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Synaptic effects of IL-1β and CRF in the central amygdala after
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A major barrier to remission from an alcohol use disorder (AUD) is the continued risk of relapse during abstinence. Assessing the
neuroadaptations after chronic alcohol and repeated abstinence is important to identify mechanisms that may contribute to
relapse. In this study, we used a rhesus macaque model of long-term alcohol use and repeated abstinence, providing a platform to
extend mechanistic findings from rodents to primates. The central amygdala (CeA) displays elevated GABA release following
chronic alcohol in rodents and in abstinent male macaques, highlighting this neuroadaptation as a conserved mechanism that may
underlie excessive alcohol consumption. Here, we determined circulating interleukin-1β (IL-1β) levels, CeA transcriptomic changes,
and the effects of IL-1β and corticotropin releasing factor (CRF) signaling on CeA GABA transmission in male controls and abstinent
drinkers. While no significant differences in peripheral IL-1β or the CeA transcriptome were observed, pathway analysis identified
several canonical immune-related pathways. We addressed this potential dysregulation of CeA immune signaling in abstient
drinkers with an electrophysiological approach. We found that IL-1β decreased CeA GABA release in controls while abstinent
drinkers were less sensitive to IL-1β’s effects, suggesting adaptations in the neuromodulatory role of IL-1β. In contrast, CRF
enhanced CeA GABA release similarly in controls and abstinent drinkers, consistent with rodent studies. Notably, CeA CRF
expression was inversely correlated with intoxication, suggesting that CRF levels during abstinence may predict future intoxication.
Together, our findings highlight conserved and divergent actions of chronic alcohol on neuroimmune and stress signaling on CeA
GABA transmission across rodents and macaques.
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INTRODUCTION
Alcohol use disorder (AUD) is a chronically relapsing disease
characterized by a preoccupation in obtaining and excessively
drinking alcohol, resulting in the emergence of a withdrawal
syndrome when abstinent that includes, but is not limited to,
dysphoria, sleep disturbances, and increases in anxiety and
irritability (ICD-10 [1] and DSM-V [2]). Alcohol preoccupation/
anticipation, binge/intoxication, and withdrawal/negative affect
are three stages conceptualized as a feed-forward cycle that
becomes more intense over time, and ultimately leads to the
pathological state known as addiction/dependence [3]. Pharma-
cotherapy and abstinence are used to treat AUD, however the
continual risk of relapse prevents many from achieving long-term
remission [4, 5]. Thus, there is a need to understand the neural
mechanisms that promote relapse to develop more efficacious
therapies for AUD.
The development and maintenance of an AUD involves long-

lasting neuroadaptations in stress and neuroimmune systems
across several brain regions. Extensive preclinical evidence points

to a critical role of the central nucleus of the amygdala (CeA) in
stress-related disorders, anxiety, and the reinforcing effects of
alcohol as well as other drugs of abuse [6, 7]. The CeA, a
predominantly GABAergic nucleus, is the major output of the
amygdala complex, and is intricately connected to neighboring
amygdala nuclei and other addiction-related brain regions [6].
Notably, the CeA is a major extra-hypothalamic source of the brain
stress peptide corticotropin-releasing factor (CRF) [8], which is
implicated in several alcohol dependence-related behaviors. Long-
term alcohol consumption results in persistent dysregulation of
CRF signaling in rodents, including increased CRF release during
withdrawal in dependent rodents, which contributes to
dependence-associated alcohol intake, relapse to alcohol drinking,
and withdrawal-induced anxiety [9–17]. In addition to stress
signaling, the role of neuroimmune signaling in alcohol
dependence-related behaviors, such as alcohol reinforcement
and associated negative affect, is becoming increasingly evident
[18–20]. In line with this, acute and chronic alcohol exposure
alters both circulating and brain pro-inflammatory cytokine levels
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[21–23]. This includes an upregulation of the interleukin-1 system
(IL-1), a prominent pro-inflammatory pathway responsible for the
initiation and regulation of immune responses, in the CeA [24].
Human genetic and preclinical studies suggest a critical role for IL-
1β signaling in alcohol drinking and dependence [25–30].
Together, these findings highlight the central role of CeA stress
and neuroimmune signaling in regulating AUD-related behaviors.
At a cellular-level, acute and chronic alcohol increase CeA GABA

