < 0.001; Figure 1F). Whereas alcohol 

binge drinking reduced sIPSC amplitude in male PL SST neurons (p = 0.018), it otherwise augmented sIPSC 

amplitude in female SST neurons (p = 0.029). Notably, there was also a basal sex difference in control mice, 

where male SST neurons display larger sIPSC events than female SST neurons (p = 0.014), suggesting 

significant variability in the postsynaptic expression of GABAA receptor between sexes that could be differentially 

altered by a history of binge drinking.  

Additionally, current clamp experiments revealed that PL SST neurons exhibited marked changes in intrinsic 

excitability following binge alcohol. While there are no changes in the RMP of SST neurons in DID-exposed 

males, SST neurons in DID-exposed females display depolarized RMP compared to control females (p = 0.014) 

(control male: n = 11 cells/ 6 mice; DID male: 9 cells/ 5 mice; control female: 11 cells/ 5 mice; DID female: 11 

cells/ 5 mice; Fsex(1,38) = 2.752, p = 0.105; Fbinge(1,38) = 2.539, p = 0.119, Fsex x binge(1,38) = 7.896, p = 0.007; 

Figure 1G, H). No differences in action potential threshold of SST neurons in either sex were detected (Fsex(1,34) 

= 1.107, p = 0.3; Fbinge(1,34) = 0.017, p = 0.894, Fsex x binge(1,34) = 1.336, p = 0.256; Figure 1I). Rheobase was 

increased in DID-exposed female SST neurons (p = 0.018) as compared to controls, but not in DID-exposed 

males (control male: n = 11 cells/6 mice; DID male: n = 9 cells/ 5 mice; control female: n = 8 cells/ 5 mice; DID 

female: n = 10 cells/ 5 mice; Fsex(1,34) = 0.0 , p = 0.941; Fbinge(1,34) = 4.967, p = 0.032, Fsex x binge(1,34) = 3.097, 

p = 0.087; Figure 1J).  

In DID-exposed male SST neurons, the number of spikes per current step were decreased as compared to 

controls (control male: n = 10 cell/ 6 mice; DID male: n = 9 cells/ 5 mice; Fcurrent(20,340) = 71.079, p < 0.001; 

Fbinge(1,17) = 3.887, p = 0.061, Fcurrent x binge(20,340) = 1.734, p = 0.026; Figure 1K), with similar results seen in 
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DID-exposed females (control female: n = 9 cells/ 5 mice, DID female: n = 12 cells/ 5 mice,  Fcurrent(20,380) = 

39.339, p < 0.001; Fbinge(1,19) = 5.754, p = 0.027, Fcurrent x binge(20,380) = 0.995, p = 0.467). 

Together, these data demonstrated that repeated cycles of alcohol binge drinking result in a state of 

hypoexcitability in PL SST neurons via a reduction in both excitatory synaptic transmission onto, and intrinsic 

excitability of these neurons, which could ultimately lead to disinhibition of neighboring populations. 

 

Both chemogenetic activation and inhibition of SST neuron activity reduce binge-like alcohol drinking via direct 

and indirect inhibition of pyramidal neurons 

Given previous reports on the resiliency-conferring role of PL SST neurons in affective disorders (23,24) and our 

observation of a reduction in SST neuronal excitability following binge drinking, we investigated the ability of 

chemogenetic manipulation of PL SST neurons to alter drinking. We injected SST-IRES-Cre male and female 

mice with a cocktail of AAVs encoding the excitatory Gq-coupled hM3Dq and the inhibitory Gi-coupled kappa-

opioid-derived DREADD (KORD) into the PL, which allowed for bidirectional manipulation of the same SST 

neurons during DID (26) (for experimental timeline, see Figure 2A, representative viral injections, Figure 2B, 

and supplementary Figure 1 for quantification of overlap between hM3Dq and KORD).  

Excitingly, both activation and inhibition of PL SST neurons (via CNO and SalB systemic administration, 

respectively) reduced alcohol consumption during the binge sessions in hM3Dq/KORD-expressing mice (N = 24; 

12 males and 12 females) (Vehicle vs. CNO: p < 0.001; Vehicle vs. SalB: p < 0.001; Fdrug(2,80) = 17.1, p < 0.001, 

Fvirus(1, 40) = 0.289, p = 0.593, Fvirus x drug(2,80) = 11.79, p < 0.0001, Figure 2C), with no changes in alcohol 

drinking in viral control-injected mice (N = 19; 10 males and 9 females) This effect was seen in both sexes of 

hM3Dq/KORD-expressing mice (Fdrug(1,22) = 0.484, p = 0.494, Fsex(2,44) = 49.08, p < 0.001, Fsex x drug(2,44) = 

1.855, p = 0.168; Figure 2D). Consumption of 10% sucrose DID (Figure 2E) was unaltered in DREADD-

expressing and control mice (Fdrug(2,46) = 0.162, p = 0.85, Fvirus(1,23) = 0.088, p = 0.768, Fvirus x drug(2,46) = 

0.404, p = 0.669), suggesting that the CNO- and SalB-induced effect was specific to alcohol consumption in 

DREADD-expressing mice, and not generalizable to other rewarding fluids.  

