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Synaptic adaptations in the central amygdala and
hypothalamic paraventricular nucleus associated with
protracted ethanol abstinence in male rhesus monkeys
V. A. Jimenez1,2, M. A. Herman3,4, V. C. Cuzon Carlson1,2, N. A. Walter2, K. A. Grant 1,2 and M. Roberto4

Alcohol use disorder is a significant global burden. Stress has been identified as an etiological factor in the initiation and
continuation of ethanol consumption. Understanding adaptations within stress circuitry is an important step toward novel
treatment strategies. The effects of protracted abstinence following long-term ethanol self-administration on the central nucleus of
the amygdala (CeA) and the hypothalamic paraventricular nucleus (PVN) were evaluated in male rhesus monkeys. Using whole-cell
patch-clamp electrophysiology, inhibitory GABAergic transmission in the CeA and excitatory glutamatergic transmission in the PVN
were measured. CeA neurons from abstinent drinkers displayed an elevated baseline spontaneous inhibitory postsynaptic current
(sIPSC) frequency compared with controls, indicating increased presynaptic GABA release. Application of acute ethanol significantly
increased the frequency of sIPSCs in controls, but not in abstinent drinkers, suggesting a tolerance to ethanol-enhanced GABA
release in abstinent rhesus monkeys with a history of chronic ethanol self-administration and repeated abstinence. In the PVN, the
frequency of spontaneous excitatory postsynaptic currents (sEPSC) was elevated in abstinent drinkers compared with controls,
indicating increased presynaptic glutamate release. Notably, acute ethanol decreased presynaptic glutamate release onto
parvocellular PVN neurons in both controls and abstinent drinkers, suggesting a lack of tolerance to acute ethanol among PVN
neurons. These results are the first to demonstrate distinct synaptic adaptations and ethanol sensitivity in both the
extrahypothalamic and hypothalamic stress circuits in abstinent rhesus males. Importantly, our findings describe adaptations in
stress circuitry present in the brain at a state during abstinence, just prior to relapse to ethanol drinking.
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INTRODUCTION
There is strong evidence that the mammalian response to stress is
an orchestration of endocrine, neural, and behavioral processes that,
in the face of chronic ethanol, can become maladaptive and
propagate further escalations of ethanol intake [1, 2]. This relation-
ship between stress and ethanol is bidirectional. Long-term ethanol
consumption results in dysregulation of stress systems and
contributes to risk for relapse to alcohol drinking [3–6].
Stress circuitry can be divided into extrahypothalamic and

hypothalamic pathways. A fundamental component of the
extrahypothalamic stress circuitry is the amygdala. The major
output of the amygdala is the central nucleus (CeA), which
receives innervation from other amygdala nuclei, prefrontal
cortex, hypothalamus, and other regions [7, 8] and is composed
mostly of γ-aminobutyric acid (GABA) projection neurons and
interneurons [9, 10]. Both acute and chronic ethanol increase
GABAergic signaling in the CeA of rodents, in part by increasing
presynaptic GABA release [11–13]. The GABAergic system within
the CeA plays an important role in anxiety-like behaviors and the
increased ethanol intake that is observed following withdrawal in
ethanol-dependent animals [14–16].

The hypothalamic stress circuitry is comprised of the hypotha-
lamic paraventricular nucleus (PVN), the anterior pituitary, and the
adrenal cortex, collectively known as the HPA axis. Information
converges onto neuroendocrine parvocellular neurons in the PVN
from across the brain in a hierarchical manner, with many stress-
sensitive regions such as the hippocampus, bed nucleus of the
stria terminalis (BNST), and amygdala being relayed to the PVN
via other hypothalamic nuclei [17]. In response to stress,
parvocellular PVN neurons initiate a cascade of circulating stress
hormones, including cortisol, the primary glucocorticoid in
primates. The PVN has a role in HPA axis activation following
acute ethanol [18], and repeated exposure results in tolerance to
the HPA axis activating the effects of ethanol [19]. Importantly,
the extrahypothalamic and hypothalamic stress circuitry are
functionally interconnected. Rodent-based studies suggest that
the CeA can influence parvocellular PVN neurons via direct, albeit
limited, GABAergic projections which inhibit PVN activity and
indirectly through disinhibition of the bed nucleus of the stria
terminalis (BNST) and peri-PVN regions [20, 21]. Although
GABAergic connections between the PVN and CeA have been
emphasized in previous studies of stress in rodents, we have
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shown a unique relationship between presynaptic glutamate, but
not GABA, within parvocellular PVN neurons and ethanol self-
administration in female rhesus macaques with a history of
ethanol self-administration [22]. Within the PVN, the majority of
synapses onto parvocellular neurons are GABAergic and gluta-
matergic [23, 24], both having regulatory roles in the release of
CRF and activation of the HPA axis.
Repeated forced abstinence enhances alcohol drinking in

