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Abstract

The endogenous neuroactive steroid allopregnanolone (ALLO) has previously been shown to

induce reinstatement of ethanol seeking in rodents. ALLO is a positive allosteric modulator at both

synaptic and extrasynaptic GABAA receptors. The contribution of each class of GABAA receptors

in mediating reinstatement of ethanol seeking is unknown. The first aim of the present study was

to determine whether ganaxolone (GAN), a longer-acting synthetic analog of ALLO, also

promotes reinstatement of ethanol seeking. The second aim was to examine whether preferentially

activating extrasynaptic GABAA receptors with the selective agonist gaboxadol (THIP) was

sufficient to reinstate responding for ethanol in mice. Male C57BL/6J mice were trained to lever

press for access to a 10% ethanol (v/v) solution (10E), using a sucrose fading procedure.

Following extinction of the lever pressing behavior, systemic THIP (0, 4 and 6 mg/kg) and GAN

(0, 10, and 15 mg/kg) were tested for their ability to reinstate ethanol-appropriate responding in

the absence of 10E access. GAN significantly increased lever pressing on the previously active

lever, while THIP did not alter lever pressing behavior. The results of this study suggest that direct

activation of extrasynaptic GABAA receptors at the GABA site is not sufficient to induce ethanol

seeking in the reinstatement procedure. Future studies are necessary to elucidate the mechanisms

and brain areas by which differences in the pharmacological activity of GAN and THIP at the

GABAA receptor contribute to the dissimilarity in their effect on the reinstatement of ethanol

seeking. Nonetheless, based on the increased use of these drugs in clinical trials across multiple

disease states, the effects of GAN or THIP on alcohol seeking may be an important consideration

if these drugs are to be used clinically in a population with a co-occurring alcohol use disorder.
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The National Institute on Alcohol Abuse and Alcoholism estimates that nearly 18 million

Americans suffer from an alcohol use disorder (AUD). AUDs are considered chronic

relapsing disorders (Leshner, 1997; Volkow and Li, 2005). Nearly 90% of dependent

individuals relapse at least once in a 4-year span (Polich et al., 1980), highlighting the need

for a better understanding of the mechanisms underlying craving and relapse. Although

relapse is difficult to model in animals, the reinstatement model provides a measure of drug

seeking during abstinence from the drug (de Wit and Stewart, 1981; Shaham, 2003). The

model has predictive validity in that re-exposure to drugs, drug-related cues, and stressors,

all of which can provoke craving and possibly relapse in humans (de Wit, 1996; Childress et

al., 1993; Sinha, 2001), also promote reinstatement of drug-seeking in animals (Epstein et

al., 2006).

Allopregnanolone (ALLO) is an endogenous neuroactive steroid that can be increased in the

brain and plasma by stress, estrus, pregnancy, and ethanol (Purdy et al., 1991; Concas et al.,

1998; VanDoren et al., 2000; Barbaccia et al., 2001; Finn et al., 2004). Due to its potent

positive modulation at GABAA receptors, ALLO shares many behavioral properties with

ethanol, such as anxiolysis, sedation, and anticonvulsant properties (Kumar et al., 2009).

ALLO substitutes for ethanol in drug discrimination procedures, indicating that it shares

subjective stimulus properties with ethanol (Bowen et al., 1999; Grant et al., 1996, 2008).

Exogenous ALLO alters ethanol intake in a biphasic manner and reinstates ethanol seeking

in rodents (Finn et al., 2008; Ford et al., 2005; Sinnott et al., 2002; Janak et al., 1998; Janak

and Gill, 2003; Nie and Janak, 2003), suggesting that it plays a role in both ethanol seeking

and consumption.

Although ALLO may have clinical benefit in multiple disease states (epilepsy, premenstrual

dysphoric disorder, depression, traumatic brain injury; clinicaltrial.gov), the therapeutic

potential of ALLO is limited by its short half-life (Timby et al., 2006). Ganaxolone (GAN)

is a synthetic analog of ALLO with an added methyl group that renders it more resistant to

metabolism (Nohria and Giller, 2007). Although its primary pharmacological and behavioral

properties are unaltered, when compared to ALLO (Carter et al., 1997; Ungard et al., 2000),

the half-life of GAN is 3–4 times that of ALLO (Reddy and Rogawski, 2000). The use of

GAN in clinical trials has broadened in the last decade, to include potential treatment of

epilepsy, post-traumatic stress disorder, and smoking cessation (clinicaltrial.gov).

