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Abstract

The chronic inability of alcoholics to effectively cope with relapse-inducing stressors has been 

linked to dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis and corticotropin-

releasing factor (CRF) signaling. However, the cellular mechanisms responsible for this 

dysregulation are yet to be identified. After exposure of male Sprague Dawley rats to chronic 

intermittent ethanol (CIE; 5–6g/kg orally for 35 doses over 50 days) or water, followed by 40–60 

days of protracted withdrawal, we investigated CIE effects on glutamatergic synaptic transmission, 

stress-induced plasticity, CRF- and ethanol-induced NMDAR inhibition using electrophysiological 

recordings in parvocellular neurosecretory cells (PNCs) of the paraventricular nucleus. We also 

assessed CIE effects on hypothalamic mRNA expression of CRF-related genes using real-time 

polymerase chain reaction, and on HPA axis function by measuring stress-induced increases in 

plasma adrenocorticotropic hormone, corticosterone, and self-grooming. In control rats, ethanol-

mediated inhibition of NMDARs was prevented by CRF1 receptor (CRFR1) blockade with 

antalarmin, while CRF/CRFR1-mediated NMDAR blockade was prevented by intracellularly-

applied inhibitor of phosphatases PP1/PP2A, okadaic acid, but not the selective striatal-enriched 

tyrosine protein phosphatase inhibitor, TC-2153. CIE exposure increased GluN2B subunit-

dependent NMDAR function of PNCs. This was associated with the loss of both ethanol- and 

CRF-mediated NMDAR inhibition, and loss of stress-induced short-term potentiation of 

glutamatergic synaptic inputs, which could be reversed by intracellular blockade of NMDARs with 

MK801. CIE exposure also blunted the hormonal and self-grooming behavioral responses to 

repeated restraint stress. These findings suggest a cellular mechanism whereby chronic alcohol 
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dysregulates the hormonal and behavioral responses to repetitive stressors by increasing NMDAR 

function and decreasing CRFR1 function.

Graphical Abstract

1. INTRODUCTION

Alcohol use disorder (AUD) is associated with persistent maladaptive changes of the 

hypothalamic-pituitary-adrenal (HPA) axis leading to altered responses to stress and 

increased susceptibility to stress-induced negative emotions. Chronic alcohol (ethanol) 

exposure produces persistent reorganization in brain function which defines a new 

equilibrium around a new ‘set-point’, termed allostasis (Koob, 2003; Le Moal, 2009). These 

allostatic changes contribute to alcohol craving and relapse during protracted abstinence 

(Adinoff et al., 2005; Heilig and Koob, 2007; Huang et al., 2010; Koob, 2008; Lee et al., 

2011; Li et al., 2011; Overstreet et al., 2004; Pohorecky, 1991; Sinha et al., 2009; Sinha et 

al., 2011). Normally, stress activates the HPA axis producing an appropriate physiological 

response to meet the impending challenge. The parvocellular neurosecretory cells (PNCs) in 

the paraventricular nucleus of the hypothalamus (PVN) represent the central integrative and 

penultimate step of the HPA axis response to stressors (Bains et al., 2015; Herman et al., 

2002), whereby activation causes release of corticotropin-releasing factor (CRF) and 

subsequent elevations in circulating adrenocorticotropic hormone (ACTH) and adrenal 

glucocorticoids such as corticosterone (CORT). The effects of CRF and structurally related 

urocortin peptides are mediated by two G-protein-coupled receptors subtypes (CRFR1 and 

CRFR2) and modulated by CRF-binding protein (Bale and Vale, 2004).

Activation of CRFR1 and CRFR2 affects cyclic AMP/protein kinase A (cAMP/PKA)-

meditated modulation of protein kinases and phosphatases, such as PP1 and PP2A, which in 

turn regulates the phosphorylation state of various receptors, including AMPAR and 

NMDAR (Leslie and Nairn, 2019). CRFRs can also interact with a variety of G-protein 

coupled systems activating a multitude of different intracellular pathways mediating 

different CRF effects depending on their localization and cellular context. For example, 

CRF-induced potentiation of NMDARs requires cAMP/PKA pathways in central amygdala 

(Fu and Neugebauer, 2008; Ji et al., 2013), and phospholipase C/protein kinase C (PLC/

PKC) in the VTA (Ungless et al., 2003), while in the hippocampus, CRF-induced depression 
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of NMDARs involves the activation of PLC/inositol-1,4,5-triphosphate receptor and 

PLC/PKC pathways (Sheng et al., 2008).

Stress unmasks multiple types of adaptive synaptic plasticity, or metaplasticity, in PNCs 

(Hewitt et al., 2009; Inoue et al., 2013; Kusek et al., 2013; Kuzmiski et al., 2010; Sarkar et 

al., 2011; Wamsteeker et al., 2010). For instance, acute restraint stress induces a CRF/

CRFR1-dependent depression of NMDAR function at glutamatergic synapses of CRF-

expressing PNCs, which allows for short-term synaptic potentiation (STP) of AMPAR-

mediated excitatory postsynaptic currents following a burst of high-frequency stimulation 

(HFS) of afferent inputs (Kuzmiski et al., 2010; Sterley et al., 2018). This STP requires 

CRF-mediated decreases in postsynaptic NMDAR-dependent Ca2+ entry to prevent the 

release of a postsynaptic retrograde messenger that normally restrains presynaptic glutamate 

release (Kuzmiski et al., 2010). Although the precise physiological significance of stress-

induced STP following HFS is unknown, it is hypothesized to be critical for the integration 

and processing of the HPA axis’ adaptive responses to stressors (Bains et al., 2015; Marty et 

al., 2011; Ramot et al., 2017; Sterley et al., 2018). Stress-induced STP in PNCs was recently 

reported to be necessary for release of a putative alarm pheromone transmitting distress 

signals to conspecific subjects (Sterley et al., 2018). It was also shown that glutamatergic 

neurotransmission of CRF-expressing PNCs within the PVN is essential in regulating a 

complex repertoire of stress-induced coping behaviors, including self-grooming (Füzesi et 

al., 2016). Thus, dysregulation of stress-induced synaptic plasticity of PNCs could lead to 

maladaptive hormonal and behavioral responses to stress.

Acutely, ethanol exposure up-regulates CRF mRNA levels within the PVN and increases 

plasma ACTH levels via a PVN CRF-dependent mechanism (Lee et al., 2004; Rivest and 

Rivier, 1994). Chronic ethanol exposure induces persistent HPA axis changes, which during 

protracted withdrawal is characterized by a long-lasting desensitization of the HPA axis 

responses to subsequent acute ethanol (Hansson et al., 2008; Lee and Rivier, 1997). 

However, the cellular mechanisms underlying the HPA axis allostatic response to stress in 

alcohol dependence remain unclear. The aim of this study was to examine the cellular 

mechanisms by which chronic intermittent ethanol (CIE) treatment, using oral 

administration, disrupts glutamatergic neurotransmission and synaptic plasticity of PNCs, 

and relate them to the stress-induced hormonal responses and coping behaviors of rats 

during protracted withdrawal.

2. MATERIALS AND METHODS

2.1 Animals

All experiments were performed in accordance with the guidance of the National Institutes 

of Health on animal care and use and the University of California, Los Angeles, Animal 

Research Committee. Male Sprague Dawley rats (200–300g and ~2 months old) were pair-

housed under a 12-hr 6AM/6PM light/dark cycle and had ad libitum access to food and 

water.

Ethanol (Decon Laboratories, King of Prussia, PA) was administered by oral intubation 

using a chronic intermittent ethanol protocol, referred to as CIE, as it has been previously 
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described (Cagetti et al., 2003; Kokka et al., 1993; Liang et al., 2007; Liang et al., 2006). 

Briefly, CIE exposed rats received 5 g/kg of body weight of ethanol as a 25% (w/v) ethanol 

solution in drinking water once every other day for the first 5 doses, and they received 6 g/kg 

of body weight of ethanol as a 30% (w/v) ethanol solution once every day for the following 

30 doses, for a total of 35 doses (Fig. 1A). Oral administration of ethanol was preferred over 

vapor administration or intraperitoneal injections as the former is able to mimic alcohol 

ingestion in humans. With this regimen, blood ethanol concentration (BEC) reached ~270 

mg/dl (~60mM) one hour after oral administration of ethanol 5g/kg, and was equivalent to 

the BEC obtained one hour after intraperitoneal injection of ethanol 3g/kg (Liang et al., 

2007). Moreover, rats experience multiple cycles of ethanol intoxication and withdrawal 

phases leading to a kindling-like state with persistent decrease in pentylenetetrazol seizure 

threshold (Kokka et al., 1993), and modulation of GABAAR-mediated inhibition and 

AMPAR-mediated excitation in different brain regions (Liang et al., 2014; Liang et al., 

2007; Liang et al., 2006; Marty and Spigelman, 2012). The chronic intermittent vehicle 

(CIV) groups, corresponding to each CIE treatment, received drinking water (20 ml/kg of 

body weight) instead of ethanol. After the CIE/CIV treatments, rats experienced 40–60 days 

of protracted withdrawal in their home cages reaching a body weight of 400–500g (~3.5 to 4 

months old). A separate group of naïve control rats (400–500g and ~3.5 to 4 months old) 

were also used in select electrophysiological studies. Stressed rats were confined in a 

Plexiglas restrainer (Braintree Scientific, Braintree, MA) for 30 min beginning at 10AM. 