transmission in rodents [20, 31, 32]. Indeed, potentiated CeA GABA
transmission is a hallmark of dependence and dampening this
aberrant CeA activity abolishes dependence-related behaviors in
rodents [20, 33–36]. CRF also increases CeA GABA transmission in
control and alcohol dependent rodents, primarily by increasing
GABA release [31, 32, 37]. In addition, we recently reported that IL-1β
modulates CeA GABA transmission displaying bi-directional effects,
and its neuromodulatory role is not significantly altered by alcohol
dependence [24]. While there is substantial preclinical evidence
supporting a role of CeA CRF and emerging evidence for IL-1β
signaling in AUD, further assessment of the translational potential of
these findings to primates is needed.
The rhesus macaque model of alcohol self-administration

provides an important translational link between rodent and
human studies. Macaques more closely resemble the alcohol
consummatory behavior [38–40], alcohol metabolism, endocrine
physiology [11] and brain structure [41] of humans compared to
rodents. Using this macaque model, we reported altered
synaptic transmission following chronic alcohol drinking in
multiple brain regions [42–45]. Notably, CeA neurons from male
macaques with a history of chronic alcohol self-administration
and repeated abstinence displayed an elevated level of basal
GABA release [45]. Moreover, acute alcohol application sig-
nificantly increased GABA release in controls, but not in
abstinent drinkers, suggesting a tolerance to alcohol-enhanced
GABA release in macaques with a history of chronic alcohol self-
administration and repeated abstinence [45]. These findings
replicate some observations in rodent models of alcohol
dependence, highlighting both conserved mechanisms of action
for alcohol and the specifity of the CeA to chronic alcohol. This
provides a unique opportunity to validate cellular-level mechan-
istic findings from rodent studies in macaques to help bridge
the translational gap to humans.
Given the increasing evidence for a prominent role for

neuroimmune responses in the neurobiological consequences of
chronic alcohol exposure, as well as stress signaling, we sought to
determine the effects of long-term alcohol self-administration and
abstinence on CeA GABA synapses and their responsivity to IL-1β
and CRF. These results are the first to demonstrate distinct
synaptic adaptations and sensitivity to IL-1β and CRF in the CeA of
male abstinent rhesus macaques.

MATERIALS AND METHODS
For full details see Supplementary Materials.

Animal information
Adult male rhesus macaques (Macaca mulatta) were assigned as alcohol
naïve control (n= 6) or alcohol drinker (n= 13), as previously reported
[45, 46]. All procedures were in accordance with NIH guidelines for the
Care and Use of Laboratory Animals and approved by the Oregon National
Primate Research Center Institutional Animal Care and Use Committee.
Details for the cohorts used in this study can be found through the Monkey
Alcohol and Tissue Research Resource (MATRR.com; Fig. 1A–E and
Supplementary Table 1).

Blood plasma measures
Blood was collected, as previously described [47], to measure circulating IL-1β
and interleukin-1 receptor 1 antagonist (IL-1ra; Fig. 2) [48] as well as blood
ethanol concentration [47] (BEC; Fig. 1D, E).

Self-administration and abstinence
Alcohol induction, open-access to 4% ethanol (v/v), and abstinence
occurred as previously described [46, 49] (Fig. 1A). Subjects were
categorized based on previous drinking criteria [38] (Fig. 1B–E).

RNA sequencing and differential expression analysis
The CeA was microdissected, RNA was extracted (Qiagen Sciences,
Germantown, MD, USA), and samples were sequenced using HiSeq 2500
or a NovaSeq 6000. Differential expression analysis was performed [50].
Gene expression correlations were conducted with spontaneous inhibitory
postsynaptic currents (sIPSC) frequency values.

Electrophysiological recordings
Necropsy and tissue collection procedures and electrophysiological
recordings were conducted as previously reported [45, 51, 52]. A total of
17 cells were recorded from six individual ethanol-naïve controls; a total of
46 cells were recorded from 13 individual abstinent drinkers. Recombinant
IL-1β and CRF were purchased from Biolegend (San Diego, CA) and Tocris
Bioscience (Bristol, United Kingdom).

Statistical analysis for spontaneous inhibitory postsyanptic
currents
Spontaneous events were analyzed using Mini Analysis, Synaptosoft Inc.
Drug effects were calculated from the maximum effect in a 3-min bin
between minute 6 and 15 following drug application. Analyses were
performed using Prism (GraphPad Software, La Jolla, CA). Data are
presented separately for both the individual subjects (i.e., average of cells
per macaque) and individual cells by group, which consistently displayed
similar trends.