Next, we performed whole cell patch clamp on hM3Dq/KORD-expressing SST neurons, visualized by mCherry 

and mCitrine fluorescence respectively, to verify the functionality of the DREADDs. As expected, a 10 min bath 
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application of CNO produced a significant depolarization in the RMP of SST neurons (baseline vs. washout, 

paired t(5) = 3.295, p = 0.022), whereas SalB resulted in a significant hyperpolarization (paired t(6) = 4.473, p = 

0.007;  CNO vs. SalB unpaired t(10) = 5.483, p < 0.001; Figure 2F, G). Voltage clamp experiments on layer 2/3 

pyramidal neurons revealed an increase in sIPSC frequency following bath CNO application (baseline vs. 

washout, paired t(5) = 4.0, p = 0.016), with no change in amplitude (paired t(5) = 1.12, p = 0.325; Figure 2H, I). 

Following bath application of SalB there was a decrease in sIPSC frequency (paired t(6) = 2.771, p = 0.039), 

and an increase in sIPSC amplitude (paired t(7) = 5.666, p = 0.002; Figure 2I) – suggesting a more nuanced 

microcircuitry may be mediating the curious bidirectional behavioral effects.  

Overall, these data reveal the role of PL SST neurons in regulating binge-like alcohol intake by regulating the 

inhibitory dynamics onto pyramidal neurons, the main source of excitatory output from the PL cortex. 

 
A sex-specific SST-mediated inhibitory circuit in the PL underlies DID-induced adaptations 

Previous work in fear conditioning (26), social defeat stress (27), and morphine exposure (36)in male mice 

suggest that PL SST neurons interact with an intermediary GABAergic source to disinhibit pyramidal neurons 

and heighten stress response and reward-seeking. To examine the plasticity adaptations following alcohol binge 

drinking in the SST neuron-mediated inhibitory circuit in the PL, we injected SST-IRES-Cre male and female 

mice with the Cre-dependent viral construct encoding for the light-inducible channelrhodopsin-2 (ChR2) in the 

PL (Figure 3A). Action potentials in ChR2+ SST neurons were elicited by 1 ms blue light (470 nm) 

photostimulation, with full action potential fidelity upward of 10 Hz (Figure 3A), consistent with SST firing patterns 

we have previously published (37). Next, we used a paired-pulse photostimulation protocol (2 x 1 ms pulses, 

100 ms interval) to evoke release from SST neurons while recording from either pyramidal neurons or putatively 

GABAergic, non-SST neurons. The cell-type identity was confirmed by membrane properties (capacitance and 

membrane resistance, described in the methods and shown in Supplementary Figure 3D, E) and action 

potential characteristics (Supplementary Figure 3F, G), which was consistent with the published literature (26). 

This stimulation protocol revealed direct, monosynaptic connections between SST neurons and both neighboring 

subpopulations, in which photostimulation of SST neurons induced potent, time-locked IPSCs in both pyramidal 

neurons and non-SST non-PYR (putative GABAergic) neurons (Supplementary Figure 3A-C).  
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Alcohol binge drinking did not alter SST-evoked IPSC amplitude onto pyramidal neurons either both males or 

females (control male: n = 13 cells/ 5 mice; DID male: n = 14 cells/ 5 mice; control female: n = 8 cells/ 5 mice; 

DID female: n = 13 cells/ 5 mice; Fsex(1,44) = 0.409, p = 0.526, Fbinge(1,44) = 0.325, p = 0.571, Fsex x binge(1,44) 

= 0.019, p = 0.891; Figure 3B, C). IPSC paired pulse ratio (PPR), a measurement of presynaptic GABA release 

probability, was also unaltered in pyramidal neurons of DID-exposed mice as compared to controls (Fsex(1,44) 

= 0.0, p = 0.959, Fbinge(1,44) = 0.769, p = 0.388, Fsex x binge(1,44) = 0.415, p = 0.522, Figure 3D). Alcohol binge 

drinking, however, enhanced SST-evoked inhibitory transmission onto other non-SST, GABAergic populations 

in a sex-dependent manner. SST-evoked IPSC amplitude onto non-SST neurons was increased in DID-exposed 

male mice as compared to control males (p = 0.009) and DID-exposed female (p = 0.044) (control male: n = 9 

cells/ 5 mice; DID male: n = 11 cells/ 5 mice; control female: 7 cells/ 5 mice; DID female: n = 10 cells/ 5 mice; 

Fsex(1,33) = 0.628, p = 0.433, Fbinge(1,33) = 2.956, p = 0.094, Fsex x binge(1,33) = 5.505, p = 0.025, Figure 3E, F). 

