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Abstract 

We have recently demonstrated that chronic ethanol ingestion alters the functional and 

pharmacologic properties of GABA(A) receptors measured in acutely isolated rat 

lateral/basolateral amygdala neurons, a limbic forebrain region involved with fear-learning and 

innate anxiety.  To understand relevance of these results in the context of primates, we have 

examined the effects of long-term ethanol self-administration on basolateral amygdala GABA(A) 

receptor pharmacology and expression in cynomolgus macaques (Macaca fascicularis).  The 

impact of this eighteen month-long exposure on GABA(A) receptor function was assessed in 

acutely isolated neurons from basolateral amygdala with whole-cell patch clamp 

electrophysiology.  Neurons from control animals expressed maximal current densities that were 

not significantly different from the maximal current densities of neurons from ethanol-treated 

animals.  However, the GABA concentration-response relationships from ethanol-exposed 

neurons were significantly right-shifted compared to control neurons.  These adaptations were 

associated with significant alterations in some characteristics of macroscopic current 

desensitization.  To understand the mechanism governing these adaptations, we quantified 

GABA(A) alpha subunit mRNAs in basolateral amygdala from the same animals.  mRNA levels 

of the α2 and α3 subunits were significantly decreased while decreases in α1 expression only 

approached statistical significance.  There were no changes in α4 mRNA levels.  These findings 

indicate that ethanol-induced alterations in GABA(A) function may be regulated in part by 

selective changes in the expression of particular alpha subunits.  We conclude that adaptations of 

basolateral amygdala GABA(A) receptors following long-term ethanol self-administration by the 

cynomolgus macaque are similar, but not identical, to those described in rodents following a brief 

forced ethanol exposure. 
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The amygdala is intimately associated with affective behaviors that contribute to the abuse of 

drugs, including ethanol.  This limbic forebrain region is divided functionally into subdivisions that 

serve to organize inputs from various cortical and sub-cortical areas along with specific outputs to a 

wide array of central nervous system structures.  The basolateral subdivision receives inputs from 

prefrontal cortex (Brinley-Reed et al., 1995), lateral entorhinal cortex (McDonald and Mascagni, 

1997), and processed sensory information from the lateral amygdala (Pitkanen et al., 1997).  It 

subsequently sends projections to the bed nucleus of the stria terminalis, ventral striatum, medial 

hypothalamus (McDonald and Culberson, 1986), the central amygdala (Pitkanen et al., 1997), and 

reciprocally to the prefrontal cortex (McDonald, 1987).  This anatomical organization places the 

basolateral subdivision as a nexus in the integration of sensory/memory/cognitive information with 

areas that regulate psychological and physiological responses to emotionally relevant external cues.  

Not surprisingly, these responses are ultimately regulated by the balance between excitatory and 

inhibitory neurotransmitter systems.   

Ligand-gated chloride channels like the GABA(A) receptor are central regulatory elements in 

the basolateral amygdala.  In rodents, it is well established that experimental manipulation of these 

receptors has profound behavioral consequences, from altering affective states (Sanders and 

Shekhar, 1995) to regulating drug discrimination (Hodge and Cox, 1998).  GABA(A) receptors are 

multimeric complexes consisting of several related protein subunits.  In general, these 

receptors contain at least one α and one β subunit, but a large population of receptors also 

contains a γ subunit (Pritchett et al., 1989).  Importantly, different combinations of subunits 

confer distinct pharmacological and channel properties on the receptor complex.  For 

example, there is some suggestion that specific subunits may play an important role in 

conferring acute ethanol sensitivity on the GABA(A) receptor (Sundstrom-Poromaa et al., 

2002).  There is also an extensive literature indicating that chronic ethanol exposure leads to 
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changes in GABA(A) receptor subunit composition and function (Mhatre et al., 1993; Devaud et al., 

1997).  In the context of the current manuscript, chronic exposure to an ethanol-containing liquid 

diet leads to alterations in subunit protein expression in a rat extended amygdala preparation 

(Papadeas et al., 2001).  A similar exposure also enhances GABA-gated currents and decreases the 

apparent potency of GABA when measured using acutely isolated lateral/basolateral amygdala 

neurons (McCool et al., 2003), suggesting that alterations in subunit expression and receptor 

function may regulate pharmacological adaptations to chronic ethanol exposure.  Because 

GABA(A) receptors have been strongly implicated in both alcohol self-administration (Hodge et al., 

1995) and in amygdala-dependent anxiety behaviors, adaptations of basolateral amygdala GABA(A) 

receptors to chronic ethanol may be key for the behavioral consequences of long-term alcohol self-

administration.   

Ethanol exposure in rodents has been widely utilized to mimic various behavioral or 

neurobiological characteristics of human alcoholism, yielding considerable insight into the cellular 

and molecular events that underlie adaptations to chronic ethanol.  However, the short lifespan of 

rodents makes the study of long-term ethanol exposure over months to years impractical.  