mice, and relapse following abstinence is a diagnostic criterion in
alcohol use disorder [25–27]. The monkeys here underwent three
forced abstinence periods and demonstrated elevated ethanol
self-administration when ethanol was reintroduced following the
first and second abstinence phases [28]. The macaque model of
ethanol self-administration provides an important translational
link between rodent and human studies. Notably, the macaque
more closely resembles ethanol consumption [29–31], ethanol
metabolism, endocrine physiology [see Ref. 5], and brain
structure [32] of humans than rodents. These are critical
advantages for understanding AUD, which involves volitional,
self-selection of daily ethanol intakes, and the involvement of
central and peripheral systems. Using the monkey model, we
have reported altered synaptic signaling in macaques during
chronic ethanol drinking in multiple brain regions including area
[32] of the prefrontal cortex, striatum, PVN, nucleus accumbens,
and the BNST [22, 33–37], as well as in the striatum and inferior
olive during forced abstinence [33, 38, 39]. Stress circuitry
adaptations to the effects of extended ethanol consumption and
repeated forced abstinence are unexplored in the monkey
model. Given the importance of stress in initiating and
maintaining ethanol-drinking behavior, and literature demon-
strating the sensitivity to acute and chronic ethanol within stress
circuitry, understanding the adaptations within these regions will
be critical in developing treatment and intervention strategies.
The purpose of this study was to evaluate synaptic transmission
and the effects of acute ethanol in the CeA and PVN of abstinent
male rhesus macaques following a long history of chronic
ethanol self-administration and repeated forced abstinence.
Specifically, we focused on CeA inhibitory GABAergic transmis-
sion and PVN excitatory glutamatergic transmission, as these
neurotransmitter systems are known to be particularly sensitive
to the effects of ethanol [11–16, 22]. These results are the first to
demonstrate that distinct neuronal adaptations and differences
in ethanol sensitivity emerge in both the extrahypothalamic and
hypothalamic stress regions that likely act in conjunction to
contribute to the propensity to relapse to heavy drinking
following abstinence.

MATERIALS AND METHODS
Animal information
Adult male rhesus macaques (Macaca mulatta) were housed
indoors as previously reported [28]. Monkeys were assigned as
control (n= 4) or ethanol drinker (n= 8), matched by weight.
Monkeys were 4.0–5.5 years old at the onset of the protocol and
4.7–6.2 years old at the time of the first ethanol intake. Detailed
drinking characteristics and behavioral signs of dependence on
this cohort of monkeys have been recently published [28]. Please
note that Allen et al. [28] use the last three digits of the IDs
presented in this paper, but these are the same animals. All
procedures were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals and the NIH guidelines for
the care and use of laboratory animal resources and approved by
the Oregon National Primate Research Center Institutional Animal
Care and Use Committee. Further details on the voluntary ethanol
consumption of this cohort (Rhesus 10) and additional data and
publications can be found through the Monkey Alcohol and Tissue
Research Resource (MATRR.com). The IDs in this paper correspond
to the monkey IDs on MATRR.

Self-administration and abstinence
Drinking panels replaced one wall of each cage and dispensed
food and fluids, as previously described [28, 40]. Schedule-induced
polydipsia was used to induce ethanol self-administration in daily
16-h sessions followed by daily 22-h open-access self-administra-
tion, as previously described [28, 40]. Because repeated abstinence
is a hallmark of alcohol use disorder (AUD) [41], we used an
extended self-administration protocol with repeated forced
abstinent phases and resumed ethanol self-administration phases.
Specifically, after 425 consecutive daily sessions (~14 months) of
open access, ethanol was replaced with water during three forced
abstinence phases, each lasting for 28–44 days. This time span was
chosen to match human abstinence-based treatment protocols.
Ethanol reintroduction following the first and second abstinence
(Fig. 1a) reliably led to relapse drinking in all monkeys. Three
months of relapse drinking following forced abstinence was
chosen based on our previous analysis [29]. This time frame is
sufficient to observe a separation of an initial elevation in ethanol
consumption during the first month, from the sustained
consumption seen only in the heavy and very-heavy drinking
monkeys throughout the 3-month post-abstinence period.
Necropsy occurred at the end of the third abstinence phase
(35–44 days after the last ethanol session) to capture the state of
the brain just prior to relapse.

