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Abstract  39 

The medial prefrontal cortex (mPFC) and the basolateral amygdala (BLA) have strong 40 

reciprocal connectivity. Projections from the BLA to the mPFC can drive innate, anxiety-related 41 

behaviors but it is unclear if reciprocal projections from the mPFC to BLA have similar roles. 42 

Here, we use optogenetics and chemogenetics to characterize the neurophysiological and 43 

behavioral alterations produced by chronic ethanol exposure and withdrawal on dorsal (dmPFC) 44 

and ventral (vmPFC) medial prefrontal cortical terminals in the BLA. We exposed adult male 45 

Sprague-Dawley rats to chronic intermittent ethanol (CIE) using vapor chambers, measured 46 

anxiety-like behavior on the elevated zero maze (EZM), and used electrophysiology to record 47 

glutamatergic and GABAergic responses in BLA principal neurons. We found that withdrawal 48 

from a 7-day CIE exposure produced opposing effects at dmPFC (increased glutamate release) 49 

and vmPFC (decreased glutamate release) terminals in the BLA. Chemogenetic inhibition of 50 

dmPFC terminals in the BLA attenuated the increased anxiety-like behavior we observed during 51 

withdrawal. These data demonstrate that chronic ethanol exposure and withdrawal strengthens 52 

the synaptic connections between the dmPFC – BLA but weakens the vmPFC– BLA pathway. 53 

Moreover, facilitation of the dmPFC – BLA pathway during withdrawal contributes to anxiety-like 54 

behavior.  Given the opposing roles of dmPFC- and vmPFC-BLA pathways in fear conditioning, 55 

our results suggest that chronic ethanol exposure simultaneously facilitates circuits involved in 56 

the acquisition of, and diminishes circuits involved with the extinction of, withdrawal-related 57 

aversive behaviors.  58 
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Significance Statement  65 

Accumulating evidence suggests that the medial prefrontal cortex (mPFC) and its projections to 66 

the basolateral amygdala (BLA) bidirectionally modulate fear-related behaviors. Since the 67 

neuronal circuits for fear and anxiety are thought to overlap, we sought to examine the role of 68 

dorsal and ventral subdivisions of the mPFC and their inputs to the BLA in regulating anxiety. 69 

Specifically, we focused on alcohol withdrawal-induced anxiety-like behavior, which is a 70 

commonly reported cause of relapse in human alcoholics. In our study, we used optogenetics 71 

and chemogenetics to demonstrate, for the first time, that withdrawal from chronic ethanol 72 

exposure strengthens dmPFC synapses, but weakens vmPFC synapses in the BLA and that 73 

inhibiting glutamate release from dmPFC terminals in the BLA reduces anxiety-like behavior.   74 
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Introduction 93 

Decades of epidemiological and clinical studies have highlighted the relationship 94 

between alcohol use disorder (AUD) and anxiety disorders (Smith and Randall, 2012). 95 

Comorbidity between these disorders is highly prevalent and is associated with a complex 96 

clinical presentation which makes diagnosis and treatment challenging. Anxiety disorders in 97 

individuals with AUD are largely thought to be a lingering consequence of alcohol withdrawal 98 

and can contribute to both the maintenance of pathological alcohol use and relapse (Kushner et 99 

al., 2000; Schuckit and Hesselbrock, 1994). The standard pharmacotherapy and psychotherapy 100 

protocols for AUD and co-morbid anxiety have had limited success, with roughly 80% of 101 

individuals relapsing following treatment (Driessen, 2001; Kushner et al., 2005).  102 

The identification of emotional brain circuits that are vulnerable to alcohol dependence is 103 

a crucial step for the development of more effective AUD treatments. In this context, the 104 

basolateral amygdala (BLA) is an integral component within the neural circuitry regulating fear 105 

and anxiety (Davis, 1992; Gallagher and Chiba, 1996; Tovote et al., 2015). Glutamatergic 106 

pyramidal neurons within the BLA comprise approximately 85% of the cell population and are 107 

the primary projection neurons (McDonald, 1982; McDonald, 1992). These cells receive 108 

glutamatergic inputs from a variety of both cortical and subcortical regions which convey 109 

sensory-, executive-, and memory-related information (Cassell and Wright, 1986; Ottersen, 110 

1982; van Vulpen and Verwer, 1989).  In turn, these pyramidal neurons project to a variety of 111 

downstream brain regions to influence both cognitive and physiological responses to 112 

emotionally relevant stimuli.  The remaining cell population consists of GABAergic interneurons 113 

which exert profound inhibitory control over the pyramidal neurons (Carlsen, 1988; Muller et al., 114 

2006).  The generation of emotional responses is predominantly determined by BLA principal 115 

neuron activity and thus the balance between excitatory and inhibitory neurotransmission onto 116 

these cells.  117 
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The prefrontal cortex provides powerful top-down, executive control over limbic brain 118 

regions like the amygdala to regulate the expression of affective states (Phelps and LeDoux, 119 

2005). In support of this, the dorsal and ventral subdivisions of the medial prefrontal cortex 120 

(mPFC) share robust reciprocal connectivity with principal neurons in the BLA (Little and Carter, 121 

2013; McGarry and Carter, 2017); and, these circuits have been implicated in controlling a 122 

variety of emotional-related behaviors (Arruda-Carvalho and Clem, 2015; Sotres-Bayon and 123 

Quirk, 2010). Importantly, these distinct mPFC subregions and their BLA projections appear to 124 

play dichotomous roles in learned-fear behaviors with dorsal medial prefrontal cortex (dmPFC, 125 

e.g. prelimbic cortex) facilitating the acquisition/expression conditioned responses and the 126 

ventral medial prefrontal cortex (vmPFC, e.g. infralimbic cortex) facilitating the extinction of 127 

these learned associations (Arruda-Carvalho and Clem, 2014; Bloodgood et al., 2018; Bukalo et 128 

al., 2015; Senn et al., 2014; Sierra-Mercado et al., 2010). Taken together, these data provide 129 

strong evidence that the dmPFC and vmPFC projections to the BLA are important pathways for 130 

the regulation of fear. However, the extent to which these circuits might contribute to 131 

pathological conditions, such as during alcohol dependence, remains to be fully elucidated.  132 

Evidence suggests that the cellular and molecular mechanisms underlying fear and 133 

anxiety are similar in both animals and humans and that these processes are likely mediated by 134 

overlapping neuronal circuits. Therefore, we hypothesized that projections from the dmPFC and 135 

vmPFC to the BLA would be vulnerable to chronic ethanol exposure and may regulate the 136 

behavioral consequences of alcohol dependence.  A commonly used method for inducing 137 

ethanol dependence in animal models is chronic intermittent ethanol (CIE) exposure. Using this 138 

model, the literature indicates that withdrawal from CIE increases innate anxiety-like behaviors  139 

(Morales et al., 2015; Roberto et al., 2008) and markedly increases glutamatergic synaptic 140 

activity recorded from BLA pyramidal neurons (Christian et al., 2013; Christian et al., 2012; 141 

Morales et al., 2018). These data suggest that glutamate inputs, from regions such as the 142 

mPFC, are potentially altered by chronic ethanol exposure and withdrawal. Notably, CIE impairs 143 
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fear extinction and remodels glutamatergic mPFC neurons (Holmes et al., 2012) providing 144 

further evidence that specific mPFC projections to the BLA may be altered by chronic ethanol 145 

exposure and mediate withdrawal-induced anxiety. Here, we took a circuit-based approach 146 

using electrophysiology in combination with optogenetics and chemogenetics to examine 147 

dmPFC and vmPFC terminals in the BLA, the effects of CIE exposure, and their role in 148 

regulating anxiety-like behavior during withdrawal.  149 

 150 

Materials and Methods 151 

Animals 152 

Male Sprague-Dawley rats were obtained from Envigo (Indianapolis, IN). Upon arrival, rats were 153 

pair-housed, given food and water ad libitum, and maintained on a reverse 12:12h light-dark 154 

cycle (lights on at 9 PM). Rats were aged ~5 weeks at the time of virus microinjection and ~10 155 

weeks at the time of behavioral manipulations/electrophysiology recordings. All animal care 156 

procedures were in accordance with the NIH Guide for the Care and Use of Laboratory Animals 157 

and experimental procedures were approved in advance by the Institutional Animal Care and 158 

Use Committee at Wake Forest School of Medicine.   159 

Stereotaxic Surgery 160 

Viral Microinjection. Rats (n= 115; ~100g) were induced using 3-5% isoflurane anesthesia and 161 

maintained under continuous 1-3% isoflurane for the duration of the procedure with the oxygen 162 

flowmeter set to 1.0 L/min. Bilateral microinjections (1μL/side) of adeno-associated viral vectors 163 

containing channelrhodopsin (AAV5-CamKIIα-hChR2(H134R)-EYFP; UNC Vector Core), Gi-164 

coupled DREADD (AAV5-CamKIIα-hM4D(Gi)-mCherry; Addgene), Gq-coupled DREADD 165 

(AAV5-CamKIIα-hM3D(Gq)-mCherry; Addgene) or a control fluorophore (AAV5-CamKIIα-166 

mCherry; UNC Vector Core) were delivered at a rate of 0.1μL/min over 10 min (1μL total 167 

volume) using a syringe pump (Harvard Apparatus, Holliston, MA). Injectors were left in place 168 
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for an additional 5 min to allow for virus to diffuse. The medial prefrontal cortex was targeted 169 

using an automated stereotax (Neurostar StereoDrive, Derendingen Germany) with the 170 

following coordinates (in mm): dmPFC (3.20 AP, ± 0.50 ML, 2.75 DV) or vmPFC (3.20 AP, ± 171 