RESULTS
Abstinent alcohol drinkers have enhanced CeA GABA release
The CeA GABA system critically regulates alcohol dependence-
related behaviors [17, 20, 34–36]. We first assessed basal CeA
GABA transmission following long-term alcohol self-administration
and repeated forced abstinence (Fig. 1A–E and Supplementary
Table 2). Abstinent drinkers had a significantly higher CeA
average sIPSC frequency (4.26 ± 0.36 Hz) compared to controls
(2.61 ± 0.50 Hz; t(17) = 2.63, p < 0.05 by unpaired t test; Fig. 1F–H),
consistent with our previous observations of increased GABA
release in macaque and rodent models of dependence [20, 32, 45].
No differences were found between drinking categories, so all
abstinent drinkers were combined for these analyses. Thus, above
a threshold of 2.0 g alcohol/kg/day there is no difference in CeA
GABA release, such that the threshold to trigger synaptic
adaptation was achieved in even the lowest drinker. Of note, we
found an inverse correlation between sIPSC frequencies and
average BECs during the first open-access phase, but no relation-
ships in the second and third open-access phases (Fig. 1L and
Supplementary Tables 3 and 4), though future studies are needed
to elucidate whether there is a causal link between the two
factors.
Given the cellular heterogeneity in the CeA, averaging data

from CeA neurons within individuals may mask important effects.
Therefore, the data were also examined on a cellular basis by
averaging data from CeA neurons from all abstinent drinkers and
all controls. Similar to the subject-grouped data, the average sIPSC
frequency of all CeA neurons was significantly higher in abstinent
drinkers (4.71 ± 0.41 Hz) compared to ethanol-naïve controls (2.33
± 0.30 Hz; t(57)=2.99, p < 0.01 by unpaired t test; Fig. 1J). There
were no differences in sIPSC amplitude, rise or decay time
between controls and abstinent drinkers when compared at the
subject level or cellular level (Fig. 1I, K; see Supplementary Table 2
for full summary). An increase in sIPSC frequency is associated
with greater probability of GABAergic synaptic vesicle fusion and/
or more synapses, while changes in amplitude, rise time or decay
time are typically linked to postsynaptic GABAA receptor function.
Therefore, long-term alcohol self-administration and repeated
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abstinence is associated with persistent pre-synaptic adaptations
in the CeA of macaques, leading to an enhanced basal
inhibitory tone.

Long-term alcohol exposure and abstinence does not alter
peripheral IL-1β levels or the CeA transcriptome
Alterations in peripheral and central IL-1β have been observed in
humans with AUD [53, 54], suggesting that chronic alcohol

exposure induces persistent inflammatory responses. We sought
to determine if similar immune responses occur in the macaque
model. We measured circulating levels of IL-1β and interleukin-1
receptor antagonist (IL-1ra), an endogenous antagonist of the IL-1
receptor [29, 55], following necropsy and found no difference
between controls and abstinent drinkers (IL-1β: t(16) = 1.15, p=
0.27; IL-1ra: t(16) = 1.10, p= 0.29; Fig. 2A, B). In addition,
peripheral IL-1β and IL-1ra levels collected at necropsy did not
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correlate with ethanol intake or BEC during any of the open-access
periods, total lifetime alcohol intake, or baseline sIPSC frequency
(data not shown). This suggests that the peripheral IL-1β system is
not significantly altered in abstinence following long-term alcohol
exposure and repeated abstinence in macaques.
To examine local CeA molecular adaptations, we sequenced

mRNA isolated from the contralateral CeA tissue than was used for
ex vivo electrophysiology to compare the CeA transcriptome
between controls and abstinent drinkers. We detected 17,108
genes and found no significant differentially expressed genes
(DEGs) between control and abstinent drinkers after false
discovery rate (FDR) correction (Fig. 2C, D). This was unsurprising
given the high degree of variability and overlap in samples from
controls and abstinent drinkers (Supplementary Fig. 1). Although
not statistically significant, subtle yet concordant changes in
genes belonging to the same pathways can help to reveal
biological implications of abstinent drinking. To identify potential
pathways that may be dysregulated in abstinent drinkers, we
performed Ingenuity Pathway Analysis using significant DEGs prior
to FDR correction. We identified several canonical pathways
related to immune signaling including the Th1 and Th2 pathways,
IL-17 signaling, CD40 signaling, among others supporting a
stronger immune response in the CeA of abstinent drinkers

compared to controls (Fig. 2C, Supplementary Fig. 2). Together,
these findings highlight the complex interaction between
individual genetic makeup and alcohol exposure, and further
underscores the importance of validating findings from preclinical
rodent studies in macaques.