IPSC PPR was decreased in non-SST neurons of DID-exposed females as compared to control females (p = 

0.033) and DID-exposed males (p = 0.010) (Fsex(1,33) = 2.873, p = 0.099, Fbinge(1,33) = 2.245, p = 0.143, Fsex x 

binge(1,33) = 4.966, p = 0.032, Figure 3G).  

Together, these data provide evidence for a microcircuit of SST neurons in the PL to, directly and indirectly, gate 

the gain of pyramidal neurons to control binge-like alcohol drinking, with sex differences in the relative strength 

of SST neuron-mediated inhibition of excitatory pyramidal neurons and other GABAergic populations. Repeated 

cycles of excessive alcohol use disrupted these dynamics and disinhibited pyramidal neurons in the PL by 

enhancing SST-mediated inhibitory tone onto other GABAergic sources and provides a microcircuit capable of 

diverse manipulations of SST neurons producing similar behavioral changes. 

 

Direct inhibition of PL pyramidal neurons reduces binge-like alcohol drinking 

Given that pyramidal neurons are the major output source of the PL to subcortical targets, including the striatum, 

the amygdala and the midbrain to drive reward-seeking behaviors and emotional responses, we next 

investigated the effects of alcohol binge drinking on the inhibitory dynamics onto PL pyramidal neurons. There 

was a reduction in sIPSC frequency on L2/3 pyramidal neurons alcohol following binge drinking in both sexes 

(male control: n = 10 cells/ 6 mice, male DID: n = 8 cells/ 5 mice, female control: n = 13 cells/ 5 mice, female 
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DID: n = 10 cells/ 5 mice; (Fsex(1,37) = 0.783, p = 0.381; Fbinge(1,37) = 9.558, p = 0.003, Fsex x binge(1,37) = 0.132, 

p = 0.718, Figure 4A, B), with no change in sIPSC amplitude (Fsex(1,37) = 1.055, p = 0.31; Fbinge(1,37) = 0.199, p 

= 0.657, Fsex x binge(1,37) = 0.065, p = 0.798, Figure 4C). In the presence of the voltage-gated sodium channel 

blocker TTX, there was no change in either frequency or amplitude of mIPSC (control male: n = 12 cells/ 5 mice; 

DID male: n = 10 cells/ 5 mice; control female: n = 11 cells/ 5 mice; DID female: n = 11 cells/ 5 mice; frequency: 

Fsex(1,40) = 5.319, p = 0.026; Fbinge(1,40) = 0.016, p = 0.897, Fsex x binge(1,40) = 0.627, p = 0.433, Figure 4D; 

amplitude: Fsex(1,40) = 2.634, p = 0.112; Fbinge(1,40) = 0.278, p = 0.601, Fsex x binge(1,40) = 0.89, p = 0.351, Figure 

4E), suggesting that the effects of alcohol binge drinking on inhibitory transmission are action potential-

dependent. 

 

In addition, alcohol binge drinking enhanced the intrinsic excitability of PL L2/3 pyramidal neurons. There was 

no changes in RMP (control male: n = 8 cells/ 5 mice; DID male: n = 11 cells/ 5 mice, control female: n = 12 

cells/ 5 mice; DID female: n = 13 cells/ 5 mice; Fsex(1,40) = 0.549, p = 0.463; Fbinge(1,40) = 1.407, p = 0.242, Fsex 

x binge(1,40) = 0.24, p = 0.627, Figure 4G), or action potential threshold (Fsex(1,40) = 1.785, p = 0.189; Fbinge(1,40) 

= 2.132, p = 0.152, Fsex x binge(1,40) = 0.467, p = 0.498, Figure 4H). However, alcohol binge drinking reduced the 

rheobase in both sexes (Fsex(1,40) = 1.225, p = 0.275; Fbinge(1,40) = 9.031, p = 0.005, Fsex x binge(1,40) = 0.787, p 

= 0.381, Figure 4I). In addition, the number of action potentials per current steps was also decreased in DID-

exposed mice (male: Fcurrent(20, 360) = 49.25, p < 0.001 ; Fbinge(1, 18) = 2.925, p = 0.104, Fsex x binge(20,360) = 

3.851, p < 0.001, Figure 4J; female: Fcurrent(20, 380) = 30.13, p < 0.001 ; Fbinge(1, 19) = 4.672, p = 0.044, Fsex x 

binge(20,380) = 3.213, p < 0.001, Figure 4K). 