Furthermore, it has been difficult to train rodents to self-administer large daily levels of ethanol or to 

establish daily drinking patterns that are similar to those achieved by human alcoholics.  Non-human 

primates provide unique research opportunities in this regard.  Macaque monkeys have extensive 

capacities for complex cognitive behavior; and, their physiological, behavioral, and neuroanatomical 

similarities to humans also facilitate translation of findings in experimental primate models to 

human disease, including alcoholism.  Importantly, Macaca fascicularis (cynomolgus macaque) will 

freely self-administer intoxicating quantities of ethanol with drinking patterns that mimic human 

alcoholics (Vivian et al., 2001).  These non-human primates can therefore form a critical link 

between human clinical research and more fundamental studies in rodents.  For example, the effects 
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of acute ethanol on GABAergic and NMDA-mediated glutamatergic synaptic transmission in 

cynomolgus dentate gyrus are similar to those reported for rodent dentate in side-by-side 

comparisons (Ariwodola et al., 2003).  Similarly, chronic ethanol exposure in these monkeys was 

recently shown to increase dopamine clearance and enhance the efficacy of the dopamine D2 

autoreceptor agonist quinpirole in the ventromedial caudate (Budygin et al., 2003).  To date, 

however, there are no reports describing the impact of long-term ethanol self-administration on 

GABA receptor function in any primate species.   In addition, neither the basic pharmacologic 

properties of the receptors nor the functional/molecular consequences of chronic ethanol exposure 

for GABA(A) receptors have been reported for any non-human primate.  We therefore examined the 

effects of long-term ethanol self-administration in cynomolgus macaques to better understand the 

relationship between chronic ethanol and amygdala neurobiology in the context of a primate model 

of human alcoholism. 

Methods 

Ethanol Exposure.   

For functional studies, tissue was obtained from eight control animals (four males and four 

females) or six animals (two females and four males) that self-administered ethanol.  For the 

molecular biology studies, additional tissue from the lateral aspect of the basolateral amygdala was 

obtained from a second cohort of ethanol-exposed animals that included two males and two females.  

All ethanol-exposed monkeys were trained to self-administer ethanol with a 3 month induction 

procedure, followed by 6 months of ethanol self-administration as described previously (Vivian et 

al., 2001).  Following this exposure, all ‘ethanol’ monkeys were then given 12 months of abstinence 

from ethanol and then allowed to self-administer 4% ethanol (w/v) 22 hrs each day for 18 

consecutive months with water and food ad libitum.  These animals drank an average of 385±57g/kg 

ethanol over the six months prior to necropsy (range = 169-680g/kg, median = 321g/kg), with 18 
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month self-administration totals reaching 1086±177g/kg (range = 587-2168g/kg, median = 

1047g/kg).  These correspond to an average daily consumption of approximately 2g/kg/day.  This 

value is very similar to that reported for these same animals for the first 180 days of self-

administration (Vivian et al., 2001), suggesting that self administration by these monkeys is 

remarkably stable for months to years.  Control animals were housed similarly to the ethanol-

drinking monkeys and had free access to food and water.   

Slice Preparation 

Tissue from ethanol-exposed animals was obtained during necropsy immediately following 

their daily 22hr access to ethanol.  All animals were sedated with ketamine (15 mg/kg i.m.) and 

brought to a deep surgical plane of anesthesia with intravenous pentobarbital administered to effect 

(20-40 mg/kg I.V.).  Following a partial craniotomy, animals were perfused through the left 

ventricle/ascending aorta with ice cold, oxygenated Ringer’s solution (125mM NaCl, 4.5mM KCl, 

1mM MgCl2, 26mM NaHCO3, 1.2mM NaH2PO4, 10mM D-glucose) for 2 minutes.  The brain was 

removed, placed in an acrylic form, and sectioned according to topographical landmarks.  Intact 

amygdala was rapidly dissected from temporal lobe.  Coronal slices (400µM) were made along the 

entire rostral/caudal extent of the basolateral nucleus in modified Ringer’s (194mM sucrose and 

30mM NaCl replacing 125mM NaCl in the standard solution) containing 10µM ketamine at 4oC.  

Slices were stored in oxygenated standard Ringer’s solution containing 10µM ketamine.  The 

basolateral amygdala was immediately dissected from 2-3 coronal slices, flash frozen in liquid 

nitrogen, and stored at -80oC for the preparation of RNA.  The remaining slices were stored for up to 

12 hours and used to acutely isolate individual basolateral amygdala neurons for electrophysiology 

experiments. 

Neuron Isolation and Whole-cell Recordings.   
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Individual basolateral amygdala neurons were isolated from macaque brain slices with 

established methods (Floyd et al., 2003; McCool et al., 2003).  Briefly, basolateral amygdala was 

dissected from the coronal slices and incubated at 35oC in Ringer’s solution containing 0.6-

1.0mg/ml Pronase protease (EMD Biosciences, San Diego CA) for 20 minutes at 37oC with constant 

oxygenation.  Tissue was then rinsed in isolation buffer (130mM N-methylglucamine, 10mM NaCl, 

1mM MgCl2, 10mM HEPES, 10mM Glucose; pH 7.4 with methanesulfonic acid, osmolality 

adjusted to 325mmol/kg using sucrose) and passed through a series of fire-polished Pasteur pipettes 

with decreasing apertures.  Neurons thus liberated were placed on a glass coverslip coated with 

0.1% Alcian blue and visualized with an inverted phase-contrast microscope. 