IL-1β reduces CeA GABA release in controls and to a lesser
degree in abstinent drinkers
In our previous study using a mouse model of alcohol dependence,
we observed increased CeA microglial and neuronal IL-1β levels in
dependent mice compared to non-dependent and control mice [24].
In addition, IL-1β bi-directionally regulated CeA GABA transmission,
and alcohol dependence did not alter this pattern of neuromodula-
tion [24]. To determine whether these observations are conserved
across species, we tested the effects of IL-1β (50 ng/mL [24, 29, 56]) on
CeA sIPSCs in the macaque. We found a trend toward IL-1β
decreasing CeA sIPSC frequency from 4.84 ± 1.60 Hz to 3.14 ± 1.34
Hz in controls (t(2)= 3.55, p= 0.071 by paired t test; Fig. 3A, B). Similar
to the subject data, IL-1β significantly reduced the average sIPSC
frequency of individual CeA neurons from control macaques (t(7) =
2.69, p< 0.05 by paired t test; Fig. 3D). There were no other
differences in sIPSC characteristics at the subject or cellular levels
(Fig. 3C, E; rise and decay time data not shown). These data suggest
that IL-1β dampens CeA GABAergic pre-synaptic activity in ethanol-
naïve control macaques.
IL-1β had similar effects in the CeA of abstinent drinkers. There

was a trend toward IL-1β decreasing sIPSC frequency by subject (t(9)
= 2.02, p= 0.074 by paired t-test; Fig. 3F, G), and IL-1β significantly
reduced the average sIPSC frequency of individual CeA neurons (t
(15) = 2.30, p < 0.05 by paired t-test; Fig. 3I). No differences in other
sIPSC characteristics were observed (sIPSC amplitude: Fig. 3H, J; rise
and decay time data not shown). Additionally, correlation analyses
revealed no relationship between IL-1β’s effect on sIPSC frequencies
and average BECs or ethanol intake for individual subjects during
each of the three open-access phases (Supplementary Tables 3 and
4).
To assess potential differences in the magnitude of IL-1β’s effect in

controls and abstinent drinkers, we normalized the effect of IL-1β to a
baseline period for each cell. At the subject level, there was a trend
toward a difference in IL-1β’s effects (t(11) = 2.06, p= 0.063 by
unpaired t-test), with IL-1β decreasing sIPSC frequency to 59.6 ± 8.8%
(t(2)= 4.6, p< 0.05 by one-sample t-test) of baseline in controls and to
88.1 ± 7.0% (t(9) = 1.7, p= 0.12 by one-sample t-test) in abstinent
alcohol drinkers (Fig. 3K). At the cellular level, the magnitude of IL-1β’s
effect was significantly smaller in the abstinent drinkers (controls: 60.7
± 4.1%, t(7) = 9.57, p< 0.0001 by one-sample t-test; abstinent
drinkers: 86.6 ± 6.6%, t(15)= 2.02, p= 0.06 by one-sample t-test; t
(22)= 2.60, p< 0.05 by unpaired t-test; Fig. 3M). This may be in part
due to the greater diversity of responses to IL-1β observed in
abstinent drinkers, with some cells demonstrating an increase or no
change in sIPSC frequency. Overall, these data suggest that CeA
GABAergic synapses are, on average, less sensitive to the dampening/
inhibitory effects of IL-1β following long-term alcohol abstinence.