 

In line with the hyperexcitablity of pyramidal neurons following alcohol binge drinking, chemogenetic silencing of 

these neurons was sufficient to reduce alcohol consumption levels (Figure 4L for representative image and 

experimental timeline). We injected wildtype C57Bl6/J males and females in the PL with a viral construct 

encoding for the inhibitory Gi-coupled hM4D DREADD under the control of the CamKII promoter. PL pyramidal 

silencing decreased alcohol intake (Fdrug(1,18) = 5.714, p = 0.028, Fvirus(1, 18) = 0.64, p = 0.434, Fvirus x drug(1,18) 

= 4.246, p = 0.050, hM4Di vehicle vs. CNO: p = 0.005, control vehicle vs. CNO: p > 0.99; Figure 4M). There 
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was no sex difference in responsiveness to pyramidal inhibition (Fdrug(1,10) = 9.864, p = 0.01, Fsex(1, 10) = 0.033, 

p = 0.858, Fsex x drug(1,10) = 0.041, p = 0.843, Figure 4N).  

In sum, these data support the overall framework of the PL as a critical hub for controlling aberrant alcohol 

consumption. Disruption of the excitation/inhibition dynamics within this microcircuitry can enhance susceptibility 

to binge-like alcohol drinking, and subsequent dependence and use. 

 

DISCUSSION 

Here, we demonstrate evidence for the role of SST neurons in the PL cortex in binge-like alcohol consumption. 

Our data expand upon previous reports on the involvement of this GABAergic population in a host of 

neuropsychiatric disorders, particularly depression (23,24) and anxiety (25). Repeated cycles of alcohol binge 

drinking altered intrinsic excitability and excitation/inhibition dynamics of PL SST neurons, resulting in a state of 

hypoactivity within this population (Figure 1). Bidirectional manipulation of PL SST neurons via co-expressed 

excitatory and inhibitory DREADDs paradoxically reduced alcohol consumption following both excitation and 

inhibition of these neurons (Figures 2, 3). Alcohol binge drinking augmented the inhibitory strength of SST 

neurons onto other non-SST neurons (Figure 3), thereby disinhibiting pyramidal neurons via decreased 

inhibitory transmission and increased intrinsic excitability (Figure 4). Lastly, facilitating pyramidal inhibition could 

mimic the effect of SST neuron manipulation in reducing binge drinking, providing a secondary approach for 

reducing alcohol consumption via this circuit (Figure 4). Overall, these results confirm and expand upon the role 

of the PL cortex as a critical neural hub for the development of excessive alcohol consumption, and SST neurons 

as a key regulator of local PL network activity (see Figure 5 for a model of binge drinking-induced adaptations 

in the SST-mediated inhibitory circuit in the PL). 

Neuroadaptations in PL L2/3 pyramidal neurons 

Previous reports have demonstrated the multitude of neural adaptations in PFC pyramidal neurons following 

alcohol dependence and withdrawal. Male C57BL6/J mice exposed to the chronic intermittent ethanol vapor 

(CIE) model of alcohol dependence exhibited elevated intrinsic excitability in layer 2/3 pyramidal neurons (21,22), 

increased dendritic spine density (22,38), and upregulated NMDA receptor expression (38). Intragastric 
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administration of high ethanol doses in rats (5 g/kg) diminished GABAA receptor-mediated inhibitory currents in 

PFC layer 5/6 pyramidal neurons accompanied by a reduction in expression of the α1 GABAA receptor subunit 

(39). Previously, we demonstrated that four cycles of DID reduced expression of cell-surface GluA2/3 and GluN1 

receptors in the PL and reduced sEPSC frequency in L2/3 pyramidal neurons (20). Additionally, female mice 

showed distinct susceptibility to the effects of the fast-acting antidepressant ketamine in normalizing binge 

drinking-induced alterations in glutamatergic transmission that is not evident in male mice (20). Here we found 

that in addition to its effects on glutamatergic transmission in pyramidal neurons, binge drinking further disrupted 

the excitation/inhibition dynamics in PL pyramidal neurons via reduced spontaneous inhibitory transmission and 

enhanced intrinsic excitability of these neurons. The alterations in inhibitory transmission were abolished in the 

presence of tetrodotoxin, suggesting an action potential-dependent mechanism. Furthermore, there is evidence 

that the effects of alcohol consumption on synaptic plasticity might be projection target-dependent. Excitatory 

synaptic strength is heightened following intermittent-access alcohol drinking in L5/6 intratelencephalic pyramidal 

neurons without changes in extratelencephalic neurons (40). In addition to their distinct anatomical distribution, 

molecular profiles, and electrophysiological properties (40,41,42,43), these two populations are differentially 

involved in reward-seeking processes of natural rewards and drugs of abuse (44,45,46). Nucleus accumbens 

(NAC)-projecting pyramidal neurons display excitation in response to sucrose-predictive cues and cocaine 

exposure (44,45), and PFC input to NAC is necessary for reinstatement of cocaine-seeking behaviors (47,48). 