Tissue preparation and electrophysiological recordings
Necropsy and tissue collection procedures have been previously
reported [33, 38]. Coronal sections (250 µm) of CeA and PVN were
simultaneously sectioned using a VTI200S vibratome (Leica,
Buffalo Grove, IL) from the same coronal brain block (Fig. 1b), as
previously described [33, 38]. Slices were transferred to recording
chambers on upright microscopes (SliceScope, Scientifica, Clarks-
burg, NJ). The tissue was continuously perfused with aCSF
maintained at 28–32oC (Automatic Temperature Controller,
Warner Instruments, Hamden, CT). A 40x water immersion
objective and IR-DIC optics were used to identify neurons and
guide the placement of the recording pipette. The intracellular
solution for CeA recordings was composed of (in mM) KCl, 145;
EGTA, 5; MgCl2, 5; HEPES, 10; Na-ATP, 2; Na-GTP, 0.2. The
intracellular solution for PVN recordings was composed of (in
mM) K-gluconate, 126; KCl, 4; HEPES, 10; Mg-ATP, 4; Na-GTP, 0.3;
phosphocreatine, 10; and 1mg/kg Dextran Cascade Blue (Mole-
cular Probes, Grand Island, NY). Recording pipettes were pulled
from borosilicate glass capillaries with a resistance of 3–5 MΩ.
Recordings were made using a MultiClamp 700B amplifier
(Molecular Devices, Foster City, CA). Voltage-clamp recordings
(Vhold=−55–60 mV) were performed in a gap-free acquisition
mode with a sampling rate per signal of 10 kHz (1.14 MB/min).
Series resistance was < 20 MΩ and was continuously monitored
with a hyperpolarizing 10-mV pulse. Recordings of spontaneous
inhibitory postsynaptic currents (sIPSCs) were performed in the
presence of the glutamate receptor blockers 6,7-dinitroquinoxa-
line-2,3-dione (DNQX, 20 µM) and DL-2-amino-5-phosphonovale-
rate (AP-5, 50 µM) and the GABAB receptor antagonist CGP55845A
(1 µM). Recordings of spontaneous excitatory postsynaptic cur-
rents (sEPSCs) were performed in the presence of picrotoxin (100
µM). Drugs were dissolved in aCSF and applied by bath perfusion.
Current-clamp recordings (Vm= -55 mV for PVN and −70mV for
CeA) of action potential firing were performed in sweeps using
current steps beginning near −100 pA and progressively depolar-
izing with each step. Following a hyperpolarizing current step,
putative magnocellular neurons (herein referred to as magnocel-
lular) display a transient outward rectification, resulting in a delay
to action potential onset, and no low-threshold spikes (Fig. 1c,
left). Alternatively, putative parvocellular neurons (herein referred
to as parvocellular) generate non-bursting low-threshold spikes
and do not display a transient outward rectification current
(Fig. 1c, right) [42–45]. Cells were excluded from analysis if no
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action potentials were generated in response to the current-clamp
protocol or if the series resistance increased to over 20 MΩ during
the course of the experiment. In a subset of neurons, acute
ethanol (20 mM in PVN and 44mM in CeA) was bath-applied.
Recordings were performed in a random alternating fashion

depending on day and time of preparation. Control animals were
randomly alternated with drinkers to minimize confounds of time
of sample preparation or recording. CeA and PVN sections were
prepared in parallel, and recordings were performed over the
same period of time. Recordings were performed over a period of
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20–60min, in some cases including a 10–20-min wash-in of acute
ethanol. In the CeA, a total of 15 cells were recorded from 12 slices
taken from four individual animals classified as controls; a total of
23 cells were recorded from 20 slices taken from eight individual
animals classified as abstinent drinkers. In the PVN, a total of 14
cells from 13 slices were taken from four individual animals
classified as controls; a total of 37 cells from 31 slices were taken
from eight individual animals classified as abstinent drinkers.

Drugs and chemicals
DNQX, AP-5, and CGP55845A were purchased from Tocris
Bioscience. Picrotoxin was purchased from Sigma-Aldrich. Ethanol
(95%) was purchased from Fisher Scientific.

Statistical analysis
The frequency, amplitude, rise time, and decay time of
spontaneous events were analyzed and visually confirmed using
a semi-automated threshold-based mini detection software (Mini
Analysis, Synaptosoft Inc.). All detected events were used for
frequency analysis, but superimposed events were eliminated for
amplitude and decay kinetic analysis. Data were averaged (n=
2–8 cells/animal). All electrophysiological data were collected and
analyzed prior to knowledge of group assignment. In the CeA,
sIPSC event characteristics were averaged from a minimum of 60
events before and after bath application of ethanol (the time
period of analysis varied as a product of individual event
frequency). Due to their principal role in activation of the HPA
axis and the observed changes in presynaptic glutamate
specifically onto parvocellular neurons in chronically drinking
macaques [22], sEPSCs were recorded only from parvocellular PVN
neurons. sEPSCs were analyzed over 3 min and excluded from
analysis if fewer than 100 events occurred. Two-tailed indepen-
dent t tests were used for group comparisons, paired t tests were
used to evaluate within-subject effects, and a one-way ANOVA
with Bonferroni post hoc analysis was used for comparisons
between three or more groups. The effect of acute ethanol was
calculated as (acute ethanol/baseline) × 100. The relationship
between event frequency and cortisol was evaluated using
Pearson’s correlation. Analyses were performed using Prism
(GraphPad Software, La Jolla, CA). Alpha ≤ 0.05 was considered
significant. Data are presented as mean ± SEM.
Additional details on control subjects and blood collection

methods can be found in the supplementary materials.

RESULTS
Post-abstinence escalation of ethanol intake
Abstinence resulted in a significant but transient increase in
ethanol, but not water, self-administration in these subjects [28].
Based upon previously established categorical drinking criteria
[29], during the final 3 months of open access, the drinkers self-
selected into (n= 3) very-heavy drinkers (VHD: daily ethanol
intake average ≥ 3 g/kg, with ≥ 10% of drinking days exceeding 4

g/kg), (n= 4) heavy drinkers (HD: 3 g/kg for ≥ 20% of open-access
days), (n= 0) binge drinkers (BD: intakes of ≥ 2 g/kg for ≥ 55% of
drinking days and have a BEC ≥ 80mg/dl at least once per year),
and a (n= 1) light drinker (LD: do not meet the criteria for any of
the previous categories) (Fig. 1). Using 17 g of ethanol as a human
drink equivalent, this translates to 0.25 g/kg in an average 70-kg
human. Thus, 3.0 g/kg/day is a 12 drink/day equivalent. During the
final open-access phase, a maximum average daily intake of 5.4 g/
kg/day (or an almost 22-drink equivalent) was reached (Fig. 1d),
with average BECs acquired at 7 h into the daily session (Fig. 1e).
Because of the variation throughout open access following
abstinence, we evaluated ethanol intake following abstinence as
the average daily intake 7 days before and after each abstinence
period (Fig. 1a). Average daily intake during 7-day bins is
illustrated in Fig. 1f. A one-way ANOVA with repeated measures
revealed a significant effect of the experimental phase (F(4,53)=
15.71, p < 0.0001). Tukey’s post hoc analysis revealed significant
differences in average daily intake before and after the second
abstinence (B2 to Δ2; p= 0.0008) and prior to the second and
third (B2 to B3; p= 0.013) abstinence periods. Ethanol intake did
not differ before and after the first abstinence (B1 to Δ1; p= 0.15).
These data are summarized as a percent change from baseline