After allowing neurons to adhere to the coverslip, we continuously perfused them with a 

HEPES-buffered external solution (140mM NaCl, 2.5mM KCl, 10mM HEPES, 2.5mM CaCl2, 2mM 

MgCl2, 10mM glucose, 0.2µM tetrodotoxin; pH 7.4 with NaOH, osmolality adjusted to 320mmol/kg 

with sucrose).  GABA was applied in this external solution by rapid perfusion from a gravity-driven 

multi-barreled application system (Warner Instruments, Hamden CT).  The internal pipette solution 

contained 100mM CsCl, 10mM HEPES, 10mM EGTA, and 4mM Mg-ATP, pH adjusted to 7.2 with 

CsOH, and osmolality adjusted to 305mmol/kg with sucrose.  Cell membrane capacitance (‘Cm’ in 

pF) and access series resistance (‘Ra’ in MΩ) were determined for each cell by fitting capacitive 

transients from square-wave depolarizations using pClamp 9.0 (Axon Instruments, Union City CA).  

Whole cell parameters were manually corrected prior to beginning the recording.  All recordings 

were made using a membrane potential of -30mV.  Signals were low-pass filtered at 1-5 KHz, and 

digitized at up to 10 KHz using a Digidata interface (Axon Instruments, Union City CA). 

RNA Isolation & Real-time RT-PCR.   

Total RNA was isolated from the basolateral amygdala of individual monkeys using affinity 

chromatography (RNAaqueous; Ambion, Austin TX).  In addition to the 6 control and 5 ethanol-
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exposed monkeys used in the functional studies, an additional 4 ethanol-exposed amygdala samples 

were added for these studies.  Contaminating genomic DNA was removed from RNA preparations 

by digestion with RNase-free DNase I (Qiagen, Valencia CA).  The reverse transcription (RT) 

reaction was performed on 2-10ng/µl total RNA using random hexanucleotides as previously 

described (Floyd et al., 2003).  Real-time PCR on cDNA products was performed using the 5’-

exonuclease method (“Taqman”) and an Opticon II system (MJ Research, Waltham MA).  

Taqman ‘Universal PCR Mix’ (Applied Biosystems, Foster City CA) containing Taq DNA 

polymerase, dNTPs (+dUTP), and buffers was used according to manufacturers directions.  

Primer and probe combinations for each of the Macaca fascicularis GABA(A) alpha subunit 

mRNAs (see Table 1) were designed using PrimerExpress software (version 3.0, Applied 

Biosystems).  Probes were labeled with 5’FAM and 3’BHQ1 (Integrated DNA Technologies, 

Coralville IA).  Expression levels for GABA(A) α subunit mRNAs and for the ubiquitous gene β2-

microglobulin were quantified using the ‘relative standard curve’ method (Floyd et al., 2003).  

Standard curves generated from total cynomolgus thalamic RNA were run on the same plates as the 

samples to insure that they were directly comparable.  Determinations for each gene product were 

run in triplicate in a single experiment.  Expression values represent the Mean±SEM for 2-3 separate 

experiments for each sample. 

Results 

Long-term Ethanol Self-administration Decreases GABA Potency.   

Most of neurons acutely isolated from cynomolgus macaque basolateral amygdala 

morphologically resembled the ‘principle’ pyramidal-shaped neurons isolated from rat and 

mouse lateral/basolateral amygdala preparations (Figure 1A, see also (McCool et al., 2003)).  

Currents elicited by GABA application to these neurons were robust and possessed 

activation and desensitization kinetics that were dependent upon GABA concentration 
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(Figure 1B&C).  To analyze the concentration-response data from different treatment 

groups, current amplitudes at the apparent peak (‘Peak’) of the response and 2.5-3sec after 

the apparent peak (‘Plateau’) were normalized to cell capacitance (pF) and expressed as a 

current density (pA/pF).  Whole-cell capacitance did not differ between treatment groups 

with Cm = 14.6±1.5pF for control neurons (n=20) and 12.8±1.4pF (n=22) for ethanol neurons 

(P>0.05, t-test).  Series resistance, 10.7±0.6 MΩ for control neurons and 10.1±0.7 MΩ for ethanol 

neurons, was also not significantly different between treatment groups (P>0.05, t-test). 

The ‘ensemble’ concentration-response relationship (Fig. 2A) was established by 

averaging cell-to-cell responses for a given GABA concentration (3mM to 1µM).  The EC50 

values for each cell were derived from fits of data from individual cells with a standard 

logistic equation (Floyd et al., 2003). For the peak of the response, LogEC50 values indicate 

that a substantial right-ward shift in GABA potency is associated with long-term ethanol 

self-administration.  The mean logEC50 values were -4.23±0.11 for neurons (n=17) from 

control animals and -3.64±0.14 for ethanol neurons (n=15; Fig. 2B; P<0.01 t-test).  These 

values translate to an apparent GABA potency of 53µM for neurons isolated from control 

monkeys and 164µM for neurons from ethanol-exposed monkeys.  Neither the maximal 

current density of the ‘peak’ response at 1-3mM GABA nor the HillSlope (nH) were 

significantly different between control and ethanol neurons (P>0.05, t-test).  Analysis of the 

current densities 2.5-3 seconds after the apparent peak, during the ‘plateau’ phase of the 

current response, revealed a similar shift in GABA potency resulting from long-term ethanol 

self-administration (Fig. 2A&C).  LogEC50 values for this non-desensitizing/slowly 

desensitizing component were -4.63±0.13 for control neurons and -4.02±0.12 for ethanol 

neurons (P<0.01, t-test).  These values are equivalent to an EC50 = 23µM and 95µM for 

control and ethanol cells, respectively.  Neither the maximal plateau current density (1-
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3mM) nor the apparent HillSlope were significantly different between neurons derived from 

these treatment groups (P>>0.05, t-test). 