In contrast, paraventricular thalamus (PVT)-projecting neurons (45) and periaqueductal grey (PAG)-projecting 

neurons in L5/6 display inhibition in response to sucrose-predictive cues (45) and alcohol in compulsive-like 

drinking mice (49), respectively. Photoinhibition of PFC terminals in PAG is sufficient to drive punishment-

resistant alcohol drinking in male mice (49). The binge drinking-induced disinhibition and hyperexcitability state 

of pyramidal neurons in layer 2/3, where NAC-projecting neurons are most abundant (41), might further drive 

excessive alcohol consumption by augmenting cortical output to the NAC (Figure 5). In line with this framework, 

chemogenetic silencing of pyramidal neurons via hM4Di was sufficient to decrease alcohol binge drinking in both 

sexes. 
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Neuroadaptations in PL SST neurons 

We also observed that the effects of DID on neuronal intrinsic excitability and synaptic transmission in the PL 

extends to SST neurons, in which SST neurons displayed a state of hypoactivity with diminished intrinsic 

excitability and a disrupted excitatory/inhibitory transmission dynamic in both sexes. Similar effects were 

observed in an intermittent-access model of alcohol drinking (50). Of note, despite a reduction in sEPSC 

frequency on SST neurons in both sexes, there is an increase in evoked glutamate release probability, as 

evidenced by reduced EPSC paired-pulse ratio (50), suggesting that there could be a compensatory mechanism 

on a whole-circuit level to counteract the effects on excitatory transmission in single neurons. Alterations in 

sEPSC frequency and glutamate release probability (50) indicate the effects of DID on a presynaptic locus, which 

could arise from a wide array of glutamatergic sources such as the basolateral amygdala (BLA), the ventral 

hippocampus, the thalamus as well as within the medial prefrontal cortex itself (12,51,52). Inputs from the BLA, 

a key regulator of behavioral stress response, to PL pyramidal neurons drive anxiety-like behaviors in male 

C57BL/6J mice, and chronic stress can potentiate BLA-to-PFC synapses (11,53). The infralimbic cortex (IL) and 

the thalamus have been implicated in the extinction of drug-seeking behavior (54) and response to alcohol cues 

(52), respectively. Further investigation into the effects of DID on excitatory transmission onto PL SST neurons 

at a synapse-specific level is needed to fully reveal how alcohol binge drinking-mediated dysregulation of 

glutamatergic inputs in PL SST neurons drives withdrawal-related negative affect related behaviors and 

escalation in drinking.  

 

The altered excitatory synaptic inputs were accompanied by sex-dependently opposing effects of alcohol binge 

drinking on inhibitory transmission onto PL SST neurons. We observed a basal sex difference in phasic sIPSC 

amplitude in PL SST neurons of non-drinking mice. Following DID, sIPSC amplitude was enhanced in females 

yet reduced in male SST neurons. These data overall suggest a substantial variability in the GABAA receptor 

expression in these neurons, which interacts with alcohol binge drinking in a sex-dependent manner. 

 

We previously reported that PL SST neurons are hyperexcitable following prolonged withdrawal from alcohol 

drinking (> 4 weeks) in a 2-bottle choice model (34), which contrasts with the hypoexcitable state in acute 
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withdrawal (24-h) from DID observed here. It should be noted that the excitability recording in the former report 

was done following an acute stressor (forced swim). Other stress paradigms, such as fear conditioning (26) and 

morphine withdrawal (36), could augment excitatory drive in PL SST neurons. These findings together suggest 

an extensive capacity for plasticity in these neurons that could be moderated by alcohol withdrawal stage and 

stress, a major predictor for relapse in alcohol drinking. The cellular and molecular mechanism underlying these 

alterations in SST intrinsic excitability are still unclear. Ethanol exposure has been shown to modify the 

expression of key modulators of neuronal excitability, including ionotropic glutamate receptors (20,38), inward-

rectifying potassium channel (55), L-type voltage-gated calcium channels (56), and hyperpolarization-activated 

cation channels (HCN; (57). Intermittent access to alcohol increased medium afterhyperpolarization in PL SST 

neurons (50), which might be mediated by M-type potassium channels and HCN channels (58). Notably, in 

females following DID, PL SST neurons displayed highly depolarized resting membrane potential yet could not 

efficiently produce action potentials, suggesting a state of depolarization block. One hypothesis is that DID 

disrupts potassium exchange within these neurons via downregulation of potassium channel function, which has 

been observed in other GABAergic populations (55) and leads to deficits in repolarization and action potential 

firings. These phenomena merit further investigation to fully demonstrate the alcohol binge drinking-induced 

cellular and molecular adaptations. 