GABAA receptors are chloride channels composed of 5 subunits from a pool of at least 16

possible subunits: α1–6, β1–3, γ1–3, δ, ε, π, and θ. Importantly, inclusion of the δ subunit

limits the location of the receptor to the extrasynaptic space, where it is postulated to

contribute exclusively to tonic inhibition (Farrant and Nusser, 2005). In vitro work using

recombinant receptors suggests that δ subunit-containing GABAA receptors may be

particularly sensitive to the GABA-modulatory effects of ALLO (Belelli et al., 2002).

Similarly, δ subunit-containing GABAA receptors have been proposed to be a more sensitive

target of physiologically-relevant doses of ethanol than non-δ subunit-containing GABAA
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receptors (Olsen et al., 2007; Mody et al., 2007; but also Borghese and Harris, 2007).

Consistent with the importance of the δ subunit in the actions of neuroactive steroids and

ethanol, δ subunit knockout mice showed reduced sensitivity to some of the behavioral

effects of both neuroactive steroids and ethanol, and the knockout mice self-administered

less ethanol than their wild-type littermates (Mihalek et al., 1999, 2001). Although GAN and

ALLO can act at both synaptic and extrasynaptic GABAA receptors (Belelli and Herd,

2003), the contribution of each class of receptors to the reinstatement of ethanol seeking has

not been examined.

The primary aim of the present studies was to determine whether GAN reinstates ethanol

seeking in mice, as previously demonstrated with ALLO (Finn et al., 2008). The second aim

of the study was to examine whether preferentially activating extrasynaptic GABAA

receptors with gaboxadol (THIP), a GABAA receptor agonist with selectivity for δ subunit-

containing GABAA receptors (Meera et al., 2011; Wafford et al., 2009), was sufficient to

induce reinstatement of ethanol seeking. Locomotor tests were performed with each drug to

elucidate whether changes in lever pressing behavior during extinction were accounted for

by changes in general locomotor activity. Information regarding the ability of GAN or THIP

to promote alcohol seeking may be of significant value considering the increasing use of

these drugs in clinical trials across multiple disease states, such as smoking (GAN), post-

traumatic stress disorder (GAN), and depression (THIP) (clinicaltrials.gov). Particularly in

diseases that have a high comorbidity with AUDs, the effects of GAN or THIP on alcohol

seeking may be an important consideration if these drugs are to be used in a clinical setting

in a population with a co- occurring AUD.

1. Experimental Procedures

1.1 Animals

Male C57BL/6J mice, approximately 8 weeks of age at the start of experiments, were

purchased from The Jackson Laboratory-West (Sacramento, CA). Mice were pair-housed

for the reinstatement study or group-housed for the locomotor study in Biofresh bedding

(Ferndale, WA), except during individual testing. Mice were provided ad libitum access to

rodent chow (LabDiet, St. Louis, MO) and water (except where noted). Mice were

maintained on a 12-h light-dark cycle (lights on at 0600); all experiments were conducted

during the light cycle and were carried out Monday through Friday. All efforts were made to

minimize animal suffering and to reduce the number of mice used, and all procedures were

approved by the local Institutional Animal Care and Used Committee and complied with

NIH guidelines.

1.2 Drugs

Ethanol (200 proof; Pharmco Products, Brookfield, CT) and sucrose (Sigma-Aldrich

Company, St. Louis, MO) solutions were prepared by dilution in tap water. GAN was

purchased from Tocris Bioscience (Ellisville, MO) and was solubilized in 20% (w/v) 2-

hydroxypropyl-beta-cyclodextrin (β-CD; Cargill Inc., Cedar Rapids, IA) in Millipore water.

THIP (4,5,6,7-tetrahydroisoxazolo-[5,4-c]pyridine-3-ol hydrochloride) was purchased from

Tocris Bioscience and dissolved in saline. For all experiments, drugs were injected
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intraperitoneally (i.p.) in a volume of 0.01 ml/g body weight and with a 30 minute

pretreatment time. The pretreatment times were chosen to match our previous work with

GAN and THIP (Ramaker et al., 2011, 2012).