0.50 ML, 4.75 DV) relative to bregma. Targeting the upper portion of the dmPFC and lower 172 

portion of the vmPFC allowed for maximal spatial segregation between subregions. At the end 173 

of surgery rats were given 3 mg/kg ketoprofen (Patterson Veterinary Supply, Charlotte, NC) for 174 

pain management and 2 mL warmed sterile saline. Sutures were removed 1 week later, and 175 

animals were pair-housed. Rats were allowed a total of 4 weeks to recover and for virus to 176 

express before further experimentation. Injection sites were confirmed by collecting coronal 177 

slices of the mPFC and visualizing EYFP and mCherry using fluorescence microscopy post-178 

mortem. Rats with unintended viral placement were excluded from the study. 179 

Cannulation. For the behavioral studies using BLA microinjections, animals (n= 48; ~300g) 180 

underwent a second surgery 4 weeks after virus injection to implant bilateral guide cannulae. 181 

Rats were deeply anesthetized with pentobarbital sodium (50 mg/kg, IP) and 15 mm long, 182 

stainless-steel guide cannulae (26 gauge; Plastics One, Roanoke, VA) were implanted using a 183 

stereotaxic instrument, terminating 1 mm above the BLA using the following coordinates: -2.80 184 

AP, ± 5.00 ML, 7.80 DV.  Dental cement (Lang Dental Manufacturing Co., Wheeling, IL) affixed 185 

and stabilized the guide cannulae to the skull. Obturators (15 mm long; Plastics One, Roanoke, 186 

VA) maintained the patency of the guide cannulae. During a 5-day recovery period, rats were 187 

extensively handled and repeatedly exposed to the manipulations associated with the 188 

microinjection procedure. Correct placement of the guide cannulae was confirmed post-mortem 189 

by preparing coronal slices from fixed tissue. 190 

Chronic Intermittent Ethanol (CIE) Vapor Exposure  191 

Pair-housed rats were exposed to chronic intermittent ethanol (CIE) vapor for 3 or 7 consecutive 192 

days, using standard procedures (Lack et al., 2007; Robinson et al., 2016). Briefly, animals in 193 



 

 
 

8 

their home cages were placed inside larger, custom-build Plexiglas chambers (Triad Plastics, 194 

Winston-Salem, NC). At the beginning of the light cycle (lights on at 9 PM), ethanol vapor was 195 

pumped into the chambers at a constant rate (16 L/min) and maintained at ~25 mg/L throughout 196 

the exposure for 12h/day. Air-exposed control animals were similarly housed, except they 197 

received room-air only. Animals were weighted daily, and tail blood samples were collected 198 

twice during the CIE exposure (day 2 and day 5) in a subset of animals to monitor blood ethanol 199 

concentrations (BECs) and adjust ethanol vapor levels as necessary. Average BECs during the 200 

CIE exposure were 241.29 ± 12.97 mg/dL as determined by a standard, commercially available 201 

alcohol dehydrogenase/NADH enzymatic assay (Carolina Liquid Chemistries, Greensboro, NC). 202 

These BECs are in the standard range (150-275 mg/dL) to produce dependence. All behavioral 203 

assays and electrophysiology recordings were conducted 24h after the last ethanol (or air) 204 

exposure.  205 

Elevated Zero Maze 206 

Twenty-four hours after the last ethanol (or air) exposure, rats were microinjected with either 207 

artificial cerebral spinal fluid (aCSF) or 300 μM clozapine-N-oxide (CNO; Tocris, Ellisville, MO) 208 

and then tested on the elevated zero maze (EZM; Med Associates, Fairfax, VT) to assess 209 

anxiety-like behavior. The EZM is a circular maze consisting of two elevated closed or open 210 

sections, without the issue of an ambiguous center position found in the elevated plus maze. 211 

For microinjections, obturators were removed and 16 mm long 33 gauge injection cannulae 212 

were inserted into the guide cannulae such that their tips extended 1 mm below the ventral 213 

aspect of the guide cannulae. Drug solutions were bilaterally infused into the BLA over a 1 min 214 

period with 0.5 μL total volume delivered per side. Injectors were left in place for an additional 215 

minute before being removed. Animals were placed on the EZM illuminated by a 7.5W 216 

incandescent bulb 5 min after the microinjection (Nobre, 2016). A Basler ace monochrome 217 

camera (Basler AG, Germany) along with EthoVision XT video tracking software (Noldus; 218 



 

 
 

9 

Leesburg, VA) were used to track center point, tail base, and nose point throughout the 5 min 219 

test to assess anxiety-like behavior and general locomotion. Between animals, the apparatus 220 

was cleaned with warm water and mild soap, and then thoroughly dried. Percentage of time was 221 

calculated by dividing the time (in seconds) spent collectively in both open areas by the entire 222 

time of the test, which was 300 seconds.   223 

Electrophysiology  224 

Slice Preparation. Animals were anesthetized with isoflurane and then decapitated using a 225 

guillotine. Brains were rapidly removed and incubated for 5 min in an ice-cold sucrose-modified 226 

artificial cerebral spinal fluid (aCSF) solution containing (in mM): 180 Sucrose, 30 NaCl, 4.5 KCl, 227 

1 MgCl2·6H2O, 26 NaHCO3, 1.2 NaH2PO4, 10 D-glucose, 0.10 ketamine, equilibrated with 95% 228 

O2 and 5% CO2. Coronal slices (400 μM) containing the BLA were collected using a VT1200/S 229 

vibrating blade microtome (Leica, Buffalo Grove, IL) and incubated for ≥ 1h in room temperature 230 

(~25°C), oxygenated, standard aCSF solution containing (in mM): 126 NaCl, 3 KCl, 1.25 231 

NaH2PO4, 2 MgSO4·7H2O, 26 NaHCO3, 10 D-glucose, and 2 CaCl2·2H2O prior to recordings. 232 

For low calcium recordings, an altered aCSF solution with 3mM MgSO4 and 1mM CaCl2 were 233 

used to keep extracellular divalent cation concentrations constant across conditions. All 234 

chemicals were obtained from Sigma-Aldrich (St. Louis, MO) or Tocris (Ellisville, Missouri).  235 

Whole-Cell Patch-Clamp Recording. BLA slices were transferred to a submersion-type 236 

recording chamber that was continuously perfused at a rate of 2 mL/min with oxygenated, room 237 

temperature (~25°C) aCSF. Synaptic responses were recorded using electrodes filled with an 238 

intracellular solution containing (in mM): 145 CsOH, 10 EGTA, 5 NaCl, 1 MgCl2·6H2O, 10 239 

HEPES, 4 Mg-ATP, 0.4 Na-GTP, 0.4 QX314, 1 CaCl2·2H2O, pH was adjusted to ~7.3 with 240 

gluconic acid, and osmolarity was adjusted to ~285 Osm/L with sucrose. Optogenetic (ChR2) 241 

responses were evoked using a 473 nm laser connected to a fiber optic cable (Thorlabs, 242 

Newton, NJ); the naked end of the cable was placed just above the stria terminalis on the 243 
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medial side of the BLA. Five-millisecond laser pulses were used to activate channelrhodopsin 244 

found in the mPFC terminals. Sweeps were recorded every 30 s and light stimulation intensities 245 

were submaximal and normalized to elicit synaptic responses with amplitudes ~100 pA. 246 

Glutamatergic synaptic currents were recorded at a membrane holding potential of -70 mV and 247 

pharmacologically isolated using the GABAA antagonist, picrotoxin (100 μM). For measures of 248 

E/I ratios, picrotoxin was omitted from the extracellular solution. In some recordings, 1 μM 249 

tetrodotoxin (TTX; Tocris) and 20 mM 4-aminopyridine (4-AP; Tocris) were included to isolate 250 

monosynaptic responses (Cruikshank et al., 2010; Petreanu et al., 2009). Data were acquired at 251 

5 kHz and low-pass filtered at 2 kHz via an Axopatch 700B amplifier and pClamp 10 software 252 

(Molecular Devises, Foster City, CA). Presumptive principal neurons were included based on 253 

their electrophysiological characteristics of high membrane capacitance (> 100 pF) and low 254 

access resistance (≤ 25 MΩ) (Washburn and Moises, 1992). Cells that did not meet these 255 

criteria or cells in which access resistance, capacitance, or holding current changed ≥ 20% 256 

during the recording were excluded from analysis.  257 

Paired-Pulse Ratio. Two 5-msec light stimuli of equal intensity were delivered to the stria 258 

terminalis at an inter-stimulus interval of 50-msec, with relative amplitudes produced at this 259 

short interval being traditionally viewed as an indicator of presynaptic release probability 260 