 

Additionally, we observed that DID reversed this inhibition dynamic and disinhibits pyramidal neurons in the PL 

by augmenting SST neuron-mediated inhibition onto other putatively GABAergic populations. Similar 

disinhibitory effects have been observed following fear conditioning (26), social fear (27), and morphine 

withdrawal (36), in which SST neurons-mediated IPSC amplitude onto parvalbumin neurons is enhanced with a 

reduction in IPSC PPR. This effect is accompanied by either an increase in action potential firing or excitatory 

inputs in PL SST neurons (26,36). Interestingly, our optogenetic-assisted circuit mapping results, combined with 

our data on attenuated action potential firing and sEPSC frequency in PL SST neurons, suggested that alcohol 

may produce complex and changes in the PL cortex that must be further teased apart. One interpretation is that 

the population-wide, optically-evoked IPSC transmission from SST neurons (Figure 3) does not reflect the 

changes on a single-neuron level in the intrinsic excitability experiments (Figure 1). Population-wide increase in 
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SST-mediated inhibitory outputs may occur to compensate for the reduction in excitation of single neurons, which 

bears resemblance to the discrepancy between spontaneous and evoked EPSC on SST neurons in the 

intermittent-access model (50). In addition, assessments of raw optogenetically evoked IPSC amplitudes must 

be interpreted with caution, as mouse-to-mouse variability in ChR2 injection may drive changes in overall results. 

 

Chemogenetic manipulation of PL SST neurons to regulate alcohol binge drinking 

A major and unexpected finding in our study is that bidirectional manipulation of SST neurons activity via both 

excitatory and inhibitory DREADDs similarly reduced alcohol binge drinking. CNO-mediated activation of SST 

neurons increased sIPSC frequency onto pyramidal neurons, concordant with a direct, monosynaptic SST to 

pyramidal neuron connection. On the other hand, SalB-induced silencing of SST neurons decreased sIPSC 

frequency, while also increased sIPSC amplitude onto pyramidal neurons. Our current hypothesis is (1) CNO-

induced activation of SST neurons increases inhibitory transmission onto pyramidal neurons via direct SST-to-

pyramidal connection, and (2) DREADD-induced silencing of SST neurons leads to disinhibition of another local 

GABAergic source to maintain overall pyramidal inhibition, as evidenced by the increase in sIPSC amplitude in 

pyramidal neurons. The intermediate GABAergic population could include, but not limited to, parvalbumin-

expressing (PV+) neurons, which comprise the majority of cortical interneurons and provide powerful inhibition 

of pyramidal output in the PL (26). Photostimulation of PV+ neurons in the PL can facilitate extinction of reward-

seeking behavior (59). Further examination is required to establish the direct involvement of PV+ neurons and/or 

other GABAergic populations in the SST-mediated disinhibitory circuit in PL. There are two caveats for this 

interpretation about the effects of chemogenetic modulations of SST neurons in the PL circuit. First, as discussed 

above, PL pyramidal neurons differentially encode behavioral responses to reward cues depending on their 

projection target. Chemogenetic activation and silencing of PL SST neurons therefore might reduce alcohol 

consumption via different synapses onto projection-specific pyramidal neurons. Future studies will need to 

examine whether SST-mediated inhibition is biased towards specific pyramidal populations. Secondly, we cannot 

fully rule out an uncharacterized pharmacological action of CNO and Salvinorin B in the PL circuit. In the BNST, 

hM3Dq-induced activation (60) and other forms of Gq-coupled signaling (61,62) in vGAT-expressing neurons 
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produces long-term depression of evoked EPSC in a cannabinoid receptor 1-dependent manner, suggesting the 

involvement of other signaling complexes beyond GABA-mediated inhibition.  

 

While our data demonstrate the extensive interaction between PL SST neurons and alcohol binge drinking, the 

current study has yet to address the involvement of neuropeptide signaling, especially that of somatostatin, in 

modulating alcohol consumption. Here we did not assess whether the effects of hM3Dq-induced excitation of PL 

SST neurons on alcohol binge drinking could be partially attributed to SST peptide release and SST signaling in 

the PL. The neuropeptide SST has been shown to act largely via a family of Gi/o-coupled receptors (SSTR1-5) 

to inhibit neuronal excitability (18,19). Future studies should examine the effects of alcohol binge drinking on 

somatostatin signaling in the PL, and the potential of somatostatin peptide as a therapeutic candidate for 

excessive alcohol consumption. 

 

In conclusion, these results posit prelimbic SST neurons as a potential neural substrate of binge drinking. These 

neurons are well-situated to exert inhibition over the local PL circuitry, thereby controlling the flow of input and 

output signals of this region. We identified a host of binge drinking-induced plasticity in both SST neurons and 

pyramidal neurons that may drive further alterations in downstream regions heavily involved in reward-seeking 

and emotional behaviors.  
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Figure 1: Binge-like alcohol consumption dampens intrinsic excitability and excitatory drive of SST 

neurons in the PL 

(A) Left: PL SST neurons under tdTomato fluorescence. Right: Schematic of experimental timeline. 