Comparing between animals instead of cells, ‘peak’ and ‘plateau’ GABA responses 

were also significantly less potent in ethanol-exposed monkeys compared to control 

individuals (P<0.001, t-test on LogEC50, data not shown).  Control males and females had 

‘peak’ LogEC50 values of -4.30±0.111 and -4.32±0.08, respectively, while drinking males 

and females had ‘peak’ values of -3.54±0.05 and -4.08±0.16.  Two-way ANOVA analysis 

using gender and treatment as dependent variables revealed a significant interaction between 

these variables for the ‘peak’ response (Fig. 2D; F=14.2, P<0.05), suggesting that ‘peak’ 

GABA potency was sensitive to ethanol in a gender-specific fashion.  A similar analysis of 

the ‘plateau’ data indicated a significant effect of treatment only (F=37.9, P<0.05).  

‘Plateau’ LogEC50 values were -4.83±0.18 and -4.46±0.22 for control males and females 

and -3.91±0.09 and -4.21±0.42 for drinking males and females.  For the ethanol drinking 

individuals, there was a significant correlation between total amount of ethanol consumed 

over the last 6 months prior to necropsy and LogEC50 for both ‘peak’ and ‘plateau’ 

components in individual animals (Pearson R2 = 0.38, P<0.05 for both measures).  The mean 

ethanol consumption during this period was 215±45g/kg in females (n=2) and 396±99g/kg in 

males (n=4).  This suggests that any gender-specific adaptation in GABA potency could be 

related to drinking history.   

Long-term Ethanol Self-administration May Alter Current Desensitization Kinetics. 

Chronic ethanol exposure has been shown to dramatically influence the apparent 

desensitization kinetics of GABAergic, TTX-resistant synaptic events (Cagetti et al., 2003).  

We examined whether long-term self-administration had similar effects by fitting the 

desensitizing phase of maximal current responses (1-3mM GABA) from each cell to a two-
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component exponential equation (Fig. 3A; (Bianchi and Macdonald, 2002)).  Current 

responses with onset times >80ms were presumed to represent slow solution exchange and 

were omitted from this analysis since substantial desensitization was likely to have occurred 

prior to the apparent peak of the response.  The time constants, τFast and τSlow, were derived 

from fits in individual cells from the apparent peak of the current response to the ‘plateau’ 

phase of the current (3-4 seconds after the peak).  When analyzed across treatment groups, 

neither τSlow (Fig. 3B) nor τFast were significantly affected by long-term ethanol self-

administration.  τFast was 366±43msec in control neurons (n=18) and 345±24msec in ethanol 

neurons (n=21; P>0.05, t-test).  Similarly, τSlow values were 1537±115msec in control 

neurons and 1647±73msec in neurons from ethanol exposed animals (P>0.05, t-test).  When 

the relative amplitudes of the two components were compared between treatment groups, 

there was a trend for the ‘fast’ component to be more prominent in the ethanol-drinking 

monkeys.  When expressed as a percent of the total current amplitude, ‘fast’ component 

contributions were  19±2% of the total current amplitude in control neurons compared to 

24±3% in neurons from ethanol exposed animals (P~0.1, t-test; Fig. 3C).  Similarly, the 

normalized area-under-the-curve during the first second of the current response was greater 

in control neurons (73±6pA�sec/pF) than in neurons derived from ethanol drinking monkeys 

(58±5pA�sec/pF; Fig. 3D; P<0.05, test).   There were no apparent gender differences in this 

dataset and no significant correlations between the amount of alcohol consumed (last 6 

months or entire 18 months self-administration) and the component contributions.  Together, 

these results suggest that long-term ethanol self-administration has a modest influence on 

current desensitization, possibly by increasing the contribution of the ‘fast’ component.   

Long-term Ethanol Self Administration Alters the Expression of Specific GABA(A) α subunit 

mRNAs. 
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Results in the previous sections indicate that long-term ethanol self-administration by 

cynomolgus macaques may substantially alter the pharmacological and functional properties 

of GABA(A) receptors expressed by basolateral amygdala neurons.  To understand potential 

contributions by mRNA expression of the different α subunits in this process, we examined 

macaque GABA(A) α subunit mRNA expression using real-time RT-PCR.  Importantly, total 

RNA from cynomolgus basolateral amygdala appeared to express only α1-α4 subunits (Fig. 

4A).  To develop reagents for real-time RT-PCR, cDNAs corresponding to unique regions 

within each of these subunits were cloned and sequenced (GenBank Accession#: AY394493 

through AY394496).  The expression level of each subunit within individual samples was measured 

using the 5’exonuclease assay (Fig. 4B, (Floyd et al., 2003)) and normalized to levels of the 

ubiquitous mRNA for β2-microglobulin in order to control for experimenter error or differences in 

RNA quality between individual samples.  We were able to add four additional basolateral amygdala 

samples from ethanol-drinking monkeys to these studies (2 male and 2 female) from fresh frozen 

tissue isolated from an earlier cohort subjected to identical self-administration procedures.  