Data evaluating ACTH, CORT, and self-grooming behavior were collected from the same 

rats.

2.2 Electrophysiology

Following 40–60 days of protracted withdrawal, rats (400–500g and ~3.5 to 4 months old) 

were deeply anesthetized with isoflurane (Patterson Veterinary, MA, USA), decapitated, and 

the brain quickly removed. For stress experiments, rats were anesthetized immediately after 

stress. Coronal brain slices (400 μm) containing the hypothalamus were obtained with a 

vibrating slicer (VT1200S, Leica, Buffalo Grove, IL). Before recording, slices were 

incubated for ≥1hr at room temperature in artificial cerebrospinal fluid (ACSF) containing 

(in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 2 MgCl2, 26 NaHCO3, 10 glucose, 

saturated with 95% O2 and 5% CO2.

Whole-cell patch clamp recordings were obtained from PNCs, as defined by their 

electrophysiological characteristics (Hoffman et al., 1991; Hoyda et al., 2009; Luther et al., 

2002; Melnick et al., 2007; Sterley et al., 2018; Stern, 2001; Wamsteeker Cusulin et al., 

2013b), during perfusion with ACSF at 34±0.5°C. PNCs were recorded from the dorsal zone 

of the medial parvocellular part of the PVN, where high density of CRF-expressing PNCs 

has been described in rats (Simmons and Swanson, 2009) (Fig. 1B). Only the data from cells 

expressing the PNC electrophysiological characteristics were included. We did not directly 

examine the neuroendocrine phenotype. However, based on the studies mentioned above, 

PNCs recorded were most likely neuroendocrine neurons expressing CRF. Patch clamp 

recording pipettes (TW150F-3, WPI, FL, USA) with 4–5 MΩ resistance were filled with a 

solution containing (in mM): 130 K-gluconate, 5 NaCl, 1.1 EGTA, 2 MgATP, 0.2 NaGTP, 

and 10 HEPES, pH adjusted to 7.3 with KOH. Input resistance was calculated in current-
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clamp by measuring the changes in the resting membrane potential (RMP) in response to a 

hyperpolarizing step (−50 pA). Action potential (AP) threshold was measured at the 

beginning of the sharp upward rise of the depolarizing phase of the first AP elicited by a 

depolarizing step. Input-output curve was obtained by calculating the number of APs elicited 

in response to depolarizing currents steps (10 pA increments).

Excitatory postsynaptic currents (EPSCs) were evoked using a concentric bipolar 

stimulating electrode (MCE-100, Rhodes Medical Instruments, CA, USA) placed in the 

periventricular aspect (Marty et al., 2011). The stimulus intensity was chosen to elicit ~50% 

maximum amplitude of the first evoked current. Paired-pulse ratios (PPRs) were obtained by 

applying a pair of synaptic stimuli of equal intensity applied at a interstimulus interval of 25 

ms at a rate of 0.2 Hz as previously described (Kuzmiski et al., 2010; Marty et al., 2011). 

High frequency afferent stimulation (HFS) used 100 Hz for 1 s, repeated four times with a 5-

second interval (Kuzmiski et al., 2010). Access resistance (<30 MΩ) was continuously 

monitored and recordings were accepted for analysis if changes were <15%. AMPAR-

mediated EPSCs were isolated by holding the postsynaptic neuron at −60 mV to block 

voltage-dependent postsynaptic NMDARs and including the GABAAR antagonist, 

picrotoxin (50 μM; Tocris Bioscience, MN, USA) in ACSF. In some experiments, NMDAR 

antagonist MK801 (1 mM; Abcam, MA, USA) was included in the internal solution.

To evaluate AMPAR:NMDAR ratio, AMPAR+NMDAR-mediated spontaneous EPSCs 

(sEPSCs) were recorded at +40 mV using a pipette solution containing (in mM): 120 CsCl, 

10 NaCl, 1.1 EGTA, 0.1 CaCl2, 4 K2ATP and 0.3 Na2GTP, 2.5 QX-314, 10 HEPES, pH 

adjusted to 7.3 with CsOH. After establishment of a 10-min stable baseline, NMDAR 

antagonist APV (40 μM; Abcam) was applied to isolate the AMPAR-mediated sEPSCs. The 

amplitude of NMDAR-mediated sEPSCs was calculated by subtracting the averaged isolated 

AMPAR-mediated sEPSCs from the averaged AMPAR+NMDAR-mediated sEPSCs. 

AMPAR:NMDAR ratio was the result of the averaged isolated AMPAR-mediated sEPSCs 

amplitude divided by the calculated NMDAR-mediated sEPSC amplitude for each PNC.

NMDAR-mediated EPSCs were recorded at +40 mV using a pipette solution containing (in 

mM): 120 CsCl, 10 NaCl, 1.1 EGTA, 0.1 CaCl2, 4 K2ATP and 0.3 Na2GTP, 2.5 QX-314, 10 

HEPES, pH adjusted to 7.3 with CsOH. For isolation of NMDAR-mediated EPSCs, 6-

cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 μM; Tocris Bioscience) and picrotoxin (50 

μM; Tocris Bioscience) were added to the bath to block AMPAR-mediated GABAAR-

mediated synaptic currents respectively. In addition, N-(2,6-

dimethylphenylcarbamoylmethyl) triethyl-ammonium chloride (QX-314, 2.5 mM; Tocris 

Bioscience) was included in the patch pipette solution to block voltage-gated sodium 

channels. After establishment of a 10-min stable baseline, ifenprodil (5 μM; Tocris 

Bioscience) or CRF (1 μM; human/rat, purity ≥99%, Cat#H-2435, Bachem Americas, CA, 

USA) was bath applied for 6–10 min. In some experiments, ethanol was bath applied at a 

concentration of 100 mM. This high concentration of ethanol was chosen to induce maximal 

pharmacological effects as we showed previously (Liang et al., 2007; Liang et al., 2006).

In some experiments, okadaic acid (OA; Alfa Aesar, MA, USA), a blocker of protein 

phosphatase PP1/PP2A, was dissolved in distilled water (1mM stock) and included in the 
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patch pipette solution at a concentration of 1 μM, as described previously (Wang et al., 1994; 

Westphal et al., 1999). In similar experiments, TC-2153 (Sigma-Aldrich, MO, USA), a 

blocker of striatal-enriched tyrosine protein phosphatase, was dissolved in dimethyl 

sulfoxide (1 mM stock) and included in the patch pipette solution at a concentration of 1 

μM, as described previously (Siemsen et al., 2018; Tian et al., 2016). In these experiments, 

basal NMDAR-eEPSCs were recorded in the continuous presence of OA or TC-2153. After 

establishment of a 10-min stable baseline, CRF (1 μM) or ethanol (100 mM) was bath 

applied for 7–10 min. The effects of CRF or ethanol on NMDARs was examined by 

comparing the eEPSC amplitude during baseline (2 min prior bath application of CRF or 

ethanol) and during bath application of CRF or ethanol (last 2 min of application).

Antalarmin, a CRFR1 antagonist, was dissolved in dimethyl sulfoxide to a 1 mM stock 

solution and was bath applied at a final concentration of 1 μM, according to previous studies 

(Lemos et al., 2011; Roberto et al., 2010). After establishment of a 10-min stable baseline, 

antalarmin was bath applied for at least 10 min before co-application of ethanol for 7–8 min. 

Antalarmin remained for an additional 10–15 min before washout with ACSF. The effects of 

antalarmin and antalarmin+ethanol on NMDARs was examined by comparing the eEPSC 

amplitude during baseline (2 min prior to antalarmin), antalarmin (last 2 min of application) 

and antalarmin+ethanol (last 2 min of application).

Occlusion experiments were performed to assess whether the inhibitory effects of CRF and 

ethanol on NMDARs were mediated by similar intracellular mechanisms. In these occlusion 

experiments, ethanol was first bath applied for at least 7 min before co-application of CRF 

for an additional 7–8 min. Similar occlusion experiments were performed by applying CRF 

first for at least 7 min before co-application of ethanol for an additional 7–8 min.

Electrophysiological signals were amplified using the Multiclamp 700B amplifier, low-pass 

filtered at 1 kHz and digitized at 10 kHz with the Digidata 1440A (Molecular Devices, San 

Jose, CA). Data were acquired using pCLAMP10, low-pass filtered offline at 1kHz and 

analyzed using Clampfit (Molecular Devices) and MiniAnalysis (Synaptosoft, Decatur, GA) 

software. AMPAR- and NMDAR-mediated sEPSCs were detected using a threshold 

equivalent to 2.5 standard deviations from baseline noise. The mean amplitude of 

spontaneous EPSCs (sEPSCs) was determined by averaging >100 consecutive events. The 

mean frequency of sEPSCs was determined as the number of events per second during a 60–

300 sec period. AMPAR- and NMDAR-mediated eEPSC amplitude was calculated from the 

baseline current before stimulation to the peak synaptic current. The magnitude of STP was 

calculated as the average amplitude of 12 eEPSCs immediately following HFS (0–1 min 

post-HFS) and was expressed as % of baseline.