(B) Representative sEPSC traces (top four) and sIPSC traces (bottom four) in SST cells in the PL. 

(C) Binge drinking reduced sEPSC frequency in SST cells in both sexes.  

(D) Binge drinking did not alter sEPSC amplitude in SST cells. 

(E) Binge drinking did not alter sIPSC frequency in SST cells. 

(F) sIPSC amplitude in SST cells exhibits basal sex differences, in which male SST neurons have larger 

inhibitory current amplitude than female SST neurons. Binge drinking sex-dependently altered sIPSC 

amplitude in SST cells, in which sIPSC amplitude was reduced in males, but increased in females.  

(G) Representative traces of rheobase and VI recording in SST cells in the PL.  

(H) Binge drinking depolarizes resting membrane potential in female SST PL neurons, but not male. 

(I) Action potential threshold in SST PL neurons across sexes was not altered following binge drinking.  

(J) Binge drinking increases the minimum current needed to elicit an action potential in female SST PL neurons, 

but not males. 

(K) Current-induced spiking was reduced in male SST PL neurons following binge drinking.  

(L) Binge drinking reduces current-induced spiking in female SST PL neurons.  

* p < 0.05. ** p < 0.01. *** p < 0.001. Bonferroni’s post-hoc test. 
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Figure 2: Bi-directional control of PL SST neurons reduces binge drinking. 

(A) Schematic of the experimental design. Both male and female SST-IRES-Cre mice were used in this 

experiment. 

(B) Representative images of hM3Dq- and KORD-expressing SST neurons at high magnification (40x). White 

arrows: mCitrine+/mCherry+ cells. Black arrows: mCherry+ only cells. Scale bar 50 μM. (Right) Percent of total 

infected SST neurons in the PL expressing mCitrine-tagged KORD (green) only, mCherry-tagged hM3Dq only 

(red), or both viruses (yellow). 

(C) CNO-induced activation and SalB-induced silencing of SST PL neurons reduce binge drinking in hM3Dq- 

and KORD-expressing mice, but not in mCherry-expressing control mice.  

(D) In hM3Dq- and KORD-expressing mice, females and males are equally susceptible to activation and 

silencing of SST PL neurons.   

(E) Manipulation of SST PL neurons do not affect sucrose binge drinking.  

(F) Schematic of electrophysiology recording in DREADD-expressing SST neurons and representative traces of 

RMP of hM3Dq- and KORD-expressing SST neurons during bath application of 10 uM CNO (top) and 1 uM SalB 

(bottom). 

(G) CNO depolarizes and SalB hyperpolarizes resting membrane potential of KORD- and hM3Dq-expressing 

SST neurons. 

(H) Schematic of electrophysiology recording in L2/3 pyramidal neurons and representative traces of sIPSC 

recordings in glutamate receptor blocker (3mM kynurenic acid)-containing aCSF before and after bath 

application of 10 μM CNO and 1 μM SalB. 

(I) CNO-induced activation of PL SST neurons increases sIPSC frequency on pyramidal neurons with no 

changes in amplitude. SalB-induced inhibition of PL SST neurons otherwise produced a decrease in sIPSC 

frequency and an increase in sIPSC amplitude. 

* p < 0.05. ** p < 0.01, ***, p < 0.001, **** p < 0.0001. Bonferroni’s post-hoc tests.  
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Figure 3: SST-mediated inhibitory dynamic in the PL is moderated by sex and alcohol binge drinking 

(A) (Left) ChR2-expressing SST neurons in the PL. Scale bar 1mm. (Right) Photostimulated action potential 

fidelity in SST neurons upward to 10 Hz. 

(B) Representative traces of SST-mediated IPSCs in PL pyramidal neurons in males and females.  

(C) Binge drinking did not alter SST-mediated IPSC amplitude in PL pyramidal neurons in either sex. 

(D) No differences in SST-evoked IPSC paired pulse ratio on pyramidal neurons across groups and sexes. 

(E) Representative traces of SST-mediated IPSCs in PL non-SST, putatively GABAergic neurons in males and 

females.  

(F) Binge drinking enhanced SST-mediated IPSC amplitude onto non-SST neurons in male mice, but not 

female mice. 

(G) Binge drinking reduced SST-mediated IPSC paired pulse ratio in female mice, but not male mice. 

DID: N = 5 male mice and 5 female mice, control: N = 6 male mice and 4 female mice. * p < 0.05. ** p < 0.01. 

Bonferroni’s post-hoc test. 
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Figure 4: Alcohol binge drinking disinhibits pyramidal neurons and increases pyramidal intrinsic 

excitability, while chemogenetic silencing of pyramidal neurons reduces alcohol consumption. 

(A) Representative sIPSC traces in PL L2/3 pyramidal neurons in control and binge drinking mice in both sexes. 