1.3 Apparatus

Ethanol self-administration acquisition, extinction, and reinstatement sessions were carried

out in eight operant conditioning boxes consisting of a 21″ L x 13.75″ W x 5″ H inner

chamber located inside a sound and light-attenuating chamber, as described previously (Ford

et al., 2007a, 2007b). Each conditioning box contained a house light, 2 retractable levers

with a stimulus light above each one, a retractable sipper apparatus, and a stainless steel grid

floor. The retractable sipper was made from a 10-ml graduated pipette with a double ball-

bearing metal sipper tube. Each metal sipper was connected to a lickometer circuit, which

interfaced to a computer operating with MED-PC software (Med-Associates Inc., St.

Albans, VT). The computer recorded time-stamped licks on the sipper throughout the

acquisition phase as well as lever presses throughout all phases of the experiment.

Locomotor chambers have been described in detail previously (Gubner et al., 2013). Briefly,

sixteen automated locomotor chambers (40 x 40 x 30 cm; AccuScan Instruments Inc.,

Columbus, OH) were used, which were equipped with pairs of 8 photocell beams and

detectors located 2 cm above the floor. VERSADAT software (AccuScan Instruments Inc.)

was used to convert beam interruptions into horizontal distance traveled (cm). Each chamber

contained a fan to provide ventilation and background noise, and each chamber contained a

3.3 W incandescent light bulb during activity testing.

1.4 Acquisition

Self-administration was acquired with the “sipper” procedure (Ford et al., 2007a, 2007b;

Samson et al., 1998). For 12 days, mice (n = 12) were fluid restricted overnight and were

trained to respond for access to a 10% (w/v) sucrose solution (10S) on a fixed ratio (FR)1

schedule. Sessions were 60 minutes long, and every time the animal made a response on the

“active” lever, both levers retracted, the house light turned off, the respective stimulus light

turned on for 5 seconds, and the sipper extended into the chamber for 60 seconds. Responses

on the “inactive” lever were recorded but had no scheduled consequence. The position of the

active lever was counterbalanced between chambers. Sipper access was reduced from 60 to

30 seconds, and session length was decreased from 60 to 30 minutes over successive

training sessions. Fluid restriction was lifted and then the FR was increased by 1 every 3–4

sessions until mice were on an FR4 schedule. At this point, 10% (v/v) ethanol (10E) was

added to the solution. The sucrose was then faded out in a step-wise manner (3 sessions each

with 10S/10E, 5S/10E, and 2.5S/10E solutions) to eventually yield a 10E solution with no

sucrose present. The FR schedule was then increased in a step-wise fashion (3–4 sessions

each at FR4, FR6, FR8), and then a Response Requirement (RR)8 schedule was instituted.

On the RR schedule, each mouse had 20 minutes to make its 8 lever presses on the “active”

lever; upon completion of the requirement, the levers retracted, the stimulus light

illuminated for 5 seconds, and the sipper came into the cage, allowing 30 minutes of

continuous 10E access. The RR schedule was used as previous work has shown that mice

consumed approximately twice as much on an RR versus an FR schedule (Ford et al.,
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2007b). Mice were maintained on the RR8 schedule for approximately three weeks. At that

time, because intake was still low (~0.5 g/kg/30-minutes), mice were exposed to a week of

continuous access to 10E and water in the homecage. Intake during this time was 11.5 ± 0.4

g/kg per day for 5 days. Then, mice resumed operant sessions on the RR8 schedule for 8

more weeks, where intake substantially increased. In total, mice self-administered 10E (in

the absence of sucrose) for 16 weeks prior to the initiation of extinction sessions.

1.5 Extinction and reinstatement

Extinction consisted of a 30-minute session in the same chambers, where presses on both the

previously active and inactive lever were recorded but there was no scheduled consequence.