Importantly, the levels of β2-microglobulin, expressed as a mass or ‘ng RNA’ equivalent a given 

amount of our thalamic RNA standard (see Floyd et al. 2003), were 3.7±0.2 in control monkeys 

(n=6) and 3.5±0.2 in ethanol-exposed monkeys (n=9, P>0.05, t-test; 8-10 replications per sample).  

Thus, long-term ethanol self-administration did not significantly influence expression of β2-

microglobulin (Fig. 4C).  

RNA levels for each of the subunits expressed in basolateral amygdala (α1-4) were quantified 

in control and ethanol-exposed individuals (Table 3).  Across all individuals, only the expression 

levels of the α2 and α3 subunits were significantly decreased by long-term ethanol self-

administration.  Normalized levels of α2 expression were decreased by ~25% (Fig. 5B), from 

100±6% in control animals to 75±8% in ethanol-exposed macaques (P<0.05, t-test).  Similarly, α3 
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mRNA levels decreased from 100±12% to 48±9%, a >50% change (P<0.01, t-test, Fig. 5C).  α1 

mRNA levels also appeared to decrease by ~30% from 100±12% to 69±13% (Fig. 5A).  However, 

the changes in expression of this subunit only approached statistical significance, possibly due to 

substantial variance in the expression of this subunit in our samples.  Levels of α4 mRNA decreased 

by only ~13% from 100±5% in controls to 87±9% in ethanol-exposed individuals (P>0.05, t-test, 

Fig. 5D).   

When data were analyzed with two-way ANOVA across gender and treatment, there was not 

any significant effect of gender or any significant interaction between gender and ethanol exposure 

for any of the subunits examined.  We also attempted to correlate relative levels of ethanol 

consumption with levels of mRNA expression.  For the ethanol drinking monkeys, the mean total 

consumption during the 6 months prior to necropsy was 385±64g/kg with a range from 169g/kg in 

the ‘lightest’ drinker (a female) to 680g/kg in the heaviest drinker (a male).  The mean relative 

expression levels by a given animal (2-3 replicates) was significantly correlated with the total 

amount of ethanol consumed for both the α2 subunit (P<0.05, Pearson R2 = 0.31) and the α3 subunit 

(P<0.01, Pearson R2 = 0.43). 

 

Discussion 

Despite numerous structural and behavioral studies on GABA receptors in primates, our data 

are the first functional measures of GABA receptors in these models.  A major finding was that 

long-term ethanol self-administration by the cynomolgus macaque significantly shifts GABA 

potency, but not the efficacy, for basolateral amygdala GABA(A) receptors.  This shift occurred for 

both the ‘peak’ and ‘plateau’ components (measured 2.5-3sec after the peak) of the GABA-gated 

current.  The ‘plateau’ current also possessed a higher apparent affinity for GABA than the ‘peak’ 

current (Fig. 2B&C).  Similar findings have been noted for GABA receptors expressed by rat 
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dentate granule neurons (Lim and Birnir, 2001).  Interestingly, these two components can have 

different sensitivities to allosteric modulators (Lim and Birnir, 2001), suggesting that distinct 

receptor populations with unique subunit combinations may be responsible for these distinct phases 

of the current response.  Indeed, ‘plateau phase’ GABA(A) receptors that have high agonist affinity 

and low/no-desensitization may lack the γ2 subunit (Dominguez-Perrot et al., 1996) and/or contain 

the δ subunit (Hevers et al., 2000).  The impact of long-term ethanol exposure on these particular 

subunits remains to be investigated in our monkey model. 

Treatment-dependent shifts in GABA potency are not unique to this monkey model.  A 

similar shift in GABA potency was also found when rat lateral/basolateral amygdala neurons were 

examined during a two-week exposure to an ethanol-containing liquid diet (McCool et al., 2003).   

However, agonist efficacy was also significantly enhanced in these rats following this exposure 

paradigm (Papadeas et al., 2001; McCool et al., 2003).  While these species therefore share some of 

the characteristic adaptations to chronic ethanol exposure, they are not identical.  At present, we 

cannot distinguish two alternative interpretations:  the subtle differences between rodents and non-

human primates represent true species-specific responses to chronic ethanol exposure; or, the 

differences between these studies reflect the distinct ethanol-exposure paradigms.  Direct 

comparisons between these particular species are problematic and have not been reported.  

However, the length of exposure to ethanol can substantially influence GABA(A) receptor 

adaptations.  Forty days of forced-ethanol liquid diet, but not fourteen days, causes significant 

changes in α4 peptide levels in rat hippocampus (Matthews et al., 1998).  Similarly, twelve weeks of 

liquid-diet ethanol exposure, but not 1-4 weeks, reduces rat hippocampal α1 subunit peptide and 

mRNA levels (Charlton et al., 1997).  Despite these indications, it is equally possible that GABA(A) 

adaptations to ethanol self-administration are distinct from those found in forced-exposure 
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paradigms.  The primate model used in these studies could provide the best opportunity to address 

such issues. 