Fig. 1 Abstinent alcohol drinkers have enhanced CeA GABA release. A Schematic of the experimental timeline. Following induction, daily
22-h open access sessions with water and alcohol concurrently available occurred. After approximately 14 months of open-access self-
administration, animals experienced the first of three abstinence phases, each lasting approximately one month (28–46 days). Alcohol was
available during two post-abstinence phases lasting ~3 months. Necropsy was performed after 35–46 days of abstinence. B Average daily
alcohol intake during each open-access phase with color-coding for drinking phenotype (white circles—low drinkers, grey circles—high
drinkers, red circles—very high drinkers). C Average daily alcohol intake during the third open access period categorized by drinking
phenotype. D Average blood ethanol concentration (BEC) during each open-access period. E Average BEC during the third open-access phase
categorized by drinking phenotype. F Coronal brain slice depicting the central nucleus of the amygdala (CeA) (in red) from the Scannable
Brain Atlas [80]. G Representative image of a recorded CeA neuron (left) and sIPSC traces from a control and abstinent drinker (right). H, I
Baseline sIPSC frequency and amplitude averaged within individual controls and abstinent drinkers. J, K Baseline sIPSC frequency and
amplitude for each cell from controls and abstinent drinkers. L sIPSC frequency is inversely correlated with BEC in open-access phase 1 (left)
but not in open access phase 2 (middle) or open-access phase 3 (right). Low (white circles), high (grey circles), and very heavy drinkers (red
circles) are denoted. *p < 0.05, **p < 0.01 by unpaired t test.

Fig. 2 Long-term alcohol abstinence after chronic alcohol self-
administration does not affect peripheral IL-1β levels or the CeA
transcriptome. A, B Terminal peripherally circulating IL-1β and IL-1ra
levels in controls and abstinent drinkers. C, D Volcano plots of gene
expression before and following false discovery rate correction,
respectively.
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Fig. 3 Abstinent alcohol drinkers have decreased CeA sensitivity to IL-1β. A Representative image of a recorded CeA neuron from a control
macaque (left) and sIPSC traces during baseline conditions and during IL-1β (50 ng/mL) application (right). B, C Average sIPSC frequency and
amplitude before and during IL-1β application for each control macaque. D, E sIPSC frequency and amplitude before and during IL-1β
application for each cell from control macaques. F Representative image of a recorded CeA neuron from an abstinent drinker (left) and sIPSC
traces during baseline conditions and during IL-1β application (right). G, H Average sIPSC frequency and amplitude before and during IL-1β
application for each drinker macaque. Colored circles represent cells from the same subject. I, J sIPSC frequency and amplitude before and
during IL-1β application for all cells from abstinent drinkers. K, L Comparison of IL-1β effects on sIPSC frequency and amplitude between
controls and abstinent drinkers. M, N Comparison of IL-1β effects on sIPSC frequency and amplitude by cell between controls and abstinent
drinkers. *p < 0.05, ****p < 0.0001 by one-sample, paired, or unpaired t test.
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CRF enhances CeA GABA release similarly in controls and
abstinent drinkers
Given the role of CeA CRF signaling in escalated alcohol drinking
[34], and that CRF (200 nM [34, 57]) regulates CeA GABA
transmission in both alcohol-naïve controls and alcohol-
dependent rodents [34, 57], here we examined the impact of
CRF on macaque CeA. We found that CRF had similar effects in the
CeA of controls and abstinent drinkers, increasing the sIPSC
frequency in both groups at the subject (control: t(2) = 3.92, p=
0.059; abstinent drinker: t(11) = 2.87, p < 0.05 by paired t-test)
and cellular levels (control: t(5) = 3.98, p < 0.05; abstinent drinker:
t(13) = 2.55, p < 0.05 by paired t-test; Fig. 4A–J). Correlation
analyses revealed no relationship between CRF’s effects on subject
sIPSC frequencies and average BECs or ethanol intake during each
of the three open-access phases (Supplementary Tables 3 and 4).
The magnitude of CRF’s effects on the sIPSC frequency were also
similar across both groups (subject: t(13) = 0.29, p= 0.78 by
unpaired t-test; cell: t(17) = 0.41, p= 0.69 by unpaired t test;
Fig. 4K, M). Thus, CRF-induced potentiation of CeA GABA release is
not altered after repeated abstinence, consistent with the similar
expression levels of the CRF signaling pathway in controls and
abstinent drinkers (Figs. 2 and 5).
Notably, our RNA sequencing results showed that CRF gene

expression in the CeA of control and abstinent drinkers trended
(r2= 0.2; p= 0.059) toward a correlation with sIPSC frequency
(Fig. 5B), suggesting that CRF may partly contribute to basal
differences in sIPSC frequency. This was in line with findings in
rodents demonstrating that CRF increases CeA GABA release [58],
and that alcohol dependence increased both CeA CRF expression
and GABA release [34]. Interestingly, CeA CRF expression inversely
correlated with average BEC for each of the three open-access
phases (Fig. 5C). Given no significant differences in expression of
CRF between controls and abstinent drinkers, these data suggest
that CeA CRF levels may be predictive of future drinking levels.