(Fioravante et al., 2011). The paired-pulse ratio (PPR) was conservatively calculated using the 261 

evoked EPSC amplitudes as: [Peak 2 amplitude – Peak 1 amplitude]/Peak 1 amplitude. The 262 

average paired-pulse ratio was determined for a 5-minute baseline and was compared to the 263 

average ratio of the final five minutes of drug application and washout.   264 

Western Blotting  265 

Total protein was prepared from GFP-positive regions of ChR2-injected mPFC from air- and 266 

CIE-exposed animals (N=16). 10μg of total protein was fractioned on a 4 - 20% Criterion TGX 267 

18-well precast gels (#567-8094; Bio-Rad, Hercules CA) and transferred to nitrocellulose 268 
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membrane with a Bio-Rad Trans Blot Turbo Transfer System and pre-assembled membrane 269 

stacks (#1704270; Bio-Rad, Hercules CA). Total lane protein transfer was detected using Pierce 270 

Reversible Protein Stain Kit (#PI24580; Thermo Fisher, Waltham MA). GFP was targeted with 271 

chicken anti-GFP primary antibody (#GFP-1020, Aves, Davis CA; 1μg/mL; RRID: 272 

AB_10000240) which was detected with peroxidase-labeled goat anti-chicken secondary 273 

antibody (#H-1004; Aves, Davis CA; 1:5000; RRID: AB_2313517) and SuperSignal West Dura 274 

Extended Duration Substrate Enhanced Chemiluminescence (#34076; Thermo Fisher, Waltham 275 

MA).  Immunoreactive band intensity was quantified from digital images captured on a charge-276 

coupled device camera and normalized to total lane protein using a Bio-Rad Chemi-Doc XRS 277 

Imaging System and Image Lab Analysis software (Bio-Rad, Hercules CA).  278 

Experimental Design and Statistical Analysis 279 

Primary statistical analyses were conducted using Prism 5 (GraphPad Software, La Jolla, CA). 280 

Data were analyzed using analysis of variance (ANOVA) or t-tests depending on the 281 

experimental design, with Bonferroni post-hoc tests used to determine the locus of effect as 282 

appropriate. A value of p < 0.05 was considered statistically significant. All data are presented 283 

as mean ± SEM throughout the text and figures. 284 

Results  285 

Neurons from the dmPFC and vmPFC make monosynaptic glutamatergic synapses with 286 

principal neurons in the BLA 287 

Injection of Channelrhodopsin-YFP targeting either the dmPFC (Figure 1C1) or vmPFC 288 

(Figure 1D1) results in robust YFP fluorescence along the stria terminalis, just dorsal of the 289 

central amygdala (CeA), and within the BLA.  There were little to no YFP-expressing terminals 290 

in the lateral amygdala (LA) or the central nucleus of the amygdala (CeA), which is a typical 291 

innervation pattern for projections from the rat mPFC (McGarry and Carter, 2017; Reppucci and 292 

Petrovich, 2015).  Patterns of fluorescence from dmPFC and vmPFC injections were 293 
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qualitatively similar across the anterior-posterior axis of the BLA and appeared largely localized 294 

to the anterior subdivision.   295 

To demonstrate monosynaptic projections from mPFC to BLA principal neurons, we 296 

recorded light-evoked excitatory postsynaptic currents (oEPSCs) in the presence of tetrodotoxin 297 

(TTX; sodium channel blocker) and 4-aminopyradine (4-AP; potassium channel blocker) (Figure 298 

1C2, 1D2).  1 μM TTX completely inhibited the oEPSC; and, application of 1mM 4-AP in the 299 

presence of TTX largely reversed this inhibition.  The amplitude of EPSCs collected in the 300 

presence of TTX and 4-AP were 89.5±22.3% (dmPFC) and 81.4±11.6% (vmPFC) of the 301 

baseline EPSC amplitudes, suggesting that a majority of the baseline synaptic responses were 302 

monosynaptic, similar to previous reports (Cho et al., 2013; Little and Carter, 2013). The AMPA 303 

receptor antagonist, DNQX (20 μM), abolished the monosynaptic EPSC and confirmed that 304 

these oEPSCs were glutamatergic.       305 

Withdrawal from 3 days of CIE does not alter glutamate release from mPFC terminals in 306 

the BLA 307 

After confirming that we could reliably evoke and record monosynaptic glutamatergic 308 

oEPSCs from dmPFC and vmPFC terminals in the BLA, we examined the effects of chronic 309 

ethanol exposure and withdrawal on these circuits. We first exposed animals to 3 days of CIE 310 

based on recently published data demonstrating that a single 3 day CIE exposure is sufficient to 311 

produce presynaptic facilitation at stria terminalis inputs to BLA neurons (Morales et al., 2015). 312 

Surprisingly, withdrawal from 3 days of CIE exposure did not significantly alter the glutamate 313 

release probability from dmPFC (AIR: -0.30±0.04, N=11; CIE/WD: -0.32±0.05, N=10) [Unpaired 314 

t-test (AIR vs CIE/WD); t(19) = 0.4170, p = 0.68] or vmPFC (AIR: -0.63±0.05, N=10; CIE/WD: -315 

0.57±0.09, N=8) [Unpaired t-test (AIR vs CIE/WD); t(16) = 0.6094, p = 0.55] terminals in the 316 

BLA (Figures 2C1 and 2D1, respectively). Glutamate release probabilities recorded from air-317 

exposed control animals (Figure 2B) were significantly different between dmPFC (PPR= -318 
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0.26±0.04, n=21) and vmPFC terminals (PPR= -0.66±0.03, n=23; unpaired t-test, [t(42) = 8.090, 319 

p < 0.001]).  320 

Withdrawal from 7 days of CIE bidirectionally modulates glutamate release from dmPFC 321 

and vmPFC terminals in the BLA 322 

Next, we exposed animals to a longer, 7 day CIE exposure. This longer exposure 323 

significantly increased the PPR from dmPFC terminals (AIR: -0.22±0.07, N=10; CIE/WD: -0.55± 324 

0.06, N=8) [Unpaired t-test (AIR vs CIE/WD); t(16) = 3.567, p < 0.01] (Figure 2C2) and  325 

significantly decreased in the PPR from vmPFC terminals (AIR: -0.67±0.04, N=13: CIE/WD: -326 

0.37±0.06, N=15) [Unpaired t-test (AIR vs CIE/WD); t(26) = 4.100, p < 0.001] (Figure 2D2) 327 

compared to air-exposed control animals.  As the paired-pulse ratio is inversely related to 328 

release probability, these data suggest that chronic ethanol exposure simultaneously facilitates 329 

glutamate release from dmPFC-BLA terminals and suppresses glutamate release from vmPFC-330 

BLA terminals.   Using dmPFC and vmPFC tissue from a separate cohort of ChR2-injected AIR 331 

and 7 day CIE/WD animals (N=16), we examined YFP protein levels using western analysis.  A 332 

two-way ANOVA of normalized GFP expression across treatment and brain region found no 333 

main effects or interactions: exposure condition (AIR vs CIE/WD) [F(1,12) = 0.008762, p = 0.93], 334 

brain region (dmPFC vs vmPFC) [F(1,12) = 0.0218, p = 0.89], interaction (exposure X region) 335 

[F(1,12) = 0.0218, p = 0.89]. These data indicate that CIE/WD does not alter ChR2/YFP-336 

expression from the viral construct in either the dmPFC or vmPFC.   337 

Reducing extracellular calcium levels disrupts glutamate release from vmPFC terminals 338 

but not dmPFC terminals in the BLA of air-exposed controls  339 

While examining the effects of chronic ethanol exposure on projections from the dmPFC 340 

and vmPFC, we found that the release probabilities at these distinct inputs were significantly 341 

different from each other in air-exposed control animals (Figure 2B).  It is well established that 342 

calcium plays an important role in neurotransmitter release (Neher and Sakaba, 2008). 343 
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Therefore, we examined the effects of manipulating extracellular calcium concentrations on 344 

presynaptic glutamate release at these inputs in ethanol naïve animals. Reducing extracellular 345 

calcium levels from 2mM to 1mM reduced first-response amplitudes of paired-oEPSCs evoked 346 

from both dmPFC and vmPFC inputs (e.g. Fig. 3 C & D); and, there was no significant 347 

difference between inputs with respect to the magnitude of this inhibition (dmPFC – 43.8±4.9%, 348 

n=14, vmPFC – 47.2±7.3%, n=15; t-test, t=0.3844, p=0.704).  1mM extracellular calcium also 349 

had no effect on glutamate paired-pulse ratios measured from dmPFC terminals (Baseline: -350 

0.38±0.02; Low Calcium: -0.38±0.06; Washout: -0.48± 0.03, N=14) (Figure 3A, C). However, the 351 

release probability from vmPFC terminals was significantly decreased when calcium was 352 

lowered (Figure 3A, D: Baseline: -0.61±0.04; Low Calcium: -0.35±0.08; Washout: -0.66±0.03, 353 

N=15). A two-way repeated-measures ANOVA revealed a main effect of calcium levels [F(2,54) 354 

= 19.19, p < 0.0001], a main effect of input [F(1,54) = 4.74, p < 0.05], and a significant 355 

interaction [F(2,54) = 8.55, p < 0.001]. Bonferroni posttests (dmPFC vs vmPFC) confirmed 356 

observations from the CIE studies showing that there was a significant difference between the 357 

release probabilities from dmPFC and vmPFC terminals at baseline [t = 3.318, p < 0.01] and 358 

during washout [t = 2.470, p < 0.05] when the calcium levels were restored (Figure 3A). 359 