2.3 Real-time quantitative polymerase chain reaction

TaqMan Gene Expression Master Mix (5 μl, Applied Biosystems, Foster City, CA) mixed 

with cDNA (4.5μl) and gene-specific primer was used in each qPCR reaction. Reactions for 

each gene of interest (Crf: Rn01462137_m1; Crhr1: Rn00578611_m1; Crhr2: 

Rn00575617_m1; Crf-bp: Rn00594854_m1; Nr3c1: Rn00561369_m1; Nr3c2: 

Rn00565562_m1; Gapdh: Rn99999916_s1; Applied Biosystems) were performed in 

triplicate. RT-qPCR reactions were performed using an ABI7900HT Fast Real-Time PCR 
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system and the FAM dye. The threshold cycle (CT) was determined using Sequence 

Detection System software (Applied Biosystems). Gene expression was normalized to the 

endogenous control (Gapdh) obtaining 2‐ddCT. Statistical differences were evaluated on 

2‐dCT (Schmittgen and Livak, 2008).

2.4 Enzyme immunoassay (EIA) determination of ACTH and CORT plasma levels

Tail vein blood was collected into heparinized tubes (Microvette CB300, Starstedt, 

Germany) pre-stress (0 min) and post-stress (30, 75, and 120 min). Tail vein bleeding 

technique was chosen based on previous studies measuring plasma levels of stress hormones 

following acute and repeated stress (Belda et al., 2008; Dal-Zotto et al., 2003; Franco et al., 

2016; Gagliano et al., 2008; García et al., 2000; Rabasa et al., 2011; Vahl et al., 2005). A 

volume of 150–200 μl of blood was collected from the tail vein at each time point. Blood 

samples were centrifuged at 2,000g for 10 min at room temperature. Plasma levels of ACTH 

(FEK-001–21, Phoenix Pharmaceuticals, Burlingame, CA) and CORT (#500655, Cayman 

Chemical, Ann Harbor, MI) were assessed using EIA kits as per manufacturer’s instructions.

2.5 Self-grooming behavior analysis

After 30 min of acclimatization in the testing room, rats were placed in a new empty cage, 

similar to the home cage but without bedding, (~10:30 AM) to record baseline self-

grooming behavior for 45 min. The video recording was repeated at 7, 10, and 13 days after 

baseline to measure immediate post-stress self-grooming behavior. Video recordings of the 

grooming were analyzed off-line by investigators blind to the rats’ treatments, as described 

previously (Kalueff et al., 2007; Kalueff and Tuohimaa, 2005). Total grooming duration, 

number of grooming episodes (separated by more than 5 seconds of not grooming), and 

number of rearings, defined as the upward extension of at least half of the rat’s body, were 

analyzed. To overcome the individual differences in time spent exploring, we calculated the 

fractional time grooming by normalizing the time spent grooming to the time spend 

exploring for each individual rat, as shown in a previous study (Füzesi et al., 2016). The 

fractional time grooming was defined as the relative time spent grooming during the rat’s 

active period, allowing a more accurate estimation of the time spent self-grooming. One CIE 

rat was identified as a statistical outlier (Motulsky and Brown, 2006) and was excluded from 

the final analysis.

2.6 Statistical Analyses

Data were expressed as mean ± SEM. In all figures, n and N represent the number of PNCs 

and rats, respectively. Each recorded PNC was treated as individual. PNCs were recorded 

from at least 3 rats per group. For multiple comparisons, statistical analyses were performed 

using one- or two-way ANOVA or repeated measures (RM) ANOVA followed by the 

appropriate post-hoc test. For two group comparisons paired or unpaired Student’s t-test, 

nonparametric Mann-Whitney test, or Wilcoxon paired test were used as appropriate, in 

Prism 7 (GraphPad, San Diego, CA). The effects of various drugs were statistically 

evaluated using the average amplitude of EPSCs during baseline vs. drug application. Alpha 

cutoff of 0.05 was used.
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3. RESULTS

3.1 CIE exposure induces persistent changes in PNC membrane properties

Analyses of intrinsic membrane properties of PNCs showed that the input resistance was 

unaffected by stress and CIE treatment (CIV/non-restraint: n=20/N=12; CIE/non-restraint: 

n=17/N=11; CIV/restraint: n=7/N=5; CIE/restraint: n=13/N=10; two-way ANOVA, p>0.05; 

Fig. 1C). There was a main effect of stress, but not treatment, on the RMP leading to a 

depolarization of the RMP of PNCs (two-way ANOVA, stress: F(1,56)=11.51, p=0.001; Fig. 

1D). However, post hoc analyses (Sidak’s post hoc) showed that stress significantly 

depolarized PNCs only from CIV rats (p=0.01), but not CIE rats (p=0.14). There was a main 

effect of treatment, but not stress, on the AP threshold between CIV and CIE rats (two-way 

ANOVA, treatment: F(1,54)=9.5, p=0.003; Fig. 1E). Moreover, the input-output curve was 

significantly altered by CIE treatment as shown by blunted stress-induced increases in PNC 

excitability from CIE rats (CIV/non-restraint: n=12/N=9; CIE/non-restraint: n=15/N=9; 

CIV/restraint: n=7/N=5; CIE/restraint: n=12/N=9; two-way ANOVA, steps: F(6,249)=54.6, 

p<0.001, treatment/stress: F(3,249)=6.7, p<0.001; Tukey’s post hoc, CIV/non-restraint vs. 

CIV/restraint, p=0.005; CIV/restraint vs CIE/non-restraint, p=0.002; Fig. 1F). These data 

suggest that CIE exposure increases intrinsic excitability of PNCs, but blunts stress-induced 

increases in their excitability.

3.2 CIE dysregulates evoked glutamate release

In the presence of picrotoxin (50 μM), AMPAR-sEPSC amplitude did not differ in PNCs 

from CIV and CIE rats (CIV: n=23/N=15; CIE: n=22/N=17; unpaired t-test, t(43)=1.59, 

p=0.12; Fig. 2A–C). AMPAR-sEPSC frequency was also not significantly affected by CIE 

exposure (unpaired t-test, t(43)=1.39, p=0.17; Fig. 2A–C). AMPAR-sEPSC rise-time, decay-

time and area were unaffected by CIE exposure (not shown). However, the paired-pulse ratio 

(PPR) of AMPAR-eEPSCs was significantly increased, changing from paired-pulse 

depression to facilitation in PNCs from CIE rats (CIV: n=10/N=9; CIE: n=14/N=12; 

unpaired t-test, t(22)=2.86, p=0.009; Fig. 2D, E). Also, the AMPAR:NMDAR ratio of 

sEPSCs was significantly decreased in PNCs from CIE compared to CIV rats (CIV: n=10/

N=8; CIE: n=9/N=8; unpaired t-test, t(17)=2.37, p=0.029; Fig. 2F, G). Given that AMPAR-

sEPSCs were not affected by CIE exposure, the decreased AMPAR:NMDAR ratio is likely 

due to increases in NMDAR-mediated currents. These data suggest that CIE exposure 

produces a long-lasting decrease in presynaptic glutamate release and increases postsynaptic 

NMDAR function without affecting AMPARs in PNCs.

3.3 CIE increases postsynaptic NMDAR function and decreases ethanol block of 
NMDARs

As anticipated, CIE exposure significantly increased pharmacologically isolated NMDAR-

sEPSC amplitude, but not frequency, compared to CIV rats (Amplitude: CIV: n=28/N=23; 

CIE: n=26/N=22; unpaired t-test, t(52)=2.37, p=0.0215; Frequency: CIV: n=23/N=23; CIE: 

n=22/N=22; unpaired t-test, t(43)=0.12, p=0.9; Fig. 2H–J). Rise-time and decay-time of 

NMDAR-mediated currents were analyzed, and no significant differences was observed 

(data not shown). Furthermore, bath application of GluN2B-containing NMDAR antagonist, 

ifenprodil (5 μM), significantly decreased NMDAR-sEPSC amplitude in CIE, but not in CIV 
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rats (CIV: n=8/N=7; Wilcoxon paired test, p=0.11; CIE: n=9/N=8, Wilcoxon paired test, 

p=0.004; % inhibition CIV vs. CIE, Mann-Whitney test, p=0.036; Fig. 2K, L). This suggests 

that increased NMDAR function in PNCs of CIE rats is likely mediated by increases in 

GluN2B-containing NMDARs. We also investigated the effect of ethanol NMDAR-sEPSCs. 

We found that ethanol-induced decreases in NMDAR-mediated sEPSC amplitude was 

similar in naïve (paired t-test, p=0.03, n=5/N=4, data not shown) and CIV rats (paired t-test, 

p=0.007, n=6/N=5; Fig. 2M, N; naïve vs. CIV, unpaired t-test, t(9)=1.02, p=0.33; data not 

shown). These data suggest that ethanol effects are not altered by vehicle treatment. 