(Fig. 1g). Following the first abstinence, 7 of 8 animals increased
their ethanol intake (Δ1: 31.41 ± 32.52%), and following the second
abstinence, this increased to 8 of 8 (Δ2: 71.11 ± 39.16%). A paired
Student’s t test confirmed that the magnitude of increase was larger
following the second abstinence (t(7)= 2.42, p= 0.046). These data
illustrate the post-abstinence spike in ethanol consumption.

Membrane properties
The CeA and PVN were identified according to established
anatomy (Fig. 1b) [46]. CeA recordings were performed in what
was best approximated as the medial subdivision of the CeA;
however, as there are no distinct neuroanatomical boundaries
between the medial and lateral CeA, it is not possible to
definitively say that our recordings were restricted solely to the
medial subdivision. It was also difficult to distinguish neuronal cell
types within the heterogeneous neuronal population of the CeA,
and different cell types by subdivision may contribute to
variability in responses. Within the PVN, however, parvocellular
and magnocellular neurons were identified due to the absence or
presence of a delay to action potential onset following a
hyperpolarizing current step, respectively (Fig. 1c) [42, 43]. Within
the CeA, resting membrane potential was not significantly
different in neurons from controls (−59.7 ± 2.1 mV) or abstinent
drinkers (−55.7 ± 2.1 mV; t(10)= 1.19, p= 0.26). The threshold to
fire did not differ between controls (−55.0 ± 2.0 mV) and abstinent
drinkers (−51.8 ± 1.1 mV; t(10)= 1.54, p= 0.15). Among parvocel-
lular neurons, no effect of group was found in membrane
resistance (controls: 1.48 ± 0.22 GΩ abstinent drinkers: 1.36 ±
0.16 GΩ; t(10)= 0.42, p= 0.68), capacitance (controls: 16.5 ± 1.7
pF; abstinent drinkers: 18.5 ± 1.4 pF; t(10)= 0.92, p= 0.34), or
resting membrane potential (controls: −39 ± 3mV; abstinent

Fig. 1 a Experimental timeline. Daily 22-h sessions with water and ethanol concurrently available began following induction. Following
425 days of open-access self-administration, animals experienced the first of three abstinence phases, each lasting for 28–44 days. Ethanol was
available during two post-abstinence (post-abs) periods lasting for 84 and 104 days, respectively. Necropsy was performed after 35–44 days of
abstinence. The effect of abstinence was evaluated by comparing intake in 7-day bins before (B1, B2, and B3) and after abstinence (Δ1 and
Δ2), indicated by blue and yellow. b Schematic and photograph of a 4-mm coronal block containing the central nucleus of the amygdala
(CeA) and hypothalamic paraventricular nucleus (PVN). Dashed lines indicate the dissections of the CeA and PVN used for electrophysiology.
Other prominent regions and landmarks include the caudate (Cd), putamen (Pu), anterior commissure (ac), and internal capsule (ic). c
Representative current clamp traces showing a characteristic electrophysiological response to a depolarizing current step. Magnocellular
neurons in the PVN are distinguished by a delay to action potential onset following the hyperpolarizing current step, indicated by the arrow
(left), which is absent in parvocellular PVN neurons (right). d Average daily intake (104 sessions) and e blood ethanol concentration
(21 samples/animal) during post-abstinence 2. f Summary of average daily intake during each 7-day bin pre- and post-abstinence periods and
g intake normalized as percent of pre-abstinence intake. VHD: very-heavy drinkers: daily ethanol intake average ≥ 3 g/kg, with ≥ 10% of
drinking days exceeding 4 g/kg; HD: heavy drinkers: 3 g/kg for ≥ 20% of open-access days; LD: light drinker: do not meet the criteria for any of
the previous categories. *p<0.05, **p<0.001
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drinkers: −41 ± 1mV; t(10)= 0.85, p= 0.44). Due to their principal
role in regulating the HPA axis, the parvocellular neurons were the
focus of the studies presented here. Membrane properties for
magnocellular neurons are reported in the Supplementary Materi-
als. Membrane resistance and membrane capacitance were not
recorded for the CeA. These data indicate that a history of chronic
ethanol drinking with repeated periods of forced abstinence does
not alter baseline excitability of CeA neurons nor membrane
properties of parvocellular PVN neurons.