Interestingly, lowering calcium levels ‘normalized’ vmPFC and dmPFC release probability to the 360 

point where they were no longer significantly different [t = 0.4048, p > 0.05]. Normalized PPR 361 

(Figure 3B) data was expressed as a percent of the average baseline PPR within each 362 

projection to emphasize the effects of the calcium manipulation.  Two-way repeated-measure 363 

ANOVA of these data revealed a main effect of calcium level [F(1,27) = 7.357, p < 0.05] and a 364 

significant interaction [F(1,27) = 8.227, p < 0.01]. Planned Bonferroni posttests (Baseline vs 365 

Reduced Calcium) revealed a significant difference in the effect of calcium levels on vmPFC 366 

inputs [t = 4.016, p < 0.001] but not dmPFC inputs [t = 0.1084, p > 0.05]. Thus, lowering 367 

extracellular calcium concentrations from 2mM to 1mM reduced glutamate release from vmPFC 368 

terminals by 42.2±13.5% relative to baseline, but did not affect release from dmPFC terminals in 369 
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the BLA (101.2±15.8%; Figure 3B).  These data suggest that the baseline differences in release 370 

probability between dmPFC and vmPFC inputs, and potentially their differentially sensitivity to 371 

chronic ethanol exposure, are likely related to calcium-dependent processes within these 372 

terminals. 373 

Bath application of CNO decreases glutamate release from Gi-DREADD expressing 374 

dmPFC terminals in the BLA 375 

Since increased glutamate release in the BLA can drive principal neuron activation and 376 

contribute to increases in anxiety-like behavior, we hypothesized that decreasing glutamate 377 

release from dmPFC terminals in the BLA might attenuate withdrawal-related anxiety.  To 378 

demonstrate the feasibility of the approach using chemogenetics, we co-injected 379 

Channelrhodopsin (ChR2) and Gi-DREADD expressing viruses into the dmPFC and, six weeks 380 

later, examined the effects of 10μM clozapine-N-oxide (CNO) on oEPSC paired-pulse ratios 381 

recorded from BLA principal neurons in situ. CNO significantly decreased the glutamate paired-382 

pulse ratio in both AIR (Baseline: -0.26 ± 0.06; CNO: -0.05 ± 0.08, N=6; paired t-test, t(5) = 3.70, 383 

p < 0.05; Figure 4A1 & A2) and CIE/WD animals (Baseline: -0.62 ± 0.02; CNO: -0.38 ± 0.04, 384 

N=6; paired t-test, t(5) = 6.35, p < 0.01; Figure 4B1 & B2). Importantly, CNO had no effect on 385 

glutamate paired-pulse ratios in recordings from animals lacking the Gi-DREADD (“ChR2 only”) 386 

(Baseline: -0.54 ± 0.04; CNO: -0.56± 0.05, N=11) [Paired t-test (Baseline vs CNO); t(10) = 0.98, 387 

p = 0.346] (Figure 4C). The percent inhibition of the first-response oEPSC amplitude by this 388 

concentration CNO was similar between AIR (68.3 ± 14.1% inhibition, N=6) and CIE/WD (59.4 ± 389 

12.8%, N=6) animals (unpaired t-test, t(10) = 0.468, p = 0.65; Figure 4D). These data 390 

demonstrate that the Gi-DREADDs expressed on dmPFC terminals in the BLA can inhibit 391 

synaptic responses independent of the CIE exposure and can reduce release probability similar 392 

to other Gi-coupled receptors.   393 
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Bath application of CNO also decreases glutamate release from Gq-DREADD expressing 394 

vmPFC terminals in the BLA in air-exposed control animals 395 

Because CIE decreases glutamate release from vmPFC terminals in the BLA, we 396 

hypothesized that Gq-DREADDs could be employed to increase glutamate release at these 397 

synapses. Although not statistically significant (Unpaired t test; [t(15) = 1.727, p = 0.105]), light-398 

evoked paired-pulse ratios recorded from Gq-expressing vmPFC – BLA synapses in air-399 

exposed animals and in the absence of CNO (PPR: -0.78 ± 0.05, N=4)  appeared to be 400 

qualitatively different than those previously recorded from ChR2-only expressing vmPFC – BLA 401 

synapses (PPR: -0.54 ± 0.04, N=11, data from Fig. 4C). Surprisingly, bath application of CNO 402 

(10μM) significantly decreased the amplitude of the oEPSC recorded from Gq-DREADD 403 

expressing terminals by 36.78% ± 4.806 (Paired t test: Baseline 79.6±6.1pA vs CNO 404 

51.0±6.7pA, N=5 [t(4) = 10.24, p=0.0005]).  Although the mechanism responsible for Gq-405 

DREADD inhibition of oEPSCs is not clear, these findings clearly suggest that local activation of 406 

these receptors in vmPFC-BLA terminals could not be used to facilitate glutamate release 407 

following chronic ethanol. 408 

Chemogenetic inhibition of glutamate release from dmPFC terminals in the BLA 409 

decreases anxiety-like behavior during withdrawal  410 

Since activation of Gi-coupled DREADDs with CNO decreases glutamate release from 411 

dmPFC terminals in the BLA, we examined the behavioral consequences of silencing this circuit 412 

during ethanol withdrawal. We microinjected the hM4Di-DREADD into the dmPFC (Figure 5A) 413 

and implanted chronic cannulas into the BLA to deliver either vehicle (aCSF) or CNO directly to 414 

the dmPFC terminals.  All of the cannulations were localized between -2.56 mm and -3.14 mm 415 

from bregma as revealed through the post-hoc analysis (Figure 5B). One of the Air exposed, 416 

aCSF-treated animals expressed significantly greater locomotor activation by the elevated zero 417 

maze (total distance travelled; p<0.05, Grubb’s test) compared to the rest of this treatment 418 
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group and was removed from the study.  Similar to previous findings (Morales et al., 2018), 419 

withdrawal from 7 days of CIE increased anxiety-like behavior measured by percentage of time 420 

spent in the open areas on the elevated zero maze (AIR treated – aCSF microinjected: 14.0 ± 421 

3.7%, N=7; CIE/WD – aCSF: 4.0 ± 1.6%, N=8) (EZM; Figure 5C1). Importantly, microinjection of 422 

CNO (300 μM) into the BLA largely reversed the effects of CIE/WD and increased the amount of 423 

time that ethanol exposed animals spent in the open areas of the EZM (CIE/WD – CNO: 17.0 ± 424 

4.4%, N=7) (Figure 5C1, C3). Two-way analysis of these data revealed a significant interaction 425 

[F(1,26) = 7.68, p < 0.05] between the exposure (Air vs. CIE/WD) and treatment (vehicle vs. 426 

CNO) factors.  A planned post-hoc analyses using Bonferroni’s posttest demonstrated a 427 

significant withdrawal effect (AIR vs CIE) only for animals in the ACSF treatment group [t=2.564, 428 

p < 0.05], but not for animals treated with CNO [t=1.737, p > 0.05]. Bonferroni’s comparisons of 429 

treatment effect (ACSF vs CNO) showed a significant effect of CNO in the CIE/WD animals 430 

[t=2.647, p < 0.05], but no significant effect of CNO in AIR-exposed control animals (AIR CNO: 431 

8.4±3.4%, N=8; [t=1.17, p > 0.05]).  We used total distance moved during the assay as a proxy 432 

measure for locomotor activity (Figure 5C2). A two-way ANOVA revealed a significant interaction 433 

(exposure X treatment; [F(1,26) = 8.46, p < 0.01]) and a main effect of exposure group (AIR vs 434 

CIE/WD; [F(1,26) = 8.24, p < 0.001]) but no significant main effect of CNO microinjection 435 

[F(1,26) = 0.56, p = 0.460].  While the preferentially locomotor suppression by CNO in the Air-436 

exposed animals complicates interpretation of the anxiety-like behavior (see Discussion), these 437 

data together suggest that Gi-DREADD inhibition of dmPFC terminals in the BLA can likewise 438 

attenuate withdrawal-related increases in anxiety-like behaviors.      439 

CNO has no effect in rats injected with the control virus lacking the Gi-coupled DREADD 440 

To examine whether CNO-mediated behavioral effects were specific to Gi-DREADD 441 

expression in dmPFC-BLA terminals, we generated a separate cohort of animals that expressed 442 

a control virus lacking the Gi-DREADD receptor (mCherry only) and again microinjected CNO 443 

into the BLA following either air or chronic ethanol exposure. A two-way ANOVA of percent time 444 
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spent in open area (Figure 5D1) revealed a main effect of exposure (AIR vs CIE/WD) [F(1,12) = 445 

6.627, p < 0.05], with no main effect of CNO treatment  [F(1,12) = 0.016, p = 0.903] and no 446 

interaction (exposure X treatment) [F(1,12) = 0.197, p = 0.665]. Percent time spent in open 447 

areas for animals with control virus is as follows: AIR ACSF: 9.6 ± 2.9%, N=4; AIR CNO: 8.9 ± 448 