(B) Binge drinking reduced sIPSC frequency in pyramidal neurons. 

(C) Binge drinking did not alter sIPSC amplitude in pyramidal neurons. 

(D) No alterations in mIPSC frequency in pyramidal neurons. 

(E) No alterations in mIPSC amplitude in pyramidal neurons. 

(F) Representative traces of action potentials per current step in pyramidal neurons in control and binge drinking 

mice in both sexes. 

(G) Binge drinking did not alter RMP in either sex. 

(H) Binge drinking did not alter action potential threshold in either sex. 

(I) Pyramidal neurons in both sexes had lower rheobase following binge drinking. 

(J) Male pyramidal neurons produced more action potentials with increasing current injection amplitude following 

binge drinking. 

(K) Female pyramidal neurons produced more action potentials with increasing current injection amplitude 

following binge drinking. 

(L) Representative images of the hM4D(Gi) viral expression in PL pyramidal neurons. Scale bar 1mm. (Right) 

Schematic of the experimental design. Both male and female C57BL/6J mice were used in this experiment.  

(B) CNO-induced inhibition of PL pyramidal neurons decreases binge drinking in hM4D(Gi)-expressing mice,  

(C) Inhibition of PL pyramidal neurons are equally effective in reducing binge drinking in both male and female 

mice (). 

* p < 0.05. ** p < 0.01. Bonferroni’s post-hoc test. 
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Figure 5: Microcircuitry of the PL cortex and binge drinking-induced plasticity. 

In basal states, males and females exhibit differences in spontaneous inhibitory transmission onto PL SST 

neurons, with higher sIPSC amplitude in males. Alcohol binge drinking disrupts the excitation/inhibition 

dynamic on SST neurons by dampening excitatory transmission and reversing the sex difference in inhibitory 

transmission. Concurrently, alcohol binge drinking dampens the intrinsic excitability of PL SST neurons, 

resulting in a hypoactive state. Alcohol binge augments SST neuron inhibitory output onto other GABAergic 

populations. Pyramidal inhibition is critical for curbing alcohol consumption behaviors, thus disinhibition of 

pyramidal and hyperexcitability could increase the risk of compulsive alcohol drinking and alcohol dependence. 
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Supplementary Figure 1. Female mice engage in higher level of alcohol binge drinking than male mice, 

related to Figure 1. Average consumption of 20% (v/v) ethanol solution in 4-h binge session in Drinking-in-

the-Dark (DID) paradigm showed a sex difference (N = 6 males and 5 females, Fsex(1,9) = 15.07, p = 0.003), 

and these levels are stable across cycles (Fcycle(3,27) = 0.713, p = 0.552, Fsex x binge(3,27) = 1.561, p = 0.221)  
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Supplementary Figure 2. Histological verification of viral expression in the PL, related to figures 2, 3 

and 4. 

Each symbol represents the center of injections, where the expression of fluorophore-tagged virus is the 

brightest. Red circles: KORD/hM3Dq mice. Green triangles: ChR2 mice. Blue rectangles: CamKIIa promoter-

hM4D mice. X: missed injection.  
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Supplementary Figure 3. Membrane properties of pyramidal neurons and non-SST neurons in the PL, 

related to Figure 3. 

(A) Bath application of 100 µM picrotoxin completely abolished SST-evoked IPSC in pyramidal neurons (paired 

t(4) = 3.465, p = 0.025). Inset: representative traces of outward currents in pyramidal neurons in the PL 

following photostimulation of SST neurons during baseline (black) and after bath application of the GABAA 

receptor antagonist picrotoxin. 

(B) Bath application of TTX (500 nM) and 4-aminopyridine (100 µM) to isolate monosynaptic connections did 

not eliminate SST-mediated IPSC on pyramidal neurons (paired t(5) = 2.617, p = 0.047). Inset: representative 

trace of oIPSC during baseline and after bath application of TTX+4-AP. 

(C) Bath application of TTX (500 nM) and 4-aminopyridine (100 µM) did not eliminate SST-mediated IPSC on 

non-SST neurons (paired t(5) = 2.608, p = 0.047). Inset: representative trace of oIPSC during baseline and 

after bath application of TTX+4-AP. 

(D) Pyramidal neurons in the PL exhibit distinctively higher membrane capacitance than non-SST neurons 

(unpaired t(87) = 16.84, p < 0.001). 
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(E) Pyramidal neurons in the PL exhibit lower membrane resistance than non-SST neurons (unpaired t(87) = 

7.396, p < 0.001). 

(F) Representative traces of action potentials in pyramidal neurons and non-SST neurons in response to a 

+200 pA somatic current injection at RMP. 

(G) Representative single action potentials in pyramidal neurons and non-SST neurons. Cells were classified 

as pyramidal neurons with long action potential width (>3 ms), or as non-SST neurons with short action 

potential width (1-3 ms). 

 