In addition to functional alterations in basolateral amygdala GABA(A) receptors, long-term 

ethanol self-administration by cynomolgus macaques has robust effects on the mRNA expression 

levels of some GABA(A) α subunits in this brain region.  Our data are the first measurement of 

GABA(A) subunit mRNA levels in a non-human primate amygdala and the first measures of mRNA 

changes in response to ethanol exposure in monkeys.  Both α2 and α3 levels were significantly 

depressed in ethanol-exposed animals.  A similar trend was noted for the α1 subunit although this 

did not reach statistical significance in our particular cohort of animals.  Importantly, α4 mRNA 

levels were only slightly depressed in ethanol-exposed monkeys.  These latter findings are similar to 

the lack of change in α4 mRNA levels reported in the frontal cortex of human alcoholics 

(Mitsuyama et al., 1998).  Long-term ethanol self-administration by these monkeys therefore 

appears to selectively reduce expression of α2, α3, and perhaps α1 mRNAs without substantially 

influencing α4 expression.  Unfortunately, mRNA expression response of GABA(A) alpha subunits 

to chronic ethanol in rat lateral/basolateral amygdala has not yet been reported.  However, there are 

numerous reports of mRNA measures in several rodent brain areas; and, region-to-region variability 

in mRNA responses to chronic ethanol is a frequent finding (Grobin et al., 2000).  In general, most 

rodent studies have reported significant decreases in α1 mRNA levels and minor or no effects on α2 

and α3 mRNA (Grobin et al., 2000).  Our mRNA findings in primates therefore appear distinct from 

adaptations described in many rodent forebrain regions.  We can better appreciate the impact of 

alterations in α2 and α3 mRNA levels by comparing expression values without normalizing to β2-

microglobulin.  α2 and α3 subunit mRNAs were expressed 4-5X higher in the basolateral amygdala 

compared to our thalamic RNA standard, while α1 subunit mRNA levels were about 50% of the 

thalamic standard and α4 expression was approximately equivalent.  Given that the relative levels of 
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α subunit mRNAs in rhesus monkey lateral geniculate are α1>>α2=α3=α4 (Huntsman et al., 1996), 

we propose that the relative levels of expression in control cynomolgus macaque basolateral 

amygdala are approximately α1=α2=α3>α4, similar to the rank order of expression found in rat 

lateral/basolateral amygdala (Wisden et al., 1992).  Large decreases in α2 and α3 subunit mRNAs 

would therefore have a major impact on GABA(A) α subunit expression in general.  These 

adaptations in mRNA levels may be the result of subunit-specific changes in mRNA transcription or 

mRNA stability. 

The functional consequences of changes in relative mRNA expression are difficult to predict 

until we know more about potential alterations in polypeptide expression.  Since GABA efficacy 

was not decreased in ethanol-drinking monkeys, the suppression of mRNA levels for the α2 and α3 

subunits may not directly reflect their functional subunit contributions to whole-cell currents.  

Indeed, the decrease in GABA potency in these same animals might suggest a larger contribution by 

‘low-affinity’ alpha subunits like α3 and α4 (Smith et al., 2001) in the ethanol-exposed neurons.  

This is somewhat at odds with the profound decrease in α3 mRNA.  We cannot rule out the 

possibility that mRNA measures would include non-neuronal cell types that have different 

sensitivities to chronic ethanol.  However, it seems more reasonable to suggest that changes in 

mRNA expression for some subunits may not directly relate to, or even be opposite to, changes in 

their functional contributions.  Chronic ethanol-induced alterations in receptor trafficking appear to 

be subunit-dependent in rodents (Kumar et al., 2003).  Similarly, chronic ethanol exposure in 

rodents can influence the association between specific GABA(A) subunits and PKCγ (Kumar et al., 

2002).  Together with our findings, this raises the possibility that receptor phosphorylation or 

subunit-specific adaptations in receptor trafficking may play a significant role in the functional 

adaptations to long-term ethanol self-administration in non-human primates.   
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An important consideration in the present work is that our data have included neurons from 

both males and females.  Several studies have failed to find significant differences between the 

sexes with regard to either absolute levels of GABA(A) receptors or their sensitivity to allosteric 

modulators.  Indeed, there is no influence of gender on total muscimol binding in the rat amygdala 

(Davis and McCarthy, 2000), GABA(A) current density in monkey amygdala (this study), or 

benzodiazepine binding affinity in rat amygdala (Farabollini et al., 1996).  However, gender-specific 

effects on α4 subunit protein expression were noted during withdrawal from chronic progesterone 

treatment (Gulinello et al., 2003).  Furthermore, females are more sensitive than males to the 

anticonvulsant effects of the neurosteroid 3α,21-dihydroxy-5 α-pregnan-20-one during withdrawal 

from chronic ethanol (Devaud et al., 1998).  Given the small number of ‘drinking’ females in our 

studies, it is difficult for us to provide conclusive evidence of any gender-specific adaptation to 

ethanol exposure using the various functional and molecular parameters measured here.  Regardless, 

decreases in GABA potency resulting from ethanol exposure were clearly more pronounced in 

males compared to females, this despite comparable GABA sensitivities in control neurons.  

However, females in our studies ingested a total of only 215±46g/kg for the functional study (n=2) 

and 293±71 for all females in the molecular study (n=4) during the last six months prior to necropsy.  