Spontaneous synaptic transmission
Enhancement in GABAergic transmission has been reported in
CeA of rodents after chronic ethanol exposure [13, 16], thus
sIPSCs were recorded from CeA neurons (Fig. 2a). CeA neurons
from abstinent drinkers had higher sIPSC frequency (4.3 ± 0.6 Hz)
compared with controls (2.2 ± 0.2 Hz; t(10)= 2.46, p= 0.034;
Fig. 2b). No significant differences were found in the amplitude
of sIPSCs between controls (104.1 ± 19.0 pA) and abstinent
drinkers (91.8 ± 8.4 pA; t(10)= 0.70, p= 0.50; Fig. 2c). There were
also no differences in sIPSC rise (controls: 2.2 ± 0.2 ms, abstinent
drinkers: 2.8 ± 0.2 ms; t(10)= 1.39, p= 0.19) or decay time
(controls: 6.7 ± 0.7 ms, abstinent drinkers: 7.8 ± 0.8 ms; t(10)=
0.91, p= 0.39).
sEPSCs were recorded from parvocellular PVN neurons (Fig. 2d).

The frequency of sEPSCs was higher in abstinent drinkers (4.79 ±
0.97 Hz) compared with controls (2.05 ± 0.54 Hz; t(10)= 2.46, p=
0.03, Fig. 2e). No differences were found in event characteristics
(amplitude: controls: 30.25 ± 3.51 pA, abstinent drinkers: 30.31 ±
1.44 pA; t(10)= 0.04, p= 0.97, Fig. 2f; rise: controls 1.66 ± 0.04 ms,
abstinent drinkers: 1.67 ± 0.04 ms; t(10)= 0.21, p= 0.84; decay:
controls 1.86 ± 0.08 ms, abstinent drinkers: 1.84 ± 0.15 ms; t(10)=
0.09, p= 0.93). Collectively, these data show an increase in
presynaptic GABA and glutamate release in the CeA and PVN,
respectively, during protracted abstinence with no evidence for
altered postsynaptic receptor availability or composition.

Relationship between presynaptic transmission, cortisol, and
ethanol intake
In this model, forced abstinence results in a robust increase in
circulating cortisol, as illustrated in detail in previous publications
on both these same animals [28] and on a previous abstinent
cohort [38]. This indicates that the elevated cortisol levels are
reflective of the abstinent state rather than a reflection of
individual variation. We sought to determine if there was a
relationship between presynaptic neurotransmitter release and
circulating stress hormones. No relationship was found between
sIPSC frequency in the CeA and circulating cortisol (R2= 0.22, p=
0.12; Fig. 3a) or ACTH (R2= 0.11, p= 0.28) during abstinence. In
contrast, and in agreement with glutamate’s role in activating the
HPA axis [47], the sEPSC frequency positively correlated with
circulating cortisol (R2= 0.49, p= 0.012, Fig. 3b), but not with
ACTH (R2= 0.22, p= 0.13) during the final abstinence.
A one-way ANOVA revealed a trend (p= 0.08) between sIPSC

frequency in the CeA and post-abstinence drinking category
(Fig. 3c). Due to the cellular heterogeneity of the CeA, averaging
by subject may mask relevant correlations. Thus, data were also
examined by individual cells recorded from subjects in each
drinking category (i.e., not averaged by animal), and a significant
interaction was observed (F(3,34)= 3.33, p= 0.03; Fig. 3d). These
findings prompted questions of synaptic adaptations to ethanol
that were long-lasting and likely to influence the probability and
extent of relapse drinking. In contrast, there was no significant
relationship between drinking category and sEPSC frequency in
the PVN when the data were averaged by animal (p= 0.18;
Fig. 3e). However, similar to the CeA, the parvocellular PVN is a
heterogeneous population, and when the data were analyzed by
individual cells, a significant interaction was observed (F(3,47)=
2.95, p= 0.042; Fig. 3f).

Acute ethanol in the CeA
The CeA is mainly a GABAergic nucleus [7–10, 12, 13]. Our
published rodent studies have shown that acute ethanol (44 mM,
a maximal and reversable dose, equivalent to 202 mg/dl)
significantly increases GABAergic transmission [12]. While gluta-
matergic activity in the CeA is also sensitive to acute and chronic
ethanol [13, 48], in the present study, we chose to investigate
GABAergic transmission as the effects of ethanol on GABAergic
transmission are more robust, and play a major role as a regulator
of the overall CeA activity in the context of chronic ethanol
exposure, alcohol dependence, and abstinence [12, 13, 16, 49].
Therefore, we bath-applied 44mM ethanol to CeA slices collected
from control and abstinent drinkers (Figs. 4a, d, respectively).
Acute ethanol significantly increased sIPSC frequency in controls
(2.1 ± 0.2 Hz to 3.4 ± 0.6 Hz; t(3)= 3.34, p= 0.044, Fig. 4b), but not
abstinent drinkers (4.6 ± 0.7 Hz to 4.6 ± 0.6 Hz; t(7)= 0.09, p= 0.93;
Fig. 4e). Acute ethanol did not significantly alter sIPSC amplitude
in controls (t(3)= 1.85, p= 0.16; Fig. 4c) or abstinent drinkers (t(7)
= 1.84, p= 0.11; Fig. 4f). Similarly, acute ethanol did not alter sIPSC
rise (controls: 2.2 ± 0.1 ms to 2.7 ± 0.2 ms; t(3)= 2.9, p= 0.063;
abstinent drinkers: 2.7 ± 0.3 ms to 2.7 ± 0.2 ms; t(7)= 0.16, p= 0.89)
or decay time (controls: 6.4 ± 0.4 ms to 7.0 ± 0.6 ms; p= 0.23; t(3)=
1.51; abstinent drinkers: 6.9 ± 0.8 ms to 7.3 ± 0.8 ms; t(7)= 1.2, p=
0.27).
When sIPSC frequency in CeA neurons was normalized to pre-