2.4%, N=4; CIE/WD ACSF: 3.1 ± 1.1%, N=4; CIE/WD CNO: 4.3 ± 1.8%, N=4. A two-way 449 

ANOVA of total distance traveled (Figure 5D2) revealed no main effects or interactions: 450 

exposure condition [F(1,12) = 3.22, p = 0.098], treatment group [F(1,12) = 0.01578, p = 0.902], 451 

interaction [F(1,12) = 0.001529, p = 0.970] (Figure 5G). Total distance, in millimeters, is as 452 

follows: AIR ACSF: 2,036 ± 321cm, N=4; AIR CNO: 2,010 ± 335cm, N=4; CIE//WD ACSF: 453 

1,498 ± 205cm, N=4; CIE/WD CNO: 1,447 ± 345cm, N=4.    454 

Withdrawal from CIE increases the E/I ratio in the dmPFC – BLA pathway 455 

CNO modulation of behavior in the air-treated control animals was an unexpected 456 

observation.  To gain a better understanding of potential circuit-mediated contributions to this 457 

effect (Figure 5C), we examined the balance between excitatory and inhibitory transmission 458 

evoked by light-stimulation of dmPFC terminals in the BLA. In the presence of the NMDA 459 

receptor antagonist, APV (50 μM), we recorded optically evoked glutamatergic EPSCs at a 460 

holding potential of -70mV followed by GABAergic IPSCs at 0mV in the same cell. Since we 461 

have already shown that withdrawal from chronic ethanol increased glutamate transmission at 462 

these synapses (Figure 2C2), we adjusted the laser intensity to produce equivalent EPSCs 463 

between treatment groups and measured the resulting IPSC from that same stimulation 464 

intensity. We found that withdrawal from 7 days of CIE significantly increases the EPSC/IPSC 465 

ratio (Figure 6A1 & 6A4; AIR: 0.633 ± 0.088, N=6; CIE/WD: 1.536 ± 0.266, N=9, [Unpaired t-test 466 

(AIR vs CIE/WD); t(13) = 2.677, p < 0.05]). As expected, peak amplitudes of the oEPSCs were 467 

not significantly different under these stimulation conditions (Figure 6A2; AIR: 154.2 ± 32.3pA, 468 

N=6; CIE/WD: 123.8 ± 12.5pA, N=10, [Unpaired t-test (AIR vs CIE/WD); t(13) = 0.832, p = 469 



 

 
 

19 

0.420]).  However, IPSCs were significantly smaller in the CIE/WD group (130.4 ± 29.97pA, 470 

N=10) compared to the Air group (278.1 ± 83.4, N=6; [Unpaired t-test (AIR vs CIE/WD); t(13) = 471 

2.305, p < 0.05).  This suggests that the treatment-dependent effects on the E/I ratio is driven 472 

by a decrease in the average peak amplitude of IPSCs recorded from CIE/WD animals.  For the 473 

dmPFC, the latency of response onset, measured in milliseconds post-stimulation, was 474 

significantly longer for light-evoked IPSCs (AIR: 23.3 ± 1.9msec, N=7; CIE/WD: 25.9 ± 1.6msec, 475 

N=10) relative to the EPSCs measured in the same neurons (AIR: 11.3 ± 0.7 msec; CIE/WD: 476 

11.0 ± 0.3 msec, regardless of exposure condition (Figure 6A3; two-way ANOVA: Interaction – 477 

F(1,30) = 1.293, p = 0.265; Treatment – F(1,30) = 0.828, p = 0.370; Response Type – F(1,30) = 478 

107.1, p < 0.001). This data, along with the TTX/4-AP data (Figure 1C2), suggests the oEPSCs 479 

are monosynaptic while the IPSCs may arise from a local, multi-synaptic circuit.  Supporting 480 

this, in a representative group of cells from both treatment groups, these IPSCs were inhibited 481 

by both picrotoxin (100 M) and DNQX (20 M).  In contrast, electrically-evoked IPSCs in the 482 

BLA are sensitive to picrotoxin alone (Lindemeyer et al., 2014).  These findings suggest the 483 

GABAergic responses recorded from optical activation of dmPFC terminals in the BLA likely 484 

represent local, feedback-type circuits. These circuits provide a potential mechanism for 485 

increased anxiety-like behaviors following CNO microinjection into air-treated animals 486 

expressing the Gi-DREADD in dmPFC-BLA terminals. 487 

Withdrawal from CIE decreases the E/I ratio in the vmPFC – BLA pathway  488 

In contrast to the dmPFC-BLA projection, recent work within the infralimbic-to-BLA 489 

projection suggests that these latter synapses may directly engage feed-forward inhibition (Cho 490 

et al., 2013).  We therefore preformed the same experiments for vmPFC-BLA terminals.  In 491 

contrast to the dmPFC to BLA pathway, withdrawal from 7 days of CIE significantly decreased 492 

the EPSC/IPSC ratio in the vmPFC to BLA pathway (Figure 6B1).  An unpaired t-test was used 493 

to compare the E/I ratios from AIR (0.82 ± 0.15, N=13) and CIE/WD (0.30 ± 0.06) animals [t(24) 494 
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= 3.152, p < 0.01]. Again, oEPSC peak amplitudes were not significantly different between air 495 

controls (221.7 ±20.1pA) and CIE/WD animals (Figure 6B2; 212.2 ± 20.9pA, unpaired t-test 496 

[t(24) = 0.329, p = 0.745]).  Conversely, IPSC amplitudes were significantly increased in 497 

CIE/WD neurons (958.6 ± 164.3pA) relative to AIR controls (442.5 ± 93.2pA, unpaired t-test [t 498 

(24) = 2.73, p < 0.05]). Similar to the dmPFC pathway, the latencies of IPSCs (AIR: 18.8 ± 499 

1.1msec, N=13; CIE/WD: 21.7 ± 1.2msec, N=13) were significantly longer than those of EPSCs 500 

(AIR: 10.5 ± 0.4msec; CIE/WD: 12.4 ± 0.6msec) recorded from optically stimulating the vmPFC 501 

pathway (Figure 6B3). A two-way ANOVA revealed main effects of response type (EPSC vs 502 

IPSC) [F(1,48) = 103.2, p < 0.0001] and of exposure (CIE/WD latencies > Air latencies by 503 

~2msec) [F(1,48) = 7.646, p < 0.01] but no interaction (response X exposure) [F(1,48) = 0.378, 504 

p = 0.388].  Similar to the dmPFC responses, EPSCs evoked from vmPFC terminals were 505 

sensitive only to DNQX while IPSCs were attenuated by the application of either picrotoxin 506 

(GABAergic) or DNQX (circuit-dependent).  While these data do not rule out unique 507 

contributions of potential feed-forward GABAergic circuits within the vmPFC-BLA pathway, they 508 

none-the-less suggest substantial contributions by local, feed-back circuits as well. 509 

 510 

Discussion 511 

The present study sought to examine the effects of chronic ethanol exposure and 512 

withdrawal on glutamate release probability at inputs arising from two subdivisions of the medial 513 

prefrontal cortex to the basolateral amygdala. We used a combination of optogenetics and 514 

chemogenetics to document the neurophysiological and behavioral alterations of dmPFC and 515 

vmPFC terminals in the BLA. The major findings of the study are that withdrawal from chronic 516 

ethanol exposure increases optogenetically stimulated glutamate release from dmPFC-BLA 517 

terminals but decreases the glutamate release from vmPFC terminals. Additionally, we 518 

demonstrate that chemogenetic inhibition of dmPFC terminals in the BLA reduces withdrawal-519 
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induced anxiety-like behavior. And finally, we show that local, feedback-like GABAergic circuits 520 

make significant contributions to optically-gated responses from both dmPFC and vmPFC 521 

terminals.  Together, these data provide the first characterization of how chronic ethanol 522 

exposure and withdrawal changes mPFC – BLA circuitry and suggests a novel role for this 523 

circuit in regulating ethanol withdrawal-associated anxiety.  524 

Through precise stereotaxic microinjection, we targeted the dorsal and ventral 525 

subdivisions of the medical prefrontal cortex. To prevent unintended viral spread between the 526 

dmPFC and vmPFC regions, we placed the tip of our injectors in the top third of the prelimbic 527 

cortex (PL) and the bottom third of the infralimbic cortex (IL). This allowed for maximal 528 

separation of dmPFC and vmPFC but caused spread of the virus into the anterior cingulate (Cg) 529 

and dorsal peduncular (DP) cortices in some cases. Recently, the anterior cingulate cortex and 530 

its input to the basolateral amygdala has been implicated in mediating innate freezing response 531 

to predator odors (Jhang et al., 2018), which is similar to the role the PL plays in learned fears 532 

(Corcoran and Quirk, 2007). Although the projection from the dorsal peduncular cortex to the 533 

BLA has not been directly characterized, the DP is thought to play a role similar to the IL and is 534 

often included when examining conditioned responses such as fear and drug seeking (Peters et 535 

al., 2009). Hence, we refer broadly to the dorsal component (dmPFC) and the ventral 536 

component (vmPFC). These are common subdivisions based on cytoarchitecture, functional 537 

criteria, and connectivity with other brain regions (Heidbreder and Groenewegen, 2003). 538 