DISCUSSION
In this study, we sought to determine the impact of long-term
alcohol drinking with cycles of abstinence and relapse on CeA
neuroimmune and stress signaling at GABA synapses in male
rhesus macaques. These studies were motivated by previous
findings in rodent models of AUD supporting a critical role of CeA
IL-1β and CRF in regulating GABAergic transmission and AUD-
related behaviors. We found elevated CeA GABA release in
abstinent drinkers, replicating a central finding in rodent studies
that has been directly linked to escalated alcohol intake. This
conserved adaptation points to the sensitivity of the CeA to
alcohol, highlighting the importance of conducting cross-species
studies. In the present study, we also identified an inverse
relationship between the BECs achieved during the initial open
access alcohol drinking phase and the degree of CeA synaptic
adaptation after repeated cycles of long-term alcohol use and
abstinence. In contrast to findings in rodents and humans, we
observed no changes in the peripheral or local CeA IL-1β system in
this macaque model. Moreover, there were no significant
differences in the CeA transcriptome between controls and
abstinent drinkers due to the high degree of variability and
overlap, suggesting a complex interaction between individual
genetic makeup and alcohol intake. Despite the lack of striking
single-gene transcriptomic differences, pathway analysis of
significant differentially expressed genes prior to FDR correction
identified several immune-related signaling pathways in the CeA
impacted by abstinence after long-term alcohol self-
administration. This CeA neuroimmune dysregulation is supported
by observed synaptic adaptations in sensitivity to the effects of IL-
1β on GABA release, where IL-1β uniformly dampened CeA GABA
release in controls and displayed more heterogenous responses
with an overall reduced inhibition of GABA release in abstinent

drinkers. These findings contrast with CeA CRF stress signaling
which increased CeA GABA release and was unaltered by alcohol,
consistent with no overall differences in expression levels of the
CeA CRF signaling pathway. Notably, CeA CRF expression trended,
but did not reach significance, toward a direct correlation with
basal GABA release, suggesting that CRF may mechanistically
underlie differences in CeA GABA release. In addition, we
identified a novel inverse relationship between BECs and CeA
CRF levels, suggesting that its expression in protracted abstinence
may predict the amount of alcohol consumed during relapse.
Together, these findings are the first to demonstrate distinct
synaptic adaptations in response to IL-1β and CRF in the CeA of
abstinent macaque males with a history of alcohol drinking and
abstinence.
Acute and chronic alcohol increase CeA GABA release during

acute withdrawal on the order of hours, days, or a couple of weeks
in rodents [20, 31, 32], highlighting the sensitivity of CeA GABA
synapses to the direct and indirect actions of alcohol. Notably, the
current study and our previous work, revealed enhancement of
CeA GABA release in macaques during protracted (several weeks)
abstinence following long-term alcohol use and repeated
abstinence [45]. These findings demonstrate the persistence of
this conserved neuroadaptation. Of note, in the current study, we
combined data from low, heavy, and very heavy drinkers as no
significant differences were observed among the groups. Since
spontaneous inhibitory post-synaptic current characteristics did
not directly correlate with alcohol intake, heightened CeA GABA
release may instead reflect a “primed” CeA state that occurs after
long-term alcohol exposure regardless of daily ethanol intakes
above a threshold amount. Indeed, heightened CeA GABA
transmission has been linked with dependence-related escalation
of alcohol drinking in rodents [20, 33–36], suggesting that this
neuroadaptation may confer persistent vulnerability to relapsing
alcohol use. The lack of differential gene expression in the CeA
between controls and abstinent drinkers suggests that changes in
CeA GABA transmission may be due to either 1) upstream GABA
projections into the CeA or 2) local neuromodulator signaling,
such as IL-1, regulating GABA release and/or recycling mechan-
isms. Identifying key regulators underlying alcohol’s potentiation
of CeA GABA release may provide novel targets for therapeutic
intervention to decrease relapse to heavy drinking.
Neuroimmune signaling is of significant interest, as alcohol