ethanol application, acute ethanol increased sIPSC frequency to
158.8 ± 16.14% (t(3)= 3.67, p= 0.03) and 103.8 ± 6.1% (t(7)= 0.62,
p= 0.55) in controls and abstinent ethanol drinkers, respectively.
Controls exhibited a significant increase in sIPSC frequency
compared with abstinent drinkers (t(10)= 3.96, p= 0.003; Fig. 4g).
No change in sIPSC amplitude was observed following normal-
ization (81.2 ± 11.4% and 91.5 ± 6.6%, in controls and abstinent
drinkers, respectively), and no group difference was found in sIPSC
amplitude (t(10)= 0.84, p= 0.42; Fig. 4h). These findings suggest
that the sensitivity of GABAergic synapses to acute ethanol was
diminished in long-term ethanol abstinence, potentially due to
long-term elevations in GABA release.

Acute ethanol in the PVN
To the best of our knowledge, these are the first studies to
investigate the electrophysiological effect of ethanol on parvo-
cellular neurons of the PVN in any species. With no previous
electrophysiological studies from which to select an appropriate
dose of acute ethanol, we felt the best approach was to select a
concentration near the average BEC measured during the final
3 months of open access (20 mM ethanol is equivalent to 92 mg/
dl). Because this dose is physiologically relevant and was achieved
by all animals over the course of the study, we believe that this
provides a strong foundation for future studies. Glutamatergic
sEPSCs were measured before and during bath application of 20
mM ethanol from slices collected from control and abstinent
drinkers (Fig. 5a, d, respectively). Data from our laboratory on this
same cohort of animals have shown that upon reintroduction of
ethanol, cortisol quickly decreases, which we speculate may
involve direct effects of an intoxicating dose of ethanol on the
PVN [28]. In slices from control subjects, no differences were found
in sEPSC frequency (3.17 ± 1.70 Hz to 1.94 ± 1.09 Hz; t(3)= 1.94, p
= 0.19; Fig. 5b) or amplitude (33.49 ± 8.80 pA to 26.49 ± 7.17 pA;
t(3)= 1.50, p= 0.27; Fig. 5c) with 20 mM acute ethanol. In
abstinent drinkers, 20 mM ethanol to PVN neurons resulted in a
significant decrease in sEPSC frequency (6.22 ± 2.19 Hz to 2.95 ±
1.08 Hz; t(7)= 2.49, p= 0.042; Fig. 5e) but not amplitude (32.66 ±
1.68 pA to 29.68 ± 2.76 pA; t(7)= 1.31, p= 0.23; Fig. 5f).
When analyzed within-subject as the percent of pre-ethanol

application (baseline), the frequency of sEPSCs from both
controls and abstinent drinkers was significantly decreased
following application of 20mM ethanol (controls: 63 ± 7% of
baseline; t(2)= 5.83, p= 0.028, abstinent drinkers: 47 ± 2% of
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baseline; t(7)= 3.84, p= 0.006; Fig. 5g) but no effect in the percent
change in amplitude (controls: 79 ± 8% of baseline; t(2)= 1.50, p=
0.27, abstinent drinkers: 91 ± 2% of baseline; t(7)= 1.31, p= 0.24;
Fig. 5h). Similarly, no differences were found in decay (controls:
1.56 ± 0.24ms to 1.54 ± 0.32ms; 99 ± 1% of baseline, t(2)= 0.12,
p= 0.92; abstinent drinkers: 1.66 ± 0.20 ms to 1.70 ± 0.19 ms;
102 ± 1% of baseline; t(10)= 0.34, p= 0.72) with acute ethanol
application. These data demonstrate that in both controls and
abstinent drinkers, an intoxicating (i.e., >80 mg/dl) concentration

of ethanol decreased presynaptic glutamate release onto parvo-
cellular PVN neurons.

DISCUSSION
The ethanol self-administration protocol used here captures a
hallmark of AUD, namely repeated cycles of heavy drinking,
abstinence, and a return to heavy drinking [25]. This “relapse”
drinking is a well-documented effect of abstinence across animal

Fig. 2 a Representative voltage-clamp traces from the CeA of an ethanol-naive control (left) and abstinent ethanol drinker (right). Summary of
frequency b and amplitude c of sIPSCs recorded from the CeA. d Representative voltage-clamp traces from the PVN of an ethanol-naive
control (left) and abstinent ethanol drinker (right). Summary of frequency e and amplitude f of sEPSCs recorded from the PVN. *p < 0.05
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and human studies [1, 50, 51] and is a robust and lasting
phenomenon under the abstinence protocol employed here
[28, 38]. Aberrant stress regulation also associated with relapse
to heavy drinking following a prolonged period of abstinence is a
hallmark of AUD. In this non-human primate model, we have
documented that baseline anxiety, baseline HPA response to the
schedule-induced induction procedure, and total fluid intake does
not predict future ethanol intakes [28, 29, 52–54]. Therefore, HPA
axis dysfunction leading to relapse in this model appears to be the
result of adaptations to chronic ethanol exposure and withdrawal
rather than a response to stress at the initiation to daily drinking.
Thus, these studies were designed to better understand the
alterations in two key nodes, one extrahypothalamic and the other
hypothalamic, involved in ethanol-induced dysregulation in the
stress response. Further, we focused on measuring parallel (within