Furthermore, two-way RMANOVA showed a main effect of ethanol (F(1,14)=27.57, 

p<0.001), treatment (F(1,14)=10.33, p=0.006), and interaction ethanol × treatment 

(F(1,14)=10.33, p=0.006). Sidak’s post hoc showed that ethanol significantly decreased 

NMDAR-sEPSC amplitude in CIV, but not in CIE rats (baseline vs. ethanol, CIV: n=6/N=5, 

p<0.001; CIE: n=6/N=5, p=0.39; CIV vs. CIE, p<0.001; Fig. 2M, N). This suggests that CIE 

leads to increased postsynaptic NMDAR function and tolerance of NMDARs to acute 

ethanol effects.

3.4 CRF-induced depression of NMDAR function is mediated by phosphatase activation

We showed previously that CRF activation of CRFR1 decreases NMDAR function in PNCs 

(Kuzmiski et al., 2010). As expected, bath application of CRF (1μM, human/rat, purity 

≥99%) in the presence of CNQX (10 μM) and picrotoxin (50 μM) decreased NMDAR-

eEPSC amplitude in naïve (n=4/N=4, paired t-test, t(3)=4.25, p=0.024) and CIV rats (n=8/

N=8, paired t-test, t(7)=4.19, p=0.004) (Fig. 3A–C). Since no differences were found in 

CRF-induced decreases in NMDAR-eEPSC amplitude in PNCs from naïve and CIV rats 

(naïve: 75.6 ± 5 % of baseline, n=4/N=4; CIV: 76.5 ± 5.8 %, n=8/N=8; unpaired t-test, 

t(10)=0.1, p=0.92), data from both groups were combined to compare with the effects of 

CRF in presence of phosphatase inhibitors (Fig. 3C). Numerous studies have shown that the 

phosphorylation state of NMDARs is critical in their functional regulation (Morishita et al., 

2005; Nijholt et al., 2000; Sheng et al., 2008; Wang et al., 1994; Wang and Salter, 1994). For 

example, striatal-enriched tyrosine protein phosphatase (STEP) and its interaction with the 

tyrosine kinase Fyn is critical in modulating NMDAR function, as shown by its involvement 

in ethanol-induced NMDAR inhibition (Miyakawa et al., 1997; Wu et al., 2010). Thus, to 

further understand the intracellular mechanisms involved in CRF-induced NMDAR 

depression, an inhibitor of phosphatases PP1 and PP2A, okadaic acid (OA, 1 μM), or a 

selective STEP blocker, TC-2153 (1 μM), were added to the patch pipette during recordings 

of PNCs from naïve control rats. In the presence of OA, CRF did not reduce NMDAR-

eEPSCs (CRF+OA: n=6/N=4, paired t-test, t(5)=0.28, p=0.79; Fig. 3A–C). However, 

inhibition of NMDAR-eEPSCs by CRF was still observed in presence of TC-2153 (CRF

+TC-2153: n=6/N=4, Wilcoxon paired t-test, p=0.031) (Fig. 3A–C). Together, our data 

showed blunted CRF effects on NMDAR-eEPSCs in presence of OA only (one-way 

ANOVA (F(2, 21)=8.21, p=0.002; Tukey’s post-hoc, CRF vs. CRF+OA, p=0.002; CRF vs. 

CRF+TC-2153, p=0.97; CRF+OA vs. CRF+TC-2153, p=0.01). These data suggest that 

activation of phosphatases PP1 and/or PP2A by CRF is responsible for the decrease in 

NMDAR currents in PNCs.
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3.5 Ethanol block of NMDARs involves CRFR1 activation

Acute ethanol application inhibits NMDAR function (Lovinger et al., 1989, 1990). 

Consistently, we found that ethanol (100 mM) reduced NMDAR eEPSC amplitude (n=8/

N=7, paired t-test, t(7)=4.89, p=0.0018 vs. baseline; Fig. 3E). Previous studies showed that 

EtOH-induced changes in synaptic transmission in some brain regions are mediated via 

CRFR1 activation (Lemos et al., 2011; Nie et al., 2004; Roberto et al., 2010; Silberman et 

al., 2015). To investigate whether ethanol’s inhibition of NMDARs in the PVN is mediated 

by a CRFR1-dependent mechanism, we bath applied the CRFR1 antagonist, antalarmin (1 

μM), prior to application of ethanol. One-way RMANOVA showed no significant effects 

between baseline, antalarmin and antalarmin+ethanol (n=8/N=7, F(7,14)=0.45, p=0.6; Fig. 

3D). The lack of effect of antalarmin alone suggests that NMDAR function is not affected by 

endogenous CRF. Moreover, the blockade of ethanol effects by antalarmin suggests that 

ethanol-induced inhibition of NMDARs is dependent on CRFR1 activation. We also found 

that inhibition of PP1/PP2A prevented ethanol inhibition of NMDAR-eEPSCs (n=5/N=4, 

paired t-test, t(4)=0.05, p=0.96). Altogether, our data suggest that ethanol-induced inhibition 

of NMDARs in PNCs depends on CRFR1 and PP1/PP2A activation (one-way ANOVA, 

F(2,18)=11.76, p<0.001; Tukey’s post-hoc, EtOH vs. Antal.+EtOH, p=0.002; EtOH vs. 

EtOH+OA, p=0.002; Fig. 3E). In occlusion experiments where ethanol was bath applied first 

followed by CRF co-application, co-application of EtOH+CRF did not further inhibit 

NMDAR-eEPSCs compared to ethanol alone (n=6/N=5; one-way RMANOVA, treatment: 

F(5, 10)=30.04, p<0.001; Tukey’s post-hoc, baseline vs. EtOH, p<0.001; baseline vs. EtOH

+CRF, p=0.008; EtOH vs. EtOH+CRF, p=0.79; Fig. 3E, F). In separate experiments, where 

CRF was applied first followed by EtOH, a similar occlusion was observed (n=3/N=3, CRF 

vs. CRF+EtOH, paired t-test, t(2)=2.4, p=0.14; data not shown). Altogether, these data 

suggest that ethanol inhibition of NMDARs involves a CRFR1-mediated activation of 

phosphatase(s) PP1 and/or PP2A.

3.6 CIE exposure increases the hypothalamic expression of CRF mRNA

We sought to investigate long-term consequences of CIE exposure on the regulation of 

stress-related hormones by examining expression of several HPA axis-related genes within 

the hypothalamus. Compared to CIV rats, mRNA expression levels of only the Crf gene 

were significantly increased in CIE rats (N=4; Crf, unpaired t-test, t(6)=5.4, p=0.0017; 

Crhr1, unpaired t-test, t(6)=1.6, p=0.16; Crhr2, unpaired t-test, t(6)=0.4, p=0.68; Crf-bp, 

unpaired t-test, t(6)=0.83, p=0.44; Nr3c1, unpaired t-test, t(6)=1.0, p=0.34; Nr3c2, unpaired 

t-test, t(6)=0.03, p=0.97; Fig. 4A). These data suggest that CIE increases CRF mRNA 

expression which may lead to changes in CRF-mediated signaling within the hypothalamus.

3.7 CIE exposure disrupts CRF-induced depression of NMDAR function and acute stress-
induced synaptic plasticity

Next, we investigated whether CIE-induced changes in NMDAR function and CRF 

expression affect CRF-induced inhibition of NMDARs in PNCs. Similar to ethanol, the 

inhibitory effects of CRF on NMDAR-eEPSCs were impaired in CIE compared to CIV rats 

(n=8/N=8, CIV: paired t-test, t(7)=4.19, p=0.0041 vs. baseline; n=8/N=7, CIE: paired t-test, 

t(7)=0.99, p=0.35 vs. baseline; CIV vs. CIE, unpaired t-test, t(14)=3.73, p=0.022; Fig. 4B, 
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C). CRF-induced depression of NMDAR function is critical for induction of HFS-induced 

short-term potentiation (STP) of AMPAR-eEPSCs in PNCs following acute restraint 

(Kuzmiski et al., 2010). To address the consequences of the loss of CRF action, we 

investigated the effect of CIE on stress-induced synaptic plasticity. As expected, HFS-

induced STP, associated with a decrease in PPR, was evoked in PNCs of CIV/restraint rats 

(n=5/N=5; eEPSC amplitude post-HFS: paired t-test, t(4)=3.72, p=0.02; PPR post-HFS: 

paired t-test, t(4)=2.84, p=0.04; Fig. 4D, G). However, HFS-induced STP could not be 

evoked in CIE/restraint rats (n=6/N=5; eEPSC amplitude post-HFS: paired t-test, t(5)=0.25, 

p=0.8; PPR post-HFS: paired t-test, t(5)=0.47, p=0.7; Fig. 4E, G) suggesting that protracted 

withdrawal from CIE exposure induces profound alterations in the regulation of stress-

induced glutamatergic synaptic plasticity in PNCs.