Mice underwent 16 days of extinction, and during the last 4 extinction sessions, mice were

pretreated with saline 30 minutes prior to the session start in order to habituate them to

injections. When presses on the previously active lever were consistently below 25% of the

previous criterion of 8, mice were then tested for the ability of 4 or 6 mg/kg THIP to

reinstate lever pressing. The reinstatement tests were performed in an identical manner to

extinction sessions in that lever pressing did not result in any scheduled consequence. Doses

were given in ascending order in a within-subject design with baseline re-established

between doses (at least 2–3 days between injections). Vehicle was given on all intervening

days, and the “0 mg/kg” value was calculated by averaging the 2 days that immediately

preceded a drug day; there were no significant differences between active or inactive lever

presses on these 2 vehicle days. Mice received 4 days off following the last THIP injection,

and then extinction sessions were resumed with pretreatment of 20% β-CD given 30 minutes

prior to the session start. Beginning ten days after the last THIP injection, mice were tested

with 10 and 15 mg/kg GAN in ascending dose order in a within-subject design, with

baseline re-established between doses. Again, there were no statistical differences between

active or inactive lever presses on the 2 vehicle days that immediately preceded a drug day,

so these values were collapsed to give the vehicle “0 mg/kg” value.

1.6 Blood ethanol concentrations (BECs)

During the final week of 10E self-administration, a 20 μL blood sample was taken from the

orbital sinus of each mouse at the conclusion of a 30-minute self-administration session and

analyzed for ethanol content, as previously described (Finn et al., 2007). Each sample was

added to 500 μL of a solution that contained 4 mM n-propanol (internal standard) in

deionized water. The solution was vortexed and analyzed using head-space gas

chromatography. Concentrations of samples were interpolated from a standard curve, which

was constructed using 6 pairs of external standards with known ethanol concentrations (from

0.5 to 3.0 mg/ml).

1.7 Locomotor activity

A separate group of drug and experimental naïve mice (n = 29) were used to test the

locomotor effects of THIP and GAN. On days 1 (habituation) and 2 (baseline), all mice

received an i.p. injection of 20% β-CD. Thirty minutes later, they were placed in the

locomotor chambers and horizontal activity was measured for 30 minutes. On day 3, these

mice were separated into groups that received an injection of 0 (n = 10), 10 (n = 10), or 15

Ramaker et al. Page 5

Neuroscience. Author manuscript; available in PMC 2015 July 11.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(n = 9) mg/kg GAN 30 minutes prior to testing, and activity was recorded for 30 minutes.

Drug-induced locomotor activity for each animal was calculated as a difference score by

subtracting its individual baseline (day 2) activity from its activity following drug injection

(day 3). A week later, mice were again tested in the locomotor chambers after a 30 minute

pretreatment with saline (days 1 and 2). On day 3, mice were balanced on previous GAN

dose treatment, and separate groups were tested following a 30 minute pre-treatment with 0

(n = 10), 4 (n = 10), or 6 (n = 9) mg/kg THIP. Drug-induced locomotor activity was again

calculated by subtracting each individual animal’s baseline activity (day 2) from activity

following drug injection (day 3).

1.8 Statistical analysis

To examine extinction, a Repeated Measures ANOVA was conducted for each lever type

across sessions. Based on previous results with ALLO where ALLO significantly affected

pressing on both levers, but post-hocs were only significant for the active lever (Finn et al.,

2008), a priori planned comparisons analyzed active and inactive lever presses separately

using one-way Repeated Measures ANOVAs to analyze the reinstatement tests. In the event

of a significant main effect of dose, paired t-tests versus vehicle were performed using

Fisher’s Least Significant Difference test. For locomotor activity data, between-subjects

ANOVAs assessed the effect of dose on overall activity. Activity data were analyzed in 5-

minute bins using a 2-way ANOVA, with dose as a between-groups measure and time as the

repeated measure. Post-hoc t-tests were performed only in the event of a significant result

(time x dose interaction and then main effect of dose). The significance criterion was set at p

≤ 0.050 for all experiments. A single outlier was removed from the analysis of active lever

presses following reinstatement with 10 mg/kg GAN; this outlier was greater than 2 standard

deviations above the group mean.

2. Results

2.1 Self-administration and extinction

Prior to the initiation of extinction sessions, mice self-administered 10E for approximately

16 weeks. Collapsed across the final week of self-administration, mice consumed 0.87 ±

0.09 g/kg/30-minutes. Following a drinking session during the final week of self-

administration, BECs measured in 9 mice were 29 ± 9 mg/dl (intake: 0.79 ± 0.13 g/kg);

there was a significant correlation between intake and BEC (r = 0.76, p = 0.017; data not

shown). Throughout extinction, there was a significant main effect of session when

analyzing presses on the active lever [F(15,165) = 14.220; p < 0.001; Fig. 1]. There was no

effect of session on inactive lever presses.