animal) changes in synaptic adaptations in these two regions
choosing glutamatergic transmission in the PVN and GABAergic
transmission in the CeA based on previous work by us and others
demonstrating the relevance of these specific neurotransmitters in
the context of ethanol exposure [see refs.13, 22].
A key finding of these studies is that there is evidence for

increased presynaptic neurotransmitter release within both the
CeA and PVN. Specifically, GABA signaling in the CeA and
glutamate signaling in the PVN were increased under basal
conditions in abstinent drinkers. For GABA sIPSC frequency, the
data agree with previous rodent studies showing increased
inhibitory signaling in the CeA following chronic ethanol
exposure at early (2–10 h) withdrawal [13] and late (5–7 days)
withdrawal [49], and a recent study showing decreased GABA
transporter (GAT-3) levels and impaired GABA clearance in the

Fig. 3 Correlation between cortisol during the final abstinence and CeA sIPSC frequency a or PVN sEPSC frequency b. Summary of baseline
frequency by subject and by individual cell analysis across post-abstinence drinking category for the CeA (c, d) and PVN (e, f); (n= 4 ethanol-
naive controls; LD= light drinker, n= 1; HD= heavy drinker, n= 4; VHD= very-heavy drinker, n= 3). *p < 0.05
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Fig. 4 a Representative voltage-clamp recordings of sIPSCs during pre-ethanol baseline (left) and acute ethanol (right; EtOH, 44mM) in a CeA
neuron from an ethanol-naive control. Summary of the average pre-ethanol application baseline and acute ethanol effects on sIPSC frequency
b and amplitude c in CeA neurons from ethanol-naive controls. d Representative voltage-clamp recording of sIPSCs during pre-ethanol
application baseline (left) and acute ethanol (right; EtOH 44mM) in a CeA neuron from an abstinent ethanol drinker. Summary of the average
baseline sIPSC frequency e and sIPSC amplitude f in CeA neurons from abstinent ethanol drinkers. Summary of normalized sIPSC frequency
g and amplitude h with acute ethanol (EtOH, 44mM) in the CeA of ethanol-naive controls and abstinent ethanol drinkers. *p < 0.05, #p < 0.01
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Fig. 5 a Representative voltage-clamp recordings of sEPSC during pre-ethanol baseline (left) and acute ethanol (right; EtOH, 20mM) in a PVN
neuron from an ethanol-naive control. Summary of frequency b and amplitude c between pre-ethanol baseline and acute ethanol application
in ethanol-naive controls. d Representative voltage-clamp recording of sEPSC from an abstinent drinker during pre-ethanol baseline (left) and
following application of 20mM ethanol (right; EtOH 20mM). Summary of frequency e and amplitude f between pre-ethanol baseline and
acute ethanol application in abstinent drinkers. Summary of normalized sEPSC frequency g and amplitude h with acute ethanol (EtOH, 20
mM) in the PVN of ethanol-naive controls and abstinent ethanol drinkers. *p < 0.05, #p < 0.01

Synaptic adaptations in the central amygdala and hypothalamic. . .
VA Jimenez et al.

990

Neuropsychopharmacology (2019) 44:982 – 993



CeA of alcohol-preferring rodents and in humans [55]. Within
the CeA, the apparent tolerance of presynaptic GABAergic
transmission to ethanol observed in abstinent drinkers com-
pared with controls further suggests involvement of inhibitory
input to CeA neurons in the higher ethanol intakes during
relapse drinking. Note that tolerance to ethanol in GABAergic
transmission in CeA slices is in contrast to previous rat studies,
where ethanol increases GABA signaling similarly as in CeA
neurons of ethanol-naive and ethanol-dependent rodents
[13, 16]. We speculate that the loss of an acute effect of ethanol
in the CeA in abstinent monkeys may be due to the increased
basal GABA release (Fig. 2b) and the extended (28-day) ethanol-
abstinent protocol, which we have not tested in rodent models.
This suggests that the increase in baseline GABA transmission is
produced by long-lasting changes in CeA circuit activity and/or
local synaptic adaptations.
For glutamatergic sEPSC, our previous ultrastructural data from

parvocellular PVN neurons suggest that glutamate release onto
neighboring parvocellular neurons is proportional to ethanol
drinks/day after chronic daily drinking for 12 months [22]. The
current data showing an increase in sEPSC frequency support this
initial evidence of an increase in presynaptic glutamate release
and demonstrate that heightened glutamatergic adaptations
remain even during prolonged abstinence. Although the resting
membrane potential of parvocellular neurons was quite depolar-
ized compared with rodents [42, 43], the cells were spontaneously
active and the integrity of the patch was continuously monitored,
demonstrating that these neurons were healthy.
Cortisol is elevated during periods of repeated abstinence and