To test whether the loss of HFS-induced STP in CIE/restraint rats was due to the loss of 

CRF-mediated NMDAR inhibition after stress, we used an NMDAR antagonist, MK801 (1 

mM), in the patch pipettes to inhibit postsynaptic NMDARs specifically in the recorded 

PNCs. It has been shown previously that inhibition of postsynaptic NMDARs of the 

recorded PNC using intracellular MK801 unmasked HFS-induced STP in naïve rats 

(Kuzmiski et al., 2010), suggesting that decreased postsynaptic NMDAR function is 

required to unmask STP in PNCs. Consistent with this previous study, we also found that 

intracellular MK801 unmasked HFS-induced STP in CIV/non-restraint rats (n=6/N=3; CIV

+iMK801, eEPSC amplitude post-HFS: paired test, t(5)=3.35, p=0.02; PPR post-HFS: 

paired t-test, t(5)=2.9, p=0.03; grey hatched bar, Fig. 4G), suggesting that PNCs from CIV 

rats are similar to naïve rats. Furthermore, postsynaptic NMDAR inhibition restored HFS-

induced STP in CIE/restraint rats (n=8/N=7; eEPSC amplitude post-HFS: paired t-test, 

t(7)=5.94, p=0.0006; PPR post-HFS: paired t-test, t(7)=5.66, p=0.0008; one-way ANOVA, 

F(3,21)=7.17, p=0.002; Dunnett’s post-hoc, CIE/restraint vs.: CIV/restraint, p<0.001; CIV/

MK801, p=0.01; CIE/restraint+MK801, p=0.007; Fig. 4F, G). Thus, the loss of the CRF-

mediated inhibition of NMDAR function via CRFR1 may be responsible for the loss of 

stress-induced STP in CIE rats.

3.8 CIE alters HPA axis hormonal responses to repeated restraint stress

Plasticity of synapses onto PNCs appears to be an essential mechanism by which the HPA 

axis adapts its responses to stressors (Sarkar et al., 2011; Wamsteeker et al., 2010). To 

investigate the physiological consequences of CIE-induced impairment of stress-induced 

plasticity at glutamatergic synapses onto PNCs, we measured plasma ACTH and CORT 

levels in response to repeated stress. Rats were subjected to three restraint stresses 

administered at 72-hour intervals. In CIV rats, similar significant increases in ACTH and 

CORT plasma levels were found in response to stress 1 and stress 3 at t=30 min (ACTH: 

N=5, two-way RMANOVA, Stress: F(1,4)=0.15, p=0.72; Time: F(2,8)=22.4, p=0.0005; 

Dunnett’s post-hoc, t=0 vs. t=30, stress 1: p=0.014, stress 3: p=0.044; Fig. 5A; CORT: N=8, 

two-way RMANOVA, Stress: F(1,7)=0.1, p=0.75; Time: F(3,21)=42.4, p=0.001; Dunnett’s 

post-hoc, t=0 vs. t=30, stress 1: p<0.001, stress 3: p<0.0001; Fig. 5D). The integrated 

response (area under the curve, AUC) of ACTH and CORT following stress 1 and 3 were 

similar in CIV rats (ACTH AUC: N=5, paired t-test, p=0.99; Fig. 5A insert; CORT AUC: 

N=8, paired t-test, p=0.93; Fig. 5D insert). In CIE rats, ACTH and CORT plasma levels were 
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significantly increased in response to stress 1 at t=30 min. However, both ACTH and CORT 

responses were significantly reduced following stress 3. Indeed, our data showed significant 

decreases in the AUC of ACTH and CORT following stress 3 in CIE rats (ACTH AUC: 

paired t-test, t(5)=3.46, p=0.018; Fig. 5B insert; CORT AUC: N=8, paired t-test, t(7)=2.54, 

p=0.039; Fig. 5E insert). The blunted ACTH response to stress 3 in CIE rats was associated 

with a main effect of time and stress, without interaction (ACTH: N=6, two-way 

RMANOVA, Time: F(2,10)=4.8, p=0.034; Stress: F(1,5)=12, p=0.018; Dunnett’s post-hoc, 

t=0 vs. t=30, stress 1: p=0.002, stress 3: p=0.16; Sidak’s post-hoc, Stress 1 vs. Stress 3, 

t=30: p=0.007; Fig. 5B). Although the magnitude of the CORT response depends on ACTH 

release, CORT plasma levels at t=30 min post-stress 3 increased in CIE rats similar to CIV 

rats. However, analysis of the CORT response revealed a main effect of time and stress, 

without interaction, indicating a faster recovery to baseline (CORT: N=8, two-way 

RMANOVA, Time: F(3,21)=62.3, p=0.0001; Stress: F(1,7)=7.2, p=0.032; Dunnett’s post-

hoc, t=0 vs. t=30, stress 1: p<0.001, stress 3: p<0.001; t=0 vs. t=120, stress 1: p=0.8, stress 

3: p=0.049; Sidak’s post-hoc, stress 1 vs. stress 3: p>0.05; Fig. 5E). Consequently, CORT/

ACTH ratio was significantly increased in response to stress 3 at t=30min (N=8, paired-test, 

t(5)=4.14, p=0.009; Fig. 5F) in CIE rats, suggesting enhanced adrenal sensitivity to ACTH. 

No difference in CORT/ACTH ratio was found in CIV rats between stress 1 and 3 (N=5, 

paired t-test, t(4)=0.2, p=0.86; Fig. 5C). These data collectively demonstrate that CIE 

exposure alters HPA axis function during protracted withdrawal, resulting in a dysregulated 

neuroendocrine response to repeated homotypic stress.

3.9 CIE impairs self-grooming adaptive behavior

PNCs within the PVN are critical for self-grooming behaviors (Füzesi et al., 2016; Kruk et 

al., 1998; Mönnikes et al., 1992; Van Erp et al., 1991). In rodents, self-grooming behaviors 

are elicited following a stressful event, as well as local injection of CRF or ACTH within the 

PVN (Kalueff and Tuohimaa, 2005; Kruk et al., 1998; Mönnikes et al., 1992; Spruijt et al., 

1992). Thus, self-grooming has been considered an adaptive stress-coping behavior (Spruijt 

et al., 1992). To investigate the behavioral consequences of CIE-induced changes in the CRF 

and glutamatergic systems within the PVN, we examined whether self-grooming behavior 

was altered in CIE rats. To determine whether the lack of the relative changes in time spent 

self-grooming was due to relative changes in the global activity of the rat, we calculated for 

each rat the fractional time self-grooming after exclusion of time spent inactive/sleeping. 

While basal exploring time was unchanged (unpaired t-test, t(29)=1.42, p=0.17; data not 

shown), basal fractional time self-grooming was significantly increased in CIE rats (Fig. 1S). 

Basal rearing count was lower in CIE rats, which could contribute to increased basal 

grooming in CIE rats (Fig. 1S).

Analysis of normalized fractional grooming time revealed significant effects of stress and 

treatment consistent with increases in stress-induced fractional grooming in CIV rats and a 

blunted response to stress in CIE rats (N=8/group; two-way RMANOVA, Stress: 

F(3,42)=7.1, p<0.001; Treatment: F(1,14)=7.08 p=0.02; Dunnett’s post-hoc; CIV baseline: 

vs. CIV stress 1, p=0.004; vs. CIV stress 2, p=0.007; vs. CIV stress 3, p<0.001; CIE 

baseline: vs. CIE stress 1, p=0.75; vs. CIE stress 2, p=0.3; vs. CIE stress 3, p=0.36; Sidak’s 

post-hoc, CIV vs. CIE, stress 3: p=0.02; Fig. 5G). Consistent with a blunted response, stress 
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did not affect the average episode-length in CIE compared to CIV rats (N=8/group; two-way 

RMANOVA, Stress: F(3,42)=6.95, p=0.0007; Treatment: F(1,14)=10.9, p=0.005; Interaction 

Stress × Treatment: F(3,42)=4.2, p=0.011; Sidak’s post-hoc, CIV baseline: vs. CIV stress 1, 

p=0.006; vs. CIV stress 2, p<0.001; vs. CIV stress 3, p<0.001; CIE baseline: vs. CIE stress 

1, p=0.65; vs. CIE stress 2, p=0.96; vs. CIE stress 3, p=0.84; CIV vs. CIE: stress 2, p=0.036; 

stress 3: p=0.002; Fig. 5H). Moreover, stress induced a significant decrease in rearing in 

CIV, but not in CIE rats (Fig. 1S). Altogether, these data indicate that CIE exposure results 

in long-lasting blunting of stress-induced increases in self-grooming, which represents an 

impairment of adaptive behaviors necessary to effectively cope with stress.

4. DISCUSSION

Adaptive changes in HPA axis function, which lead to altered responses to stress, are most 

likely mediated by alterations in neuronal synaptic plasticity. Here, we demonstrate that CIE 

exposure results in long-lasting increases in excitability and altered functional properties of 

PNCs within the PVN, characterized by increased NMDAR-mediated synaptic currents, loss 

of ethanol- and CRF-induced decreases in NMDAR function, and impairment of stress-

induced depolarization and CRF/NMDAR-dependent adaptive synaptic plasticity. These 

CIE-induced changes are associated, during protracted withdrawal, with allostatic HPA axis 

hormonal responses to repeated stress and altered stress coping behaviors.