elicits immune responses which can persist with repeated alcohol
exposure and may contribute to the development and main-
tenance of an AUD. Plasma/circulating cytokine levels represent
an opportunity to identify potential biomarkers predictive of
disease-related conditions/states such as degree of alcohol use or
alcohol-induced tissue damage. IL-1β, a prominent proinflamma-
tory cytokine responsible for the initiation and maintenance of the
neuroimmune response, has been investigated as a biomarker in
several diseases [48, 59–62] and is peripherally elevated in
patients with an AUD [63]. However, we did not observe changes
in circulating IL-1β and IL-1ra levels in macaques at necropsy
following long-term alcohol use and repeated abstinence, which
differs from rodent models of alcohol dependence [20, 24, 64].
While these findings demonstrate potential differences in alcohol-
induced peripheral immune responses across species, cytokine
signaling is highly dynamic [65]. How IL-1β signaling adapts across
alcohol exposure and abstinence remains unclear, which may also
depend on the type of alcohol exposure/administration/paradigm.
It is possible that protracted abstinence normalizes peripheral IL-
1β levels, in which case long-term abstinence may reverse alcohol-
induced peripheral inflammation. In line with this, alcohol
abstinence in humans with AUD largely reverses plasma cytokine
abnormalities [66]. Notably, these alcohol-induced plasma cyto-
kines abnormalities are not observed in heavy drinking individuals
without alcoholic hepatitis, suggesting that alcohol-induced
peripheral tissue damage may be an important factor contributing
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Fig. 4 CRF enhances CeA GABA release similarly in controls and abstinent drinkers. A Representative image of a recorded CeA neuron from
a control macaque (left) and sIPSC traces during baseline conditions and after CRF (200 nM) application (right). B, C Average sIPSC frequency
and amplitude before and during CRF application for each control macaque. D, E sIPSC frequency and amplitude before and after CRF
application for each cell from control macaques. F Representative image of a recorded CeA neuron from an abstinent drinker (left) and sIPSC
traces during baseline conditions and during CRF application (right). G, H Average sIPSC frequency and amplitude before and during CRF
application for each drinker macaque. Colored circles represent cells from the same subject. I, J sIPSC frequency and amplitude before and
during CRF application for each cell from drinker macaques. K, L Comparison of CRF effects on sIPSC frequency and amplitude between
control and abstinent drinkers. M, N Comparison of CRF effects on sIPSC frequency and amplitude by cell between controls and abstinent
drinkers. *p < 0.05, **p < 0.01, ***p < 0.001 by one-sample, paired, or unpaired t test.
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to elevations in plasma cytokines [66]. Together, this suggests that
drinking levels in this macaque model do not lead to persistent
changes in peripheral IL-1β, although peripheral IL-1 receptor 1
gene expression is downregulated in female macaques following
chronic heavy drinking [67], and likely do not induce tissue
damage, which may be predicted by elevated peripheral IL-1β.
Neuroimmune signaling is increasingly being recognized as a

key regulator of synaptic transmission under both physiological
and pathological conditions [68]. IL-1R1 is expressed in the rodent
CeA under basal conditions [69], while IL-1β is induced in CeA
neurons and microglia following systemic excitotoxic or inflam-
matory responses, as well as during intoxication in alcohol-
dependent rodents [24, 70, 71]. Of note, we did not observe any
differences in IL-1β levels in abstinent drinkers in our CeA
transcriptomic data. This may be due to differences in the
timepoint at which we measured IL1-β levels. Alterations in the IL-
1 system induced by chronic ethanol may have normalized during
the protracted abstinence period, 35–46 days after the last self-
administration session. We have also previously shown that IL-1β
plays a neuromodulatory role in the mouse under basal
conditions, IL-1ra modulates CeA GABAergic transmission in naïve
mice suggesting that basal IL-1 (α and/or β) levels are sufficient to
tonically modulate CeA neurons [24]. Moreover, IL-1β displays dual
effects on GABA transmission, leading to inhibition of some and
disinhibition of other CeA neurons in both control and dependent
mice. In contrast, here we found that IL-1β uniformly disinhibited
CeA neurons in ethanol-naive macaques, suggesting that this
neuromodulatory role of IL-1β is not conserved across species. It is
important to note that the sample size (both in terms of subjects
and cells) of the control group is limited, which may mask
potential inter-individual variability. Interestingly, we observed a
reduction in CeA GABA synapse sensitivity to the effects of IL-1β in
abstinent drinkers, similar to the dependent mice. This was due to
the development of heterogeneity in responses to IL-1β, perhaps
due to IL-1β acting at both the synapse (i.e. pre-synaptic terminals)
and network (i.e. regulation of action potential firing) levels to
ultimately modulate GABA release. While overall CeA IL-1β and IL-
1ra gene expression was unaltered in the current study, it is still
possible that IL-1β and IL-1ra protein expression and/or IL-1β