returns to pre-abstinence concentrations when ethanol is
reintroduced [28, 38]. The present data show that glutamatergic
activity onto parvocellular PVN neurons, the neurons responsible
for activating the HPA axis, is positively correlated with cortisol
during abstinence, thus providing a possible mechanism by which
HPA axis activity is increased during abstinence. Furthermore,
acute ethanol decreased glutamatergic activity in both abstinent
drinkers and controls, suggesting that parvocellular PVN neurons
were not tolerant to an intoxicating dose (> 80mg/dl) of acute
ethanol in prolonged abstinence. Rather, the ex vivo ethanol-
induced decrease in glutamatergic activity in the PVN of abstinent
drinkers brought the glutamatergic transmission into the range
measured in control subjects. The elevation in cortisol and
glutamatergic activity during abstinence, that is then restored
by ethanol consumption or the application of an intoxicating dose
of ethanol, respectively, suggests an allostatic shift in HPA
function.
The contrasting findings of tolerance to acute ethanol in

presynaptic GABA response to the CeA in the abstinent state
and similar sensitivity to ethanol in presynaptic glutamatergic
response in the PVN could be due to alternative adaptations
specific to the brain region, the neurotransmitters measured, or
the acute ethanol challenge dose. Because different concentra-
tions of acute ethanol were used in CeA and PVN slices to
address the response to an ethanol challenge, equating changes
in sensitivity to ethanol in these two brain areas is not possible.
However, both concentrations are within the range of average
BEC measured during the last 3 months of open-access ethanol
self-administration (Fig. 1e). In attempts to equate direct ethanol
effects across these brain regions, it is important to acknowl-
edge that these brain regions are not robustly connected. For
example, the GABAergic projections from the CeA to the PVN are
limited and involve intermediate regions, such as the BNST and/
or peri-PVN. Thus, rather than a definitive coadaptation
response, the results of the present study provide a critical
foundation on which a deeper interconnected view of the
hypothalamic and extrahypothalamic stress circuitries can be
explored in future studies. For example, cortisol is the primary
glucocorticoid and is increased by HPA axis activation. Cortisol

acts via genomic and non-genomic mechanisms to influence
both the CeA and PVN. However, the response to cortisol in
these regions is generally opposite: reducing CRF mRNA in the
PVN but increasing CRF mRNA in the CeA [56]. Future studies will
be necessary to determine the influence of prolonged elevated
cortisol during abstinence and the effects on both the CeA and
PVN. Additionally, given that the CeA and PVN are both rich in
CRF and CRF receptors, future studies are necessary to
determine how the CRF system is engaged over the course of
long-term ethanol self-administration and whether this influ-
ences signaling in these two key stress regions.
Overall, the present data add to a growing literature from the

monkey model of ethanol self-administration that demonstrates
disruption in circulating stress hormones, diurnal rhythms [5],
and neurocircuitry across the brain including the orbitofrontal
cortex [34], striatum [33, 38], and nucleus accumbens [37, 57]. As
well, allostatic changes in other stress regions have been found
in macaques. For example, the central and medial amygdala
nuclei and the BNST are critical regions for integration of
emotionally relevant, or psychogenic, stressors [20, 58] and AUD
[8]. Importantly, the BNST serves as a relay between the
amygdala and PVN [20, 21], and in this monkey model, there
is also an increase in the frequency of sIPSCs in the BNST of
rhesus males following ~12-months ethanol self-administration
[35]. Inhibitory signaling to the BNST, in part, comes from
the central and medial nuclei of the amygdala [21], key
information in building an ethanol-stress circuitry that con-
tributes to excessive, chronic alcohol consumption associated
with AUD.
The foundation for the current studies rests firmly on both

rodent and human literature. The human literature documenting
disrupted HPA axis function following long-term alcohol con-
sumption served as a guidance for exploring the peripheral and
central mechanisms that control and mediate these responses
[50, 59, 60]. Animal models, primarily rodents, have been
instrumental in gaining an understanding of the mechanistic
underpinnings of the interaction between stress and alcohol
exposure [1, 61]. The monkey model takes advantage of the
similarities between macaques and humans in the rates of
absorption and metabolism of ethanol [40, 62], endocrine
physiology [see Ref. 5], and brain structure [32] while controlling
or measuring critical variables such as age at the first drink and
daily intakes to bridge the gap between humans and animal
models of this complex disorder. Within the scope of the current
cohort, we present an unparalleled look at the state of two critical
nuclei within stress circuitry prior to relapse to heavy drinking. It is
important to note that although the monkey model closely
captures many features of the complex human disorder, several
limitations remain. One critical consideration is the balance
between the strength of models that emphasize individual
differences and the number of subjects needed for statistical
power. In this regard, we have presented our electrophysiological
data primarily as an average of cells per animal. This approach
aims to reduce the variability of dependent measures within-
subject while exploring differences between subjects.
In summary, these studies represent a unique effort to

understand the consequences of long-term alcohol consumption
across the brain. Further studies are required to identify the
underlying mechanisms of ethanol allostasis and if these
mechanisms can be targeted to provide a foundation for rational
therapeutic development. As an initial step in that direction, the
present data are the first to simultaneously investigate two nodes
of stress circuitry from a primate model that captures the
phenotypic cycles of sustained, very-heavy relapse drinking.
The long-lasting adaptations in presynaptic GABA and glutamate
release in the CeA and PVN, respectively, from the same animals,
provide critical information on the state of the brain within and
across individuals prior to relapse.
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