Although the mechanisms are complex and still being investigated, synaptic NMDARs are 

critical for HPA axis function. Injections of non-competitive NMDAR antagonists have a 

stimulatory effect on the HPA axis and stress-induced CRF expression in the PVN (Givalois 

et al., 2000; Jezová et al., 1995; Lee et al., 1994; Pechnick et al., 1989; Zhou et al., 1998), 

while stress-induced release of CRF inhibits NMDAR function in PNCs via CRFR1 

activation, unmasking STP due to increased presynaptic glutamate release (Kuzmiski et al., 

2010). These findings indicate that active NMDARs exert an inhibitory tone on PNCs and 

the HPA axis under basal conditions. Thus, ethanol’s ability to activate the HPA axis may be 

due to its inhibitory effects on NMDARs in PNCs (Lovinger et al., 1989; Rivier et al., 1984), 

which we now demonstrate is mediated via CRFR1 activation. Consistent with other brain 

regions (Iorio et al., 1992; Wang et al., 2010), we showed that CIE exposure resulted in 

long-lasting increases in GluN2B-containing NMDAR function. Although the small 

reduction in AMPAR-sEPSC frequency was not significant, we found a reduced paired-pulse 

depression of AMPAR-eEPSCs in CIE rats, which often indicates decreases in evoked 

presynaptic glutamate release (Debanne et al., 1996; Marty et al., 2011). Thus, increased 

NMDAR function could be responsible for the reduction in presynaptic glutamate release 

probability in PNCs from CIE rats (Kuzmiski et al., 2010). Enhanced endocannabinoid-

mediated inhibition of presynaptic neurotransmitter release could also mediate the decreased 

paired pulse depression in CIE rats, as shown in the ventral tegmental area (Harlan et al., 

2018). Together, these data suggest that reduced glutamate release may lead to decreases in 

the synaptic gain and fidelity of information transfer resulting in the loss of stress-induced 

synaptic plasticity and allostatic neuroendocrine responses observed in CIE rats (Marty et 

al., 2011).
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Neuroadaptations in extra-hypothalamic CRF systems, such as the extended amygdala, 

demonstrably contribute to the anxiogenic-like behavior and heightened ethanol intake in 

ethanol-dependent rats (Rimondini et al., 2002; Roberto et al., 2010; Sommer et al., 2008; 

Valdez et al., 2002; Valdez et al., 2003). In contrast, the mechanisms underlying the 

dysregulated hypothalamic CRF system, suggested to play a pivotal role in the allostatic 

state of HPA axis function (Rivier, 2014), have yet to be fully explored. Studies have shown 

that CRF has a positive autoregulatory feedback on hypothalamic neurons increasing its own 

expression and CRFR1 expression to maintain HPA axis responsiveness to a subsequent 

stress (Dallman, 1993; Luo et al., 1994; Parkes et al., 1993). Consistent with previous 

studies (Roberto et al., 2010; Sommer et al., 2008; Zorrilla et al., 2001), we found that CRF 

mRNA expression was increased in CIE rats. However, CRFR1 mRNA expression was 

unchanged. Although CRF mRNA was increased, our findings showed similar basal plasma 

ACTH and CORT levels in CIE compared to CIV, and a normal and reduced HPA axis 

hormonal response to acute and repeated stress, respectively. The expression level of mRNA 

does not always reliably predict the expression level of its corresponding protein (Vogel and 

Marcotte, 2012), and post-translational disruption limiting the production of CRF protein 

may be responsible for the lack of increases in CRF release and PVN activity. In addition, 

our data showed a decrease in CRF sensitivity of NMDARs and CRF-mediated synaptic 

plasticity in PNCs from CIE rats. The putative increases in PVN CRF release in response to 

increased CRF mRNA expression may induce compensatory and adaptive changes reducing 

the protein expression, ligand binding, or functional activity of CRFRs possibly via post-

translational mechanisms (Aguilera et al., 2004; Hauger and Aguilera, 1993). Despite the 

reduction in CRFR1-mediated CRF signaling in the PVN, our findings showed an allostatic 

HPA axis response to repeated stress with a normal hormonal response to acute stress. 

Although the CRF system is necessary for the hormonal response to stress, the HPA axis 

responsiveness has been shown to also be depend on other modulators such as 

glucocorticoids and vasopressin (AVP). For example, AVP, which is co-released with CRF in 

the median eminence (Antoni, 1993; Whitnall et al., 1985), can synergize with CRF to 

amplify ACTH release (Gillies et al., 1982; Hauger and Aguilera, 1993). Indeed, it has been 

suggested that AVP may play a critical role in maintaining homeostatic HPA axis hormonal 

response to acute novel (heterotypic) stress in rats adapted to repeated homotypic stress 

(Hauger and Aguilera, 1993; Ma et al., 1999).

CRF-induced inhibition of NMDARs via CRFR1 is required for stress-induced STP 

(Kuzmiski et al., 2010). Indeed, a recent study has shown that photoactivation of CRF-

containing PNCs unmasked stress-induced STP, while photoinhibition prevented it (Sterley 

et al., 2018). Here, we found that intracellular blockade of NMDARs to mimic CRF-induced 

NMDAR inhibition was sufficient to restore stress-induced STP in CIE rats. This suggests 

that CIE-induced loss of acute stress-induced STP is likely due to increased function and 

decreased CRF sensitivity of NMDARs. While the mechanisms underlying CRF effects on 

NMDARs are still unclear, it has been suggested that CRF affects the membrane distribution 

and/or phosphorylation state of NMDARs (Fu and Neugebauer, 2008; Ji et al., 2013; 

Ungless et al., 2003). In the hippocampus, CRF-induced depression of NMDARs is 

mediated by the activation of PLC/inositol-1,4,5-triphosphate receptor and PLC/PKC 

pathways (Sheng et al., 2008). In PNCs, we are the first to show that CRF-mediated 
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inhibition of NMDARs involve the activation of serine/threonine phosphatases PP1 and/or 

PP2A, key modulators of NMDAR function in the hypothalamus and other brain regions 

(Jouvenceau et al., 2003; Morishita et al., 2005; Nijholt et al., 2000; Wang et al., 1994; 

Westphal et al., 1999).

Although several studies have investigated the effects of ethanol-induced inhibition of 

NMDARs, the mechanisms involved remain controversial (Hughes et al., 2013; Ren et al., 

2012; Smothers and Woodward, 2016; Wright et al., 1996; Wu et al., 2010; Zhao et al., 

2015). Previous studies have shown that ethanol effects on synaptic transmission were 

dependent on CRFR1 activation in several brain regions (Lemos et al., 2011; Nie et al., 

2004; Roberto et al., 2010; Silberman et al., 2015). Here we show that ethanol-induced 

NMDAR depression in the PVN is also mediated via CRFR1-dependent mechanisms 

involving PP1/PP2A. Acute ethanol stimulation of the HPA axis was demonstrated to require 

CRF activity in the hypothalamus (Lee et al., 2004; Ogilvie et al., 1997; Rivest and Rivier, 

1994; Rivier et al., 1984), which suggests that acutely, ethanol may induce CRF release from 

PNCs with the resultant inhibition of NMDARs. This is consistent with the common 

intracellular pathways involved in CRF and ethanol effects on NMDARs, and the 

concomitant loss of their inhibitory effects on NMDARs in CIE rats. The reduced CRF and 

ethanol sensitivity of PNC NMDARs may explain the blunted HPA axis response to acute 

ethanol in CIE rats (Lee and Rivier, 1997, 2003; Richardson et al., 2008; Rivier and Vale, 

1987). Tolerance of NMDARs to acute ethanol effects has been found in several other 

(Grover et al., 1994; Grover et al., 1998; Kash et al., 2009; Miyakawa et al., 1997; Wu et al., 

2010), but not all (Floyd et al., 2003; Roberto et al., 2004b; Sparta et al., 2013), brain 

regions following chronic ethanol exposure. In addition to dysregulation of intracellular 

pathways (Simms et al., 2014), several other mechanisms could also account for the loss of 

CRF-mediated NMDAR inhibition, including changes in the affinity of CRF for its receptors 

(Ungless et al., 2003) and/or reorganization of NMDAR subunit composition (Smothers and 

Woodward, 2016; Zhao et al., 2015).

Basal plasma levels of ACTH and CORT measured in this study were found to be higher 

than normal basal levels published in previous studies (Belda et al., 2008; Dal-Zotto et al., 

2003; Franco et al., 2016; Gagliano et al., 2008; García et al., 2000; Rabasa et al., 2011). 

These higher basal ACTH and CORT levels observed could be due to the tail vein sampling 

technique used. Although tail vein bleeding has been found to be suitable for measuring 

plasma stress hormone levels in rats, the procedure needs to be completed rapidly, under 3 

minutes, to achieve true basal values and avoid the initiation of the pituitary response to 

stress (Vahl et al., 2005). This limitation of the technique may account for the higher basal 

plasma hormone levels, which may not accurately represent the normal basal levels. 