This is in contrast with males who self-administered 396±99 (functional studies, n=4) or 

459±82g/kg (molecular studies, n=5) during this same period.  Given that LogEC50 was significantly 

correlated with the total g/kg during this period, it is possible that the apparent gender-specific 

effects of ethanol self-administration on GABA potency may be directly related to consumption.     

In summary, acutely isolated basolateral amygdala neurons from cynomolgus macaque 

express GABA-gated currents that adapt to long-term ethanol self-administration.  These 

adaptations include decreased GABA potency, but no change in efficacy, and alterations in apparent 

current desensitization kinetics.  Although the levels of some alpha subunit mRNAs are profoundly 
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decreased by this ethanol exposure, changes in mRNA expression are not robustly gender-specific 

and are not necessarily representative of any change in absolute levels of GABA receptor functional 

levels.  Since acute ethanol facilitates function at some GABAergic synapses (Weiner et al., 1997) 

and this facilitation does not adapt during chronic ethanol in either rodents (Kang et al., 1998) or in 

our non-human primate model (Dr. J.L. Wiener, Dept. Physiol. & Pharmacol., Wake Forest Univ. 

Sch. Med., personal communication), decreases in GABA potency may be most relevant during 

withdrawal from chronic exposure where impaired/decreased GABAergic function would further 

upset the balance between excitation and inhibition.  In the context of the amygdala, this imbalance 

could regulate the expression of fear/anxiety, emotions that influence (Kushner et al., 2000) the 

longitudinal severity of alcohol abuse. 
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Footnotes 

a – This work supported by National Institutes of Health/National Institute on Alcohol Abuse and 

Alcoholism grants #AA11997 (CNSA), AA13120, and AA14445 (B. McCool).  Portions of this 

work have been presented as meeting abstracts (McCool et al., Program No. 108.9. 2003 Abstract 

Viewer/Itinerary Planner. Washington, DC: Society for Neuroscience, 2003. Online.; ) 

b – Please address reprint requests to: 

Brian A. McCool, Ph.D. 

Dept. Physiology & Pharmacology 

Wake Forest Univ. School of Medicine 

Winston-Salem, NC 27157 
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Figure Legends 

Figure 1.  Acutely isolated neurons from the basolateral amygdala of Macaca fascicularis express 

substantial GABA-gated currents.  (A)  The morphological characteristics of an acutely isolated 

monkey basolateral amygdala neuron appear similar to those found in rat amygdala neurons (see 

McCool et al., 2003).  We attempted to record exclusively from neurons that were relatively large 

(>11pF) and had pyramidal- or non-ovoid-shaped soma.  (B&C)  GABA currents from a control 

neuron (B) and an ethanol-exposed neuron (C) had amplitude and kinetics that were concentration 

dependent.  In both cells, GABA was applied for four seconds (open bars above traces). 

 

Figure 2.  Long-term ethanol self-administration causes a rightward shift in the GABA 

concentration-response relationship.  (A) Average responses to different GABA concentrations were 

normalized to cell size, yielding a current density (pA/pF), and fit to a standard logistic equation to 

establish ensemble concentration-response relationships. Current amplitudes from the apparent peak 

of the response (‘Peak’) or current amplitudes measured 2.5-3 seconds after the apparent peak 

(‘Plateau’) were used to generate these relationships for neurons isolated for control (●, ○) and 

ethanol drinking macaques (■, □).  The apparent GABA potency was 53µM for the peak 

response (closed symbols) from control neurons and 164µM for peak currents from ethanol-

exposed neurons.  The ‘plateau’ apparent affinities (open symbols) were similarly shifted 

from 23µM to 95µM for control and ethanol cells, respectively.  (B&C)  Log[EC50] values 

for peak (B) and plateau (C) responses were calculated from logistic fits to data from 

individual cells and compared using standard t-tests.  The values were significantly larger 

for both peak (**, P<0.01) and plateau responses from ethanol-exposed neurons (***, 

P<0.001), indicating a substantial decrease in GABA potency for basolateral amygdala 

neurons is associated with long-term ethanol self-administration by cynomolgus macaques.  
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(D)  ‘Peak’ response data for individual animals is shown here to emphasize potential 

gender-specific effects of long-term ethanol exposure.  Note that Log(EC50) values in control 

males and females were similar.  However, the effects of long-term ethanol self-

administration appeared more pronounced in males compared to females (F=14.2, P<0.05 for 

the interaction between gender and treatment, two-way ANOVA), suggesting that ‘peak’ 

GABA potency was sensitive to ethanol in a gender-specific fashion. 

 

Figure 3.  Long-term ethanol self-administration effects on GABA current apparent 

desensitization kinetics.  (A)  This sample trace from a control neuron shows the two-

component exponential fit (dashed line) to the desensitizing phase of the current response 

during the continued presence of 3mM GABA (open bar above trace).  The time constants, 

τFast and τSlow, were 1580msec and 340msec for this trace, respectively.  The relative 

contributions ‘slow’ and ‘fast’ component in this cell was 87pA/pF and 23pA/pF 

(normalized to cell size), respectively.  (B)  Ethanol exposure did not affect the apparent 

time constants or component amplitudes when fits were averaged across treatment groups.  