Notably, homologies between the human, primate, and rodent prefrontal cortices exist, which 539 

allows for cross-species comparisons (Laubach et al., 2018). The pattern of terminal expression 540 

in the BLA was similar between dmPFC and vmPFC injected animals such that only cells in the 541 

anterior aspect of the basolateral nucleus were innervated and this was consistent along the 542 

rostral – caudal axis. We also noted that glutamate release probabilities (PPR ratios) were 543 

similar along the anteroposterior axis of the BLA.  It is also noteworthy that, relative to the BLA, 544 

the lateral and central nuclei of the amygdala were largely devoid of fluorescence arising from 545 
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both dmPFC and vmPFC. These findings are consistent with previous reports (Arruda-Carvalho 546 

et al., 2017).    547 

The use of TTX and 4-AP to demonstrate monosynaptic circuits is imperative when 548 

using optogenetics and electrophysiology. Without these pharmacological manipulations, it is 549 

difficult to distinguish light-evoked responses originating within transfected terminals from optical 550 

activation of local networks. In the present study, application of TTX, which inhibits action 551 

potential firing, completely blocked oEPSCs evoked from both the dmPFC and vmPFC. And, the 552 

addition of 4-AP and subsequent blockade of voltage-gated potassium channels, which 553 

theoretically prolong ChR2-mediated terminal depolarization, is sufficient to ‘rescue’ terminals 554 

from TTX-inhibition and trigger glutamate release (Figure 1). These findings are entirely 555 

consistent with previous reports that mPFC – BLA projections are monosynaptic (Arruda-556 

Carvalho and Clem, 2014; Cho et al., 2013; Kiritoshi and Neugebauer, 2018; Little and Carter, 557 

2013; McGarry and Carter, 2017).  558 

Previous studies have characterized the presynaptic and postsynaptic adaptations that 559 

occur following withdrawal from chronic ethanol exposure. Using electrical stimulation for 560 

example, electrophysiology recordings have shown that withdrawal from CIE exposure 561 

increases the glutamate release probability at medial, stria terminalis synapses (Christian et al., 562 

2013; Morales et al., 2018) and that this facilitation requires just 3 days of intermittent ethanol 563 

(Morales et al., 2018). Accordingly, we wanted to investigate if these findings were 564 

representative for inputs from specific brain areas. Projections from the mPFC to the BLA arrive 565 

via the medial stria terminalis (Sesack et al., 1989) suggesting these synapses were appropriate 566 

candidates to undergo presynaptic alterations following withdrawal from chronic ethanol 567 

exposure. Surprisingly, we found that withdrawal from 3 days of CIE did not alter the glutamate 568 

release probability from either dmPFC or vmPFC synapses (Figure 2) while a withdrawal from a 569 

7-day exposure was sufficient.  This apparent differential sensitivity to the number ethanol 570 

exposures in different studies may be driven by a number of factors:  1) dmPFC and vmPFC 571 
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inputs require longer CIE exposures relative to the entire population of stria terminalis inputs 572 

activated by electrical stimulation; 2) optically-evoked release in general requires longer CIE 573 

exposures than electrically-evoke release; or 3) the age of the animals during the CIE exposure 574 

changes the relative sensitivity of stria terminalis inputs to chronic ethanol.  We cannot exclude 575 

the possibility that dm/vmPFC inputs are more resistant to CIE relative to other stria inputs given 576 

current technical limitations.  However, with respect to the CIE sensitivity of optically-evoked 577 

versus electrically-evoked release, baseline paired-pulse ratios from optical stimulation of 578 

dmPFC and vmPFC inputs in air-exposed animals are much lower (release is higher) than is 579 

typically seen with electrically-evoked release from the stria terminalis population of synapses .  580 

Despite the higher basal release probability with optical stimulation, dmPFC and vmPFC inputs 581 

are significantly different from each other at baseline and yet express opposite responses to 582 

CIE.  This suggests that the basal release probability at any synapse, regardless of the 583 

stimulation approach, may not dictate its relative CIE sensitivity.  Notably in the study using 584 

electrical stimuli of the stria (Christian et al., 2013; Morales et al., 2018), animals were exposed 585 

to ethanol during early adolescence (P39-46) whereas animals used in the present study were 586 

adults at the time of ethanol exposure (P70+). This was necessitated by the use of opto- and 587 

chemogenetics which require a prolonged period for transgene expression and transport of 588 

channelrhodopsin/DREADD receptor to the terminal fields. There are numerous studies 589 

highlighting the vulnerability of adolescents to ethanol relative to adults (reviewed in (Crews et 590 

al., 2016)). Therefore, our data is consistent with the hypothesis that adult-like animals are more 591 

resilient and thus require a longer ethanol exposure to induce similar synaptic alterations seen 592 

in adolescent animals.   593 

We find that withdrawal from 7 days of CIE produces opposite effects on glutamate 594 

release probability from dmPFC and vmPFC projections to the BLA.  Notably, the dmPFC and 595 

vmPFC play distinct roles in both fear conditioning and drug-seeking behaviors: the dmPFC 596 

drives the expression of fear and drug seeking; and, the vmPFC suppresses these behaviors 597 
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following extinction learning (reviewed in (Peters et al., 2009)). Fear learning also leads to 598 

strengthening of PL, but not IL, excitatory synapses onto BLA principal neurons (Arruda-599 

Carvalho and Clem, 2014). Additionally, the relative strength of synaptic inhibition and excitation 600 

within the IL-BLA, but not the PL-BLA pathway, are increased in an arthritic pain model (Kiritoshi 601 

and Neugebauer, 2018). A large body of evidence in both rats and humans suggests that both 602 

the cellular mechanisms and the circuits underlying fear and anxiety behaviors extensively 603 

overlap (reviewed in (Davis et al., 2010; Tovote et al., 2015)). Thus, increased glutamate 604 

release from dmPFC terminals may promote fear-learning, anxiety, and drug-seeking whereas 605 

the decreased glutamate release from vmPFC terminals diminish the ability of these projections 606 

to act in opposition. Our findings therefore show that glutamate release from two mPFC – BLA 607 

circuits, which serve independent and in some way opposing functions, are differentially 608 

regulated by a dependence-like ethanol exposure.  609 

Notably, glutamate release probabilities, measured using paired-pulse ratios, were 610 

significantly different between dmPFC (low release)- and vmPFC (high release)-BLA terminals 611 

in ethanol naïve control animals (Figure 2).  To our knowledge, no previous studies have directly 612 

compared glutamate release from these two pathways in rats.  However, one study in mice 613 

reported equivalent recruitment of excitation and feedforward inhibition onto BLA principal 614 

neurons by these pathways (Arruda-Carvalho and Clem, 2014). Regardless, differences in 615 

‘basal’ glutamate transmission suggests that under ‘normal’ circumstances, the higher release 616 

from vmPFC inputs would dominate top-down control over the BLA and potentially help prevent 617 

maladaptive behavior responses. Conversely, pathological states like alcohol 618 

dependence/withdrawal reverse the relative release probabilities at these inputs and accentuate 619 

top-down control by dmPFC-inputs which could ultimately drive maladaptive behaviors. It is 620 

worth noting too that alterations in synchronized activity between medial prefrontal and 621 

amygdala have been reported in human alcoholics (Müller-Oehring et al., 2014), although the 622 

behavioral implications of these changes were not directly assessed. Baseline and ‘pathological’ 623 
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differences in release probability may be related to the size of pool of readily releasable 624 

presynaptic vesicles or alterations in calcium dynamics within the terminals (Fioravante and 625 

Regehr, 2011). Given that calcium plays an integral role in neurotransmitter release and directly 626 

regulates short-term changes in release probability (reviewed in (Catterall et al., 2013; Neher 627 

and Sakaba, 2008; Sudhof, 2011)), we directly examined the extent to which extracellular 628 

calcium played in determining glutamate release probability from dmPFC-BLA and vmPFC-BLA 629 

terminals. We found that reducing extracellular calcium levels affected the release probability of 630 

ethanol-naïve vmPFC synapses but not dmPFC inputs suggesting that differences in calcium 631 

dynamics within the terminals may underlie the differences in synaptic strength and the 632 

differential effect of chronic ethanol within these two circuits.  633 

GABAergic transmission in the BLA tightly regulates the activity of principal neurons via 634 

both feed-forward and feedback inhibition.  Chronic ethanol exposure selectively decreases 635 

GABA release from feedforward neurons without altering the release from local interneurons 636 

(Diaz et al., 2011). In the present study we examined the excitatory – inhibitory ratios expressed 637 

at dmPFC and vmPFC synapses in the BLA (Figure 6) in both air-exposed control animals and 638 

those in withdrawal.  Similar to our findings with glutamate, we found that the E/I ratios were 639 

differentially altered in these two pathways such that the E/I ratio was increased at dmPFC – 640 

BLA synapses and decreased at vmPFC– BLA synapses.  Likewise, while the approaches used 641 

here do not allow us to differentiate between feedforward and feedback GABAergic responses, 642 

our findings do suggest that feedback-like IPSCs contribute substantially to the E/I ratios 643 

measured with optical stimulation of both dmPFC and vmPFC terminals.  This is evidenced by 644 

significantly longer onset latencies for IPSC relative to the EPSCs.  Regardless, these E/I data 645 

suggest that CIE/WD may reduce recruitment of intrinsic GABAergic circuits from dmPFC 646 

terminals while recruiting a more extensive intrinsic GABA circuit activated by vmPFC inputs.  647 