Although basal plasma levels were higher, tail vein sampling did not alter ACTH and CORT 

responses to stress compared to catheter blood sampling and accurately reflect the HPA axis 

response to stress (Vahl et al., 2005). Thus, since the same experimenter used the same 

procedure across our study, we believe that the differences, or lack of, in plasma levels of 

ACTH and CORT observed between groups reflect an accurate assessment of the effects of 

CIE on HPA axis function in response to stress.
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The CIE-induced persistent changes in CRF action and synaptic properties of PNCs during 

protracted withdrawal likely contribute to the dysregulation of the HPA axis, which in 

humans is associated with alcohol relapse outcomes (Adinoff et al., 2005; Brady et al., 2006; 

Junghanns et al., 2003; Sinha et al., 2009; Zorrilla et al., 2001). Consistent with previous 

studies (Rimondini et al., 2002; Zorrilla et al., 2001), we found that during protracted 

withdrawal from CIE, the ACTH and CORT plasma levels before and after a single restraint 

stress were similar to those in CIV rats. This could be due to the demonstrated increase in 

CRF expression and consequently greater CRF release during stress to compensate for a 

possible desensitization of CRF-induced ACTH release. The apparently normal hormonal 

output after a single stressor could also be due to the long period of protracted withdrawal 

(>40 days), as normal CORT levels and HPA axis responses have been found in some 

studies of abstaining alcoholics, and non-human primates and rodents with more than 4–6 

weeks of forced withdrawal, suggesting that HPA axis activity is dynamic and changes 

during abstinence (Adinoff et al., 1990; Boyd et al., 2010; Coiro et al., 2007; Jimenez et al., 

2015; Zorrilla et al., 2001). Also, rodents are studied in highly controlled environments that 

are impossible to mimic in human studies. Thus, the persistently blunted HPA axis response 

to stressors observed in human alcoholics could have been in response to a succession of 

stressors prior to testing.

Acute and chronic stress induce neuroadaptive changes of synaptic transmission of PNCs 

thereby affecting HPA axis function (Hewitt et al., 2009; Inoue et al., 2013; Kusek et al., 

2013; Kuzmiski et al., 2010; Sterley et al., 2018; Wamsteeker Cusulin et al., 2013a; 

Wamsteeker et al., 2010). Although acute stress unmasks CRF-mediated HFS-induced STP 

in control rats, its precise role in HPA axis activation is still unknown. However, a recent 

study has shown that selective disruption of CRFR1 function within the PVN impaired the 

HPA axis responses to repeated, but not acute, stress (Ramot et al., 2017). Similarly, we 

found that CIE exposure altered the HPA axis hormonal responses to repeated, but not acute, 

stress. Taken together, these data suggest that NMDARs and stress-induced STP may be 

critical to the HPA axis adaptive responses to repeated, but no acute stress (Bains et al., 

2015). The lack of CIE effect on the HPA axis response to acute stress could also be due to 

compensatory mechanisms induced to counterbalance the maladaptive changes. GABAergic 

transmission was demonstrated to become excitatory following acute stress due to a collapse 

of the chloride gradient (Hewitt et al., 2009; Sarkar et al., 2011). Since CIE exposure alters 

GABAergic synaptic transmission in different brain regions (Cagetti et al., 2003; Harlan et 

al., 2018; Liang et al., 2007; Liang et al., 2006; Lindemeyer et al., 2014; Roberto et al., 

2004a), it is possible that GABAAR-mediated excitatory drive is increased following acute 

stress in CIE rats. Stress also causes several alterations in PNC GABAergic synaptic 

plasticity, which could affect HPA axis output (Inoue et al., 2013; Wamsteeker Cusulin et al., 

2013a; Wamsteeker et al., 2010).

Consistent with previous studies (Kant et al., 1985; Pitman et al., 1988), we show that 

repeated restraint stress did not change ACTH and CORT responses in control rats. 

Importantly, we found that the hormonal responses to repeated restraint stress were blunted 

in CIE rats. After the 3rd stress, peak ACTH response was strongly reduced, and the 

recovery of CORT levels was enhanced. The increased CORT/ACTH ratio in response to the 

3rd stress, suggestive of enhanced adrenal sensitivity to ACTH, is characteristic of the CIE-
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induced allostatic load and predictive of stress-induced relapse in alcoholics (Sinha et al., 

2011). Together these findings suggest that the loss of CRF-mediated NMDAR blockade and 

the consequent loss of stress-induced STP in PNCs contribute to the blunted HPA axis 

hormonal response to repeated homotypic stressors in CIE rats.

In concert with the physiological changes mediated by HPA axis activation, a stressful 

stimulus triggers specific behavioral responses that improve chances for survival and 

adaptation in a hostile or new environment (Blanchard et al., 2011; Henson et al., 2012; 

Sterley et al., 2018). Following a stressful event, rodents exhibit coping behaviors related to 

vigilance and environmental risk assessment. These include exploration and rearing, as well 

as self-directed behaviors, such as self-grooming. Post-stress increase in self-grooming is an 

adaptive process of restoring behavioral homeostasis disturbed by anxiogenic stimuli 

(Kalueff and Tuohimaa, 2005; Kruk et al., 1998; Spruijt et al., 1992; van Erp et al., 1994). 

ACTH was the first peptide reported to induce excessive grooming (Ferrari, 1958). 

Compared to other peptides, intracerebroventricular or intracisternal injections of ACTH 

induces grooming behavior with characteristics similar to spontaneous grooming with 

identical cephalo-caudal order within bouts (Gispen and Isaacson, 1981; Sachs, 1988). 

Moreover, both ACTH and stress were found to produce similar increases in grooming bouts 

(Aloyo et al., 1983; Dunn et al., 1979; Gispen and Isaacson, 1981; Spruijt et al., 1992). 

Interestingly, ACTH-induced excessive grooming is not dependent on the release of adrenal 

glucocorticoids (Gispen et al., 1975; Wiegant et al., 1979). Together, these studies suggest 

that ACTH plays a critical role in the mechanisms underlying stress-induced increased 

grooming. Thus, the impaired stress-induced increases in grooming observed in CIE rats 

could be due to the reduced ACTH response to stress. The inability for CIE rats to increase 

plasma ACTH levels after stress may result in the lack of activation of neural subtrates 

necessary to elicit increases in self-grooming behavior.

Intracerebroventricular injections of CRF also mimic stress-induced increases in self-

grooming (Dunn et al., 1987). Interestingly, stress-induced self-grooming predicts enhanced 

motivation to self-administer cocaine (Homberg et al., 2002). Although other brain regions 

have been shown to modulate self-grooming, recent evidence supports a central role of CRF-

expressing PNCs within the PVN in regulating both basal and stress-induced self-grooming. 

Thus, selective photostimulation of CRF-expressing PNCs was shown to increase self-

grooming and decrease rearing behaviors (Füzesi et al., 2016). Consistent with the increased 

basal excitability of PNCs (cf. Fig. 1E) CIE rats exhibited increased basal fractional time 

grooming and decreased rearing. This suggests that CIE facilitates self-directed behaviors in 

detriment of purposeful exploratory behaviors. We also found that CIE rats exhibited blunted 

stress-induced increases in excitability of PNCs (cf. Fig. 1F) and in self-grooming (cf. Fig. 

5G). Interestingly, photoinhibition of CRF-expressing PNCs impairs stress-induced 

increases in self-grooming (Füzesi et al., 2016). This suggests that loss of stress-induced 

membrane depolarization and stress-induced STP (cf. Fig. 4) could contribute to the 

impairment of self-grooming in stressed CIE rats. It will be interesting to determine if 

restoring stress-induced STP by acute PVN infusion of MK801 could rescue adaptive self-

grooming in CIE rats.
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Stress-induced STP in PVN CRF neurons was recently shown to be necessary for triggering 

adaptive behaviors required for investigating and detecting alarm pheromones to 

communicate information about a stressful event and social transfer of STP in PNCs to 

conspecific partners not exposed to danger directly (Sterley et al., 2018). It will be 

interesting to determine if CIE-induced loss of stress-induced STP would also disrupt these 

specific social behaviors, thereby contributing to reduced social interactions and negative 

emotions characteristic of AUD (Koob, 2015; Overstreet et al., 2002).

Increased basal stereotyped behaviors associated with dysregulated stress-induced coping 

behaviors have been linked to psychiatric disorders in which individuals turn their focus 

towards self-directed behaviors while ignoring the environment cues to alleviate their 

negative emotions (Gilmer and McKinney, 2003). Thus, the blunting effect of CIE on these 

adaptive behaviors could be responsible for the allostatic coping behaviors and exaggerated 

ethanol intake induced by stress in CIE rats (Sommer et al., 2008; Valdez et al., 2003).

5. Conclusions

In this study, we demonstrated persistent alterations of the membrane properties and 

glutamatergic synaptic plasticity of PVN PNCs and related them to the dysregulated 

hormonal and behavioral responses of the HPA axis to repetitive stressors in CIE rats. 

Further investigations of CIE-induced adaptive changes within the PVN neuronal network 

should extend our understanding of the cellular mechanisms responsible for the persistent 

allostatic state in AUD.
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CIV chronic intermittent vehicle

CORT corticosterone

CRF corticotropin-releasing factor

CRFR1 CRF1 receptor

CRFR2 CRF2 receptor

EIA enzyme immunoassay

EPSC excitatory postsynaptic current

EtOH ethanol

HFS high frequency stimulation

HPA axis hypothalamic-pituitary-adrenal axis

NMDAR N-methyl-D-aspartate receptor

PNC parvocellular neurosecretory cell

PP1 protein phosphatase 1

PP2A protein phosphatase 2A

PPR paired-pulse ratio

PVN paraventricular nucleus of the hypothalamus

STEP striatal-enriched tyrosine protein phosphatase

STP short-term synaptic potentiation
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Highlights

• Chronic intermittent ethanol alters parvocellular neurosecretory cell 

excitability.

• CIE increases GluN2B subunit-dependent NMDAR function in PNCs.