The time constant for the ‘slow’ component (left) and the ‘fast’ component (right) are 

shown.   (C)  The relative contribution of the ‘fast’ component is modestly decreased in 

monkeys self-administering ethanol (+; P~0.10, control vs. ethanol neurons, t-test).  Here, 

the ‘fast’ component is expressed as a percent of the total amplitude (normalized to cell size, 

pA/pF) contributed by both ‘fast’ and ‘slow components (ATotal).  (D)  Area under the curve 

(pA�sec/pF) during the first second of the current response was significantly smaller in 

neurons from ethanol-exposed animals compared to control neurons (*, P<0.05, t-test). 
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Figure 4.  Real-time RT-PCR can be used to measure GABA(A) α subunit mRNA 

expression in basolateral amygdala from individual cynomolgus macaques.  (A)  RT-PCR 

products generated from cynomolgus total basolateral amygdala RNA indicate that the α1-

α4 subunits represent the predominant α subunits expressed in this tissue.  Note that no 

products for the α5 or α6 subunit were visible in this experiment (♦ -- approximate expected 

position of these subunit products).  Product size (in base-pairs) is indicated by the relative 

molecular weight marker positions in the far-left lane.  cDNAs from the α1-α4 subunits were 

cloned, sequenced, and used to derive primer/probe combinations for real-time PCR.  (B)  

Example of a real-time PCR reaction using primer/probe combinations specific for the 

GABA(A) α1 and α4 subunit as well as the ubiquitous gene β2-microglobulin.  Arbitrary 

assignment of a ‘cut-off’ fluorescence level (dashed line) during the log-linear portion of the 

fluorescence vs. cycle relationship yields a ‘threshold’ cycle (CT) that is directly related to 

the amount of cDNA present in the original sample.  (C)  Long-term ethanol self 

administration did not alter the expression of the ubiquitous gene, β2-microglobulin 

(P>>0.05, t-test).  ‘Relative’ values on the ordinate represent the mass (in ng) of β2-

microglobulin mRNA expressed in our basolateral amygdala samples relative to 5ng of an 

unrelated sample from cynomolgus thalamus.  The thalamic sample and β2-microglobulin 

levels in our samples were used to normalize expression of GABA(A) α1-α4 subunit 

mRNAs across all individuals (see text for details). 

 

Figure 5.  Long-term ethanol self-administration by cynomolgus macaques decreases the 

expression of GABA(A) α subunits.  The relative expression level of α subunit mRNAs in 

basolateral amygdala total RNA was normalized to β2-microglobulin expression in the same 
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sample.  ‘Percent control’ values were obtained by normalizing these relative expression 

levels for each sample to the mean expression value of a given subunit obtained from control 

samples measured in a given experiment.  (A)  Expression of GABA(Α) α1 mRNA was 

depressed by ~30% in animals that self-administered ethanol, but these levels only 

approached statistical significance in these particular samples (∞, P~0.1, t-test).  (B&C)  

GABA(A) α2 and α3 subunit mRNAs were significantly decreased in basolateral amygdala 

RNA isolated from ethanol-drinking monkeys (*, P<0.05; **, P<0.01, t-test).  Expression 

levels were decreased by ~25% and ~52% for α2 and α3, respectively.  (D)  Long-term 

ethanol self-administration did not substantially effect the mRNA expression of the α4 

subunit (13% decrease, P>>0.05). 
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a – Sequences for these primers and probes were obtained for Cynomolgus macaque from the following GenBank entries:  β2-

Microglobulin, #AF485817; GABA(A) α1 subunit mRNA, #AY394493; GABA(A) α2 subunit, #AY394494; GABA(A) α3

subunit, # AY394495; GABA(A) α4 subunit, #AY394496 

Table 1.  Primers and Probes Used for Real-time RT-PCR of Macaque Basolateral Amygdala GABA(A) Receptors 

Genea Forward Primer Reverse Primer Probe 

β2-M 

α1

α2

α3

α4

CACCCCCAATGAAAAAGATGA 

GGATCCTCTTATTAAGAAAAACAACACTT 

CGAATTCTGCTTGCTGTTTCAG 

TGACAAAATTTCCCGCATCA  

GGCTACTGGGAAGTTGTCAGCTA 

CTGGGCCCTGACAAAGTCA  

GGTCACCCCTGGCCAAAT 

AAACAAAAAGCAACAACTGCATGT  

TGGCCCAGTAGACCAGATTGA 

TTTTACTTGTGCCAGATCCAGAAG 

TATGCCTGCCGTGTGAACCAT  

TGCTCCAACAGCAACCAGCTACACCC 

CGGCGGTGATGAAGACGAAATTGAA 

CTTTCCTGTGCTCTTTGCCATA  

TCCTCCTCCATCAGCTCCACCA 
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Table 2.  Effect of Ethanol Self-

Administration on Basolateral Amygdala 

GABA(A) Receptor α Subunit Expressiona

Treatment b

Gene Control Chronic EtOH

α1 0.7±0.1 0.5±0.1 

α2 5.6±0.3 4.2±0.5* 

α3 6.9±0.5 3.8±0.7** 

α4 1.2±0.1 1.1±0.1 

a – Expression levels are relative to total thalamic 

RNA and are normalized β2-microglobulin 

expression in the same samples. 

b – n = 8 control and 9 ethanol animals. 

*,** – P<0.05, P<0.01; two-tailed t-test 
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