This interpretation strictly requires that similar numbers of dmPFC and vmPFC afferents are 648 

activated during a given optical stimulus; and, it is technically impossible to determine this 649 



 

 
 

26 

directly with the approaches used here.  None-the-less, the terminal field fluorescent intensities 650 

arising from these brain regions within the BLA appear to be quite similar (Figure 1). 651 

The BLA has been implicated in a wide range of behaviors (reviewed in (Janak and Tye, 652 

2015)); and, increased glutamate signaling within the BLA is specifically associated with 653 

increased expression of emotional behaviors like fear and anxiety (reviewed in (McCool et al., 654 

2010)). For example, microinjection of the glutamate receptor antagonist, DNQX, into the BLA 655 

attenuates anxiety-like behavior expressed during withdrawal (Lack et al., 2007). In line with 656 

this, our current findings show that microinjection of CNO into the BLA diminishes withdrawal-657 

related anxiety-like behavior (Figure 5), presumably through activation of Gi-coupled DREADDs 658 

expressed in dmPFC terminals. While CNO-microinjection specifically increased open-area 659 

times in the CIE/WD animals, the control animals in this study spent a modest amount of time in 660 

the open areas relative to previous reports using other assays (Morales et al., 2018).  While it is 661 

possible that the elevated zero maze is particularly provocative relative to the elevated plus 662 

maze or the light/dark transition test, recent work with general anesthetics (Landin et al., 2019) 663 

showed that adolescent exposure general anesthetics can enhance avoidance of novel objects 664 

and decrease social interactions, an effect which persists 3-7 weeks after the exposure.  The 665 

modest open area times in the current study may therefore reflect behavioral interactions 666 

between surgical anesthesia during adolescence and CIE exposures several weeks later.  667 

Regardless, CIE/WD animals spent significantly less time in the open areas compared to the 668 

air-exposed controls.  Our EZM data thus directly demonstrate that dmPFC projections to the 669 

BLA play an important role in regulating anxiety-like behavior.  Although projections from the 670 

BLA to the mPFC can modulate anxiety-related behaviors (Felix-Ortiz et al., 2016), the 671 

behavioral contributions of reciprocal mPFC projections to the BLA that not been as extensively 672 

explored.  673 

We should note that CNO microinjection appeared to differentially suppress locomotor 674 

behavior (distance moved) in the air-exposed, DREADD-expressing control animals.  While this 675 
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limits interpretation of EZM data to some extent, locomotor suppression was not apparent 676 

following CNO microinjection into the “No DREADD” controls for this study suggesting it is 677 

directly related to CNO actions on the dmPFC terminals near the guide cannula.  In addition to 678 

CNO actions in the BLA, it is possible that diffusion of CNO into neighboring structures could 679 

have played some role.  However, the relative fluorescent intensity of YFP (Figure 1C) suggests 680 

that the majority of dmPFC inputs into this brain region are largely focused within the basolateral 681 

nucleus, consistent with existing literature (Cassell and Wright, 1986; Likhtik et al., 2005; 682 

McDonald et al., 1996; Sesack et al., 1989).  Modulation of BLA principle neuron activity via 683 

local manipulation of dmPFC projections can influence a number of downstream brain regions.  684 

For example, BLA principal neurons project directly to the central amygdala.  Given that CIE 685 

exposure appeared to alter the activity of local GABAergic circuitry (Figure 6), our behavioral 686 

findings in the Air-DREADD animals suggest that interactions between this intrinsic BLA 687 

inhibitory circuitry and the dmPFC inputs may have driven responses to CNO microinjection.   688 

Given the functional role of the vmPFC and that CIE and withdrawal decreases 689 

glutamate release from vmPFC terminals in the BLA, we hypothesized that artificially increasing 690 

glutamate release from these inputs would attenuate anxiety-like behavior during withdrawal. In 691 

support of this, electrical stimulation of the IL increases the time spent and entries in the open 692 

arms of an elevated-plus maze suggesting a key role in down-regulating anxiety-like behavior 693 

(Shimizu et al., 2018).  This parallels the well-established role this region plays in extinction 694 

learning. Before testing our hypothesis in vivo, we wanted to examine the effects of Gq-coupled 695 

DREADD activation in these vmPFC-BLA projections. To our surprise, CNO-activation of the 696 

Gq-DREADD resulted in a decrease of glutamate release rather than the predicted increase. 697 

Interestingly, we also noted that paired-pulse ratios recorded from vmPFC terminals expressing 698 

ChR2 and Gq-DREADDS qualitatively had greater CNO-independent release. One possible 699 

explanation is that Gq-DREADD overexpression in vmPFC synaptic terminals results in some 700 

level of constitutive (agonist-independent) receptor activity.  Although mainly Gi/o-coupled auto- 701 
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and heteroreceptors are known to inhibit evoked transmitter release, there is alos evidence that 702 

activation of Gq-coupled receptors can cause both synaptic inhibition or facilitation (Betke et al., 703 

2012). Since the Gq-DREADDs did not increase glutamate release in vitro, we did not attempt 704 

to use this approach in vivo.    705 

In conclusion, our results indicate a novel role of discrete mPFC inputs to the BLA 706 

beyond that of conditioned fear. We demonstrate that the dmPFC – BLA pathway is involved in 707 

regulating anxiety and that chemogenetic inhibition of these projections during alcohol 708 

withdrawal can decrease withdrawal-induced anxiety-like behavior. These data suggest that 709 

withdrawal from chronic ethanol exposure may selectively strengthen dmPFC synapses while 710 

weakening vmPFC synapses in the BLA. Strategies focused on reversing these alterations may 711 

offer targets for treatment development. Future studies will examine the molecular mechanisms 712 

underlying the ethanol-induced synaptic plasticity within these two mPFC-BLA circuits.  713 
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Figure Legends 890 

Figure 1. The dorsal and ventral subdivisions of the mPFC make dense, monosynaptic 891 

glutamatergic synaptic connections with BLA principal neurons. A, Experimental timeline with 892 

procedures on the top and approximate age of the rats in postnatal days on the bottom. B, 893 

Schematic depicting the typical placement of the optical ‘stimulator’ and patch electrode for 894 

electrophysiology recordings. The optical fiber delivering 470nm blue light was placed just 895 

medial of the BLA above the stria terminalis to activate the Channelrhodopsin-expressing mPFC 896 

inputs. BLA principal neurons were patched along the dorsomedial aspect of the subdivision 897 

where the YFP-expressing terminals were most dense. C1, D1, Representative fluorescent 898 

images of the mPFC injection site (left) and the resulting terminals in the BLA (right) 4 weeks 899 

after injection of Channelrhodopsin into the dmPFC (C1) or vmPFC (D1), respectively. C2, D2, 900 

Representative traces of light-evoked oEPSCs recorded from dmPFC – BLA (C2) or vmPFC – 901 

BLA (D2) synapses, respectively, in the presence of various agents.  See text for details. Scale 902 

bars: 20msec X 20pA. Blue vertical dashes represent approximate onset of optogenetic 903 

stimulation (5msec duration). Cg= cingulate cortex, PL= prelimbic cortex, IL= infralimbic cortex, 904 

DP= dorsal peduncular cortex, dmPFC= dorsal medial prefrontal cortex, vmPFC= ventral medial 905 

prefrontal cortex, ac= anterior commissure, CeA= central nucleus of the amygdala, LA= lateral 906 

amygdala, BLA= basolateral amygdala.    907 

Figure Contributions:  Molly McGinnis and Brian Parrish performed the experiments; Molly 908 

McGinnis analyzed the data and composed the figure. 909 

Figure 2. Withdrawal (WD) from 7 days, but not 3 days, of chronic intermittent ethanol (CIE) 910 

bidirectionally modulates glutamate release from dmPFC and vmPFC terminals in the BLA. A, 911 

Timeline demonstrating the 3- and 7-day chronic intermittent ethanol (CIE) exposures. Each 912 

day, rats were exposed to 12-hours of ethanol (EtOH) and 12-hours of air. All electrophysiology 913 

recordings were conducted 24-hours after the last exposure. Control animals were identically 914 
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housed but only exposed to air. B, Optogenetically-evoked glutamate paired-pulse ratios (PPR) 915 

recorded from BLA principal neurons in air-exposed controls were significantly different between 916 

dmPFC (N=21, circles) and vmPFC (N=23, squares) terminals.  For the ‘box and whiskers’ 917 

plots, the ‘box’ encompasses the 25-75%tiles of the population and the line inside the box 918 

represents the median; the ‘whiskers’ represent minimum and maximum values. C1, No effect of 919 

3-day CIE on PPR recorded from dmPFC – BLA neurons in AIR (N=11) vs CIE/WD (N=10).  920 

Bars represent the mean ± SEM and individual neurons are indicated by circles or squares for 921 

this panel and the remaining figures. C2, Significant decrease in the PPR after 7-days of CIE in 922 

dmPFC – BLA neurons, AIR (N=10) vs CIE/WD (N=8) indicates increased glutamate release 923 

probability. D1, No effect of 3-day CIE on PPR recorded from vmPFC – BLA neurons in AIR 924 