release are changed (similar to our observations with NHP CeA
GABA in this study). Alternatively, there could be functional
changes in other IL-1 effectors, including the IL-1R1 or down-
stream intracellular PI3K/AKT and MyD88/p38 MAPK cascades
[55, 72, 73]. Regardless, IL-1 signaling is important for regulating
behavior under physiological conditions [74, 75]. Therefore,
despite no change in IL-1β/IL-1ra, a decrease in GABA synapse
sensitivity to IL-1 could alter behavior through downstream
mechanisms.
The macaques studied here encompasses a greater degree of

genetic variability, compared to isogenic rodent models, perhaps
contributing to the complex interaction of alcohol and genetic
makeup. In the mouse model of alcohol dependence, we
observed a significant increase in CeA IL-1β levels [24], suggesting
a local, central neuroimmune response to chronic alcohol
exposure, although only a trend toward increased microglial
numbers in the CeA [76]. While we did not observe significant
differences in the CeA transcriptome between controls and
abstinent drinkers, pathway analysis identified several immune-
related signaling pathways, supporting a potential dysregulation
of CeA neuroimmune signaling. This is consistent with the
observed neuroadaptations in IL-1β’s effect on CeA GABA release
in abstinent drinkers, and suggests its potential contribution to
CeA dysregulation and further investigation.
In addition to neuroimmune signaling, CeA CRF stress signaling

also plays a critical role in AUD-related behaviors in preclinical
rodent studies [9–17, 77, 78]. CRF signaling facilitates CeA GABA
transmission similarly across ethanol-naïve macaques and rodents.
However, divergent neuroadaptations in CRF effects were
observed in macaques and rodents following chronic alcohol
exposure, wherein CRF’s facilitatory effect was unchanged in
abstinent macaques but potentiated in dependent rats [34]. Note,
dependent rats were generated using an ethanol inhalation model
and CRF effects were examined during acute (2–8 h) of with-
drawal. Interestingly, we also found that terminal CeA CRF
expression indirectly correlates with average blood ethanol
concentration from each of the three open access periods. Since
overall CeA CRF expression was not different between controls
and abstinent drinkers, this suggests that long-term alcohol

Fig. 5 CRF expression correlates with blood ethanol concentration. A Expression of the CRF signaling pathway is not significantly different
between controls and drinkers. B CRF expression trends toward a significant correlation with sIPSC frequency. C CRF expression is inversely
correlated with blood ethanol concentration from all open-access phases in low (white circles), high (grey circles), and very heavy drinkers (red
circles).
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exposure may not significantly impact the expression of the CeA
CRF system; though, it is also possible that protracted abstinence,
when CRF levels were measured, normalizes CRF expression. Thus,
CeA CRF levels may be predictive of an alcohol intake pattern that
leads to a preferred blood ethanol concentration setpoint in these
male macaques, wherein high levels of CeA CRF correlated with
lower average BECs achieved. While this is counterintuitive to
rodent studies that suggest that dampening CeA CRF levels or
CRF1 receptor activity decreases alcohol consumption after short
abstinence periods of several hours [16, 17, 34], these findings
provide insight into potential mechanistic and temporal differ-
ences contributing to the so far low clinical efficacy of CRF1
antagonists for treatment of AUD [79], further underscoring the
importance of studies in macaques.
Overall, our results provide support for the macaque model of

alcohol self-administration as a critical translational tool to study
mechanistic links between rodent and human studies. Here we
recapitulated that inhibitory signaling is increased in the CeA of
abstinent male macaques with a history of chronic alcohol self-
administration. Application of IL-1β and CRF uniformly decreased
and increased CeA GABA transmission, respectively, in ethanol-
naïve controls. However, the CeA GABAergic synapses of abstinent
drinkers displayed a shift in their sensitivity to IL-1β with an overall
decreased sensitivity to its inhibitory effect, and no change in the
effects of CRF on GABA transmission. These divergent synaptic
adaptations point to a potentially critical role of CeA neuroim-
mune signaling to the state of the brain vulnerable to relapsing
drug use, and to the need for future studies in animal models that
more closely resemble human alcohol use to elucidate the
underlying specific mechanisms contributing to AUD.
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