• CIE prevents CRF- and ethanol-induced decreases in NMDAR currents of 

PNCs.

• CIE prevents stress-induced synaptic plasticity at PNC glutamatergic 

synapses.

• CIE dysregulates stress-induced HPA axis hormonal and behavioral 

responses.
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Figure 1. 
Stress and CIE alter PNC membrane properties. A, Representation of the experimental 

design used in the CIV and CIE group. B, Schematic diagram of coronal brain slice 

illustrating the location of stimulating and recording electrodes in the expanded view. PNCs 

were recorded from the dorsal zone of the medial parvocellular part of the PVN (PaMP). 

Adapted from Paxinos & Watson (2009) and reproduced from Marty et al. (2011) with 

permission. C, Summary graph showing individual (circles/squares) and averaged (bars) 

input resistance of PNCs from CIV and CIE rats with or without restraint. D, Summary 

graph showing RMP of PNCs. E, Summary graph showing reduced AP threshold in PNCs 

of CIE rats. F, Summary graph showing the input-output curve.
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Figure 2. 
CIE increases NR2B subunit-dependent NMDAR function. Representative traces (A) and 

averaged (B) AMPAR-mediated sEPSCs recorded at a holding potential of −60 mV of one 

PNC from CIV (left, top and bottom grey traces) and one PNC from CIE (right, top and 

bottom black traces) rats. The bottom trace is a continuation of the top trace. C, Summary 

graphs of average (and individual) AMPAR-sEPSC amplitude (left) and frequency (right) of 

PNCs from CIV and CIE rats. D, Representative averaged AMPAR-mediated eEPSCs 

elicited by two stimuli (25ms interval) used to calculate the paired-pulse ratio (PPR) of 

PNCs from CIV (left, grey) and CIE (right, black) rats. E, Summary graph of significantly 

increased PPR in PNCs of CIE rats. F, Representative averaged traces of AMPAR

+NMDAR-mediated sEPSCs (black), AMPAR-sEPSC (dark grey) and NMDAR-sEPSC 

(subtraction of AMPAR-sEPSC from AMPAR+NMDAR-sEPSC; light grey) recorded at a 

holding potential of +40mV of PNCs from CIV (left) and CIE (right) rats. G, Summary 

graph of significant increases in AMPAR:NMDAR ratio in PNCs of CIE rats compared to 

CIV. The NMDAR antagonist APV (40 μM; Abcam) was applied to isolate the AMPAR-

mediated sEPSCs at +40 mV. Representative traces (H) and averaged (I) NMDAR-mediated 

sEPSCs recorded at a holding potential of +40 mV of PNCs from CIV (left, grey) and CIE 

(right, black) rats. J, Summary graph showing the increase in NMDAR-sEPSC amplitude 
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(left), but not frequency (right), in CIE. K, Representative averaged NMDAR-sEPSCs 

before and after ifenprodil (5 μM) in CIV (top) and CIE (bottom). L, Summary graph 

showing ifenprodil-induced decrease in NMDAR-sEPSC amplitude in CIE. **p<0.01, 

Wilcoxon paired-test, baseline vs. ifenprodil in CIE; #p<0.05, % inhibition CIV vs. CIE. 

Representative averaged (M) and summary graph (N) showing EtOH-induced decreases in 

NMDAR-sEPSC amplitude in CIV but not CIE.
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Figure 3. 
CRF and EtOH inhibition of NMDAR-currents share similar intracellular mechanisms 

involving phosphatase activation in control rats. A, Summary time course showing that CRF 

(1 μM) decreases NMDAR-eEPSC amplitude in PNCs from naïve and CIV rats. Addition in 

the internal solution of okadaic acid (OA, 1 μM), but not TC-2153 (1μM), prevents CRF-

induced decreases in NMDAR currents in PNCs from naïve rats. Time of drug application is 

represented by the grey shadow. EPSCs were evoked every 15 sec. Drug effect was 

calculated as the average amplitude of 8 eEPSCs during baseline and at 7–8 min during drug 

bath application. B, Representative averaged NMDAR-eEPSCs before and after CRF (top), 

CRF+OA (lower middle), and CRF+TC-2153 (bottom) in naïve and CIV (upper top) rats. C, 

Summary graph of OA effects on CRF-induced decreases in NMDAR function. D, Summary 

graph showing the lack of effect of ethanol on NMDAR-eEPSC amplitude in the presence of 

antalarmin. Antalarmin alone did not affect NMDAR-eEPSCs, but prevented ethanol-
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induced decreases in NMDAR-eEPSC amplitude. E, Summary graph of antalarmin 

(Antal.+EtOH, n=8/N=7) and OA (EtOH+OA, n=5/N=4) effects on EtOH-induced decreases 

in NMDAR function. **p<0.01, one-way ANOVA, Tukey’s post hoc; ##p<0.01, paired t-

test, baseline vs. ethanol. F, Summary time course showing the occlusion between EtOH 

(100 mM) and CRF (1 μM) in inhibiting NMDAR currents. G, Summary graph showing the 

inhibitory effects of EtOH alone and with CRF. H: Schematic representing the putative 

molecular mechanisms involved in CRF- and ethanol-induced NMDAR inhibition.
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Figure 4. 
CIE exposure alters CRF expression in the PVN, prevents CRF- and EtOH-induced 

decreases in NMDAR-currents, and synaptic plasticity of AMPAR-currents in PVN PNCs. 

A, Summary graph showing the fold change (2−ddCT) of mRNA expression of Crf, Crhr1, 

Crhr2, Crf-bp, Nr3c1, and Nr3c2 in CIE compared to CIV rats. The fold change in gene 

expression between CIV and CIE groups was calculated as 2−ddCT (with ddCT=dCT[CIE] − 

dCT[CIV]). B, Summary time course showing that CIE exposure prevents CRF-induced 

decreases in NMDAR eEPSC amplitude in PNCs. Summary CIV time course as shown in 

Fig. 3A. C, Summary graph showing the significant inhibitory effects of CRF in CIV but not 

in CIE rats. CRF data in bar graph for CIV are duplicate from Fig. 3C. D, Top, 

representative traces of paired-pulse AMPAR-eEPSCs recorded from PNCs, evoked pre-

HFS and post-HFS in slices from CIV/restraint rats. Bottom, summary time course of 

AMPAR-eEPSC amplitude and PPR pre- and post-HFS. HFS induces a significant increase 

in eEPSC amplitude and decrease in PPR. EPSC were evoked every 5 sec. The magnitude of 

STP was calculated as the average amplitude of 12 eEPSCs immediately following HFS (0–
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1 min post-HFS) and was expressed as % of baseline. E, Top, representative traces of paired-

pulse AMPAR-eEPSCs recorded from PNCs, evoked pre-HFS and post-HFS in slices from 

CIE/restraint rats. Bottom, summary time course of AMPAR-eEPSC amplitude and PPR 

pre- and post-HFS. HFS-induced STP is impaired in CIE/restraint rats. F, Top, 

representative traces of paired-pulse AMPAR-eEPSCs recorded from PNCs, evoked pre-

HFS and post-HFS in slices from CIE/restraint rats with MK801 (1 mM) included in 

intrapipette solution. Bottom, NMDAR inhibition with MK801 rescues HFS-induced STP 

associated with decreased PPR in PNCs from CIE/restraint rats. G, Summary bar graph 

showing that stress and inhibition of postsynaptic NMDARs unmask synaptic plasticity in 

CIV rats (CIV/restraint, grey bar; CIV/non-restraint+MK801, grey hatched bar). While CIE 

exposure prevents stress-induced synaptic plasticity, inhibition of NMDARs rescues STP 

(CIE/restraint, white bar; CIE/restraint+MK801, black bar).
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Figure 5. 
CIE reduces HPA axis hormonal responses and self-grooming responses to repeated restraint 

stress. A-B, Plasma ACTH levels in response to the restraint stress at t=0, 30, and 120 min 

post-stress in CIV (A) and CIE rats (B). Insert, integrated ACTH response, represented as 

area under the curve (AUC), to stress 1 (S1) and stress 3 (S3) in CIV (A) and CIE (B) rats. 

CIE significantly blunted ACTH response to stress 3. C, Summary graph of CORT/ACTH 

ratio at t=30 min post-stress 1 and stress 3 in CIV. D-E, Plasma CORT levels in response to 

restraint stress at t=0, 30, 75 and 120 min post-stress in CIV (D) and CIE (E) rats. Insert, 

integrated CORT response to S1 and S3 in CIV (D) and CIE (E) rats. CIE significantly 

reduced CORT response to stress 3. F, Summary graph of CORT/ACTH ratio at t=30 min 

post-stress 1 and stress 3 in CIE rats. CIE significantly increased CORT/ACTH in response 

to stress 3 compared to stress 1. G, Fractional time grooming, defined as the relative time 

spent grooming during the exploring time period, was significantly increased following 
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stress in CIV rats, these increases were blunted in CIE rats. **p<0.01, ***p<0.001, baseline 

vs. stress; #p<0.05, CIV vs. CIE. H, CIE blunts stress-induced increases in average duration 

of a single grooming episode, expressed as % of baseline. **p<0.01, ***p<0.001, baseline 

vs. stress; ##p<0.01, CIV vs. CIE.
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