(N=10) vs CIE/WD (N=8). D2, Significant increase in the PPR after 7-days of CIE in vmPFC – 925 

BLA neurons, AIR (N=13) vs CIE/WD (N=15) indicates decreased glutamate release probability. 926 

C3, Representative traces of PPR recorded from dmPFC – BLA or D3, vmPFC – BLA neurons 927 

from AIR (left), 3-day CIE/WD (middle), and 7-day CIE/WD (right). Representative traces were 928 

normalized using peak 1. Scale bar = 50msec. **p<0.01; ***p<0.001; unpaired t-test.  929 

Figure Contributions: Molly McGinnis, Nancy Alexander, and Brian Parrish performed the 930 

experiments; Molly McGinnis analyzed the data; Brian McCool and Molly McGinnis composed 931 

the figure. 932 

Figure 3. Reducing the extracellular calcium concentration preferentially disrupts glutamate 933 

release probability in vmPFC-BLA, but not dmPFC-BLA, terminals in air-exposed, control 934 

neurons. A, Paired-pulse ratios recorded from  dmPFC or vmPFC terminals in the BLA during 935 

baseline (2mM Ca2+), reduced extracellular calcium (1mM Ca2+), and washout (2mM Ca2+). 936 

Significant differences in the PPR values measured from dmPFC (N=14) and vmPFC (N=15) 937 

terminals at baseline and washout but not in the presence of low calcium.  Points represent 938 

mean ± SEM for each group. B, Normalized PPR values, here expressed as a percent of the 939 
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mean baseline PPR within each input, allow for direct comparisons across inputs of the 940 

reduced-Ca2+ effect on glutamate release probability. Significant differences between baseline 941 

and reduced calcium for vmPFC synapses but not dmPFC. *p<0.05, **p<0.01, ***p<0.001, 942 

Bonferoni’s posttest results following two-way repeated measures ANOVA (see text for details).  943 

C/D, Representative traces of light-evoked paired-pulse responses with a 50msec interstimulus 944 

interval from dmPFC – BLA (C) and vmPFC – BLA (D) projections under baseline (left, 2mM), 945 

reduced calcium (middle, 1mM), and washout (right, 2mM) conditions. Dashed lines highlight 946 

relative differences between first- and second-response oEPSC amplitudes in each condition.  947 

Scale bars: x= 50msec, y= 20pA. 948 

Figure Contributions:  Molly McGinnis and Brian Parrish performed the experiments; Molly 949 

McGinnis analyzed the data; Molly McGinnis and Brian McCool composed the figure. 950 

Figure 4. Bath application of CNO decreases glutamate release from dmPFC-BLA terminals 951 

expressing the hM4Di-DREADD receptor. A1, Light-evoked paired-pulse ratios recorded from 952 

dmPFC – BLA terminals expressing ChR2 and Gi-coupled DREADDs at baseline (closed bars, 953 

open circles) and during the bath application of CNO (10μM; open bars, closed circles) in air-954 

exposed control neurons (N=6) and in B1, 7-day CIE/WD neurons (N=6). Note that some 955 

individual data points are superimposed due to the scale.  CNO significantly decreased the 956 

oEPSC amplitude and increased the PPR in all the cells. *p<0.05; **p<0.01; Paired t-test. A2, 957 

Representative traces of paired-pulse responses recorded from AIR or B2, CIE/WD neurons 958 

during baseline (left) and in the presence on CNO (right). Scale bars: x = 50msec, y = 20pA. C, 959 

PPRs recorded from AIR and CIE/WD BLA neurons (N=11) with dmPFC-BLA terminals 960 

expressing only ChR2 (‘no DREADD’ controls). CNO did not significantly change glutamate 961 

release probability from terminals without expressing the DREADD construct. D, Percent 962 

inhibition by CNO, calculated from the first response amplitude (A2, B2), was not different 963 

between AIR and CIE/WD recordings.   964 
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Figure Contributions:  Molly McGinnis and Brian Parrish performed the experiments; Molly 965 

McGinnis analyzed the data; Molly McGinnis and Brian McCool composed the figure.    966 

Figure 5. CNO-mediated inhibition of dmPFC-BLA terminals expressing the Gi-DREADD 967 

attenuates withdrawal-induced anxiety-like behavior. A, Representative fluorescent images of 968 

the PL-targeted injection site for the Gi-coupled DREADDS (mCherry reporter). Inset (right) – 969 

magnified view within the prelimbic cortex (PL). Cg= cingulate cortex, IL= infralimbic cortex, DP= 970 

dorsal peduncular cortex; ac= anterior commissure, dmPFC= dorsal medial prefrontal cortex. B, 971 

Schematic depicting approximate location of guide cannula tips (black circles). Anterior/posterior 972 

position relative to Bregma indicated at the bottom of each image (coronal slice diagrams taken 973 

from (Paxinos and Watson, 2005)) .  C, CNO application to dmPFC-BLA terminals reduces 974 

withdrawal-related anxiety-like behavior.  Percent time spent in the open areas (C1) of the 975 

elevated zero maze for AIR (N=15) and CIE/WD (N=15) animals expressing Gi-DREADDs that 976 

received microinjections of either ACSF (N=7-8/group) or CNO (N=7-8/group; 300μM). 977 

Significant interaction between AIR/CIE and Vehicle/CNO (see text, Two-way ANOVA) along 978 

with significant differences between AIR ACSF vs CIE/WD aCSF and between CIE/WD aCSF 979 

vs CIE/WD CNO (Bonferroni posttests, *p<0.05). No significant differences between AIR aCSF 980 

vs AIR CNO nor AIR aCSF and CIE/WD CNO. (C2) Significant interaction and main effect of 981 

exposure condition (AIR vs CIE/WD) for total distance moved in centimeters (cm) on the EZM 982 

(see text, Two-way ANOVA). CNO significantly impacted locomotor behavior in air-exposed 983 

controls (Bonferroni’s posttest, *p<0.05).  Representative heat plots (C3) of amount of time spent 984 

in open vs closed areas of the EZM depicting averaged group data. D, The effects of CNO 985 

microinjection into the BLA require expression of the Gi-DREADD in dmPFC terminals.  Main 986 

effect of exposure condition (AIR vs CIE/WD) on percentage of time spent in the open areas of 987 

the EZM in animals without the DREADD construct (D1, N=4/group). D2, No differences 988 

observed between any of the conditions for total distances moved.  989 
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Figure Contributions:  Molly McGinnis and Ann Chappell performed the experiments; Molly 990 

McGinnis analyzed the data; Brian McCool and Molly McGinnis composed the figures. 991 

Figure 6. Withdrawal from CIE produces opposing alterations to the excitation/inhibition balance 992 

in the dmPFC and vmPFC – BLA pathways. A1, Relative to Air controls (N=6), CIE/WD (N=9) 993 

significantly increased the light-evoked EPSC/IPSC (E/I) ratio recorded from dmPFC – BLA 994 

terminals. *p<0.05, un-paired t-test.  A2, CIE/WD significantly decreased peak IPSC amplitudes 995 

relative to Air controls in responses recorded from dmPFC – BLA synapses (see text, *p<0.05, 996 

Bonferroni posttest following Two-way ANOVA, significant interaction). A3, Response onset 997 

latency for EPSCs and IPSCs recorded from dmPFC – BLA inputs. ISPCs had significantly 998 

longer latencies than EPSCs regardless of exposure condition (***p<0.001, main-effect of 999 

response type, two-way ANOVA). A4, Representative traces recorded from dmPFC – BLA 1000 

terminals in the two treatment groups. IPSCs recorded at 0mV and EPSCs recorded at -70mV. 1001 

B1, Light-evoked E/I ratios recorded from vmPFC – BLA terminals. Note the significant decrease 1002 

(**p<0.01, unpaired t-test) in the E/I ratio in CIE/WD (N=13) vs AIR (N=13). B2, Peak amplitudes 1003 

of EPSCs and IPSCs recorded from vmPFC – BLA synapses. Significant interaction between 1004 

treatment group and response type (Two-way ANOVA, see text).  Note the significant increase 1005 

in the IPSC amplitude in CIE/WD neurons compared to Air controls (***p<0.001, Bonferroni’s 1006 

multiple comparisons posttest). B3, Response onset latency for EPSCs and IPSCs recorded 1007 

from vmPFC – BLA inputs. ISPCs had significantly longer latencies than EPSCs regardless of 1008 

exposure condition (see text, Two-way ANOVA, ***p<0.001, main-effect of response type). B4, 1009 

Representative traces recorded from vmPFC – BLA terminals. EPSC amplitudes were 1010 

normalized across treatments to emphasize changes to the IPSC amplitude.  Scale bars: 1011 

x=40msec, y=50pA. Dashed lines denote normalized oEPSC amplitudes across the treatment 1012 

groups to emphasize treatment effects on the IPSCs. 1013 



 

 
 

41 

Figure Contributions:  Molly McGinnis and Brian Parrish performed the experiments; Molly 1014 

McGinnis and Brian McCool analyzed the data; Brian McCool and Molly McGinnis composed 1015 

the figure. 1016 

 1017 

 1018 