2.2 Reinstatement tests

During the reinstatement tests, there was no significant effect of THIP on lever pressing for

either the previously active or the previously inactive lever (Fig. 2). In contrast, pretreatment

with GAN significantly increased presses on the previously active lever [F(2,20) = 3.575, p

= 0.047; Fig. 3], with significant increases following both 10 mg/kg (p = 0.025) and 15

mg/kg (p = 0.008) GAN when compared to vehicle treatment. There also was a trend for an

effect of GAN on inactive lever presses [F(2,22) = 2.973, p = 0.07; Fig. 3). To examine the
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pattern of lever pressing throughout the 30-minute session, total lever presses were

examined split into 5-minute bins. However, there was no interaction between treatment

dose and time (data not shown). With both GAN and THIP treatment, latency to first lever

press was extremely variable both within and between subjects and did not result in any

significant effects (data not shown).

2.3 Locomotor activity

There was no difference in baseline (day 2) activity for mice that subsequently received the

different doses of THIP. THIP did not significantly alter horizontal activity when data were

accumulated across the 30-minute session (Fig. 4a). When examined by 5-minute bins, there

was a trend for a bin by dose interaction [F(2,26) = 2.306; p = 0.097; Fig. 4b].

There was also no difference in baseline (day 2) activity for mice that subsequently received

the different doses of GAN. There was a trend for an effect of GAN to increase locomotor

activity for data accumulated across the entire 30-minute session [F(2,26) = 2.923; p =

0.072; Fig. 5a]. Analyzing by 5-minute bins revealed a significant bin by dose interaction

[F(10,130) = 3.152; p < 0.001; Fig 5b], which appeared due to the fact that GAN increased

activity to a greater extent at the earlier versus the later parts of the session. During minutes

0 – 5, there was a main effect of dose [F(2,26) = 8.218 p = 0.002]; both 10 mg/kg (p =

0.022) and 15 mg/kg (p < 0.001) GAN significantly increased activity during this time.

There also was an effect of dose during minutes 5 – 10 [F(2,26) = 4.722 p = 0.018], with a

trend for an increase following 10 mg/kg (p = 0.051) and a significant increase following 15

mg/kg (p = 0.006). There was a trend for an increase in activity during minutes 10 – 15

[F(2,26) = 2.923; p = 0.072].

3. Discussion

In the present study, mice had a history of more than 4 months of lever pressing for 10E

access. Even after more than 3 weeks of abstinence, during which time lever pressing did

not result in 10E access or conditioned cue exposure, GAN increased ethanol seeking

behavior, as measured by the number of presses on the previously active lever. Interestingly,

the number of ethanol-appropriate lever presses following the largest dose of GAN was

elevated to a level similar to the previous requirement of 8 presses. An increase in ethanol

seeking with GAN is consistent with previous data showing that GAN increased ethanol-

reinforced lever pressing (Ramaker et al., 2012) and that ALLO increased ethanol seeking in

a reinstatement procedure (Nie and Janak, 2003; Finn et al., 2008).

Contrary to GAN, THIP did not reinstate ethanol seeking, suggesting that activation of

extrasynaptic GABAA receptors with a direct agonist is not sufficient to promote the

reinstatement of ethanol seeking. The 4 mg/kg dose of THIP was chosen based on data

showing that it decreased both the appetitive and consummatory phases of self-

administration in an operant procedure (Ramaker et al., 2012). Importantly, the 4 and 6

mg/kg doses of THIP correspond to low μM concentrations in the CNS, concentrations

thought to act selectively on tonic inhibition (Cremers and Ebert, 2007). Although it is

possible that increasing the dose may have uncovered an effect of THIP to promote

reinstatement, use of 8 mg/kg prevented 11 of 12 mice from attaining an ethanol reinforcer
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in a prior study (Ramaker et al., 2012), consistent with the idea that THIP may decrease

ethanol seeking. Future studies should test the effect of THIP to decrease an oral ethanol

prime- or light cue-induced reinstatement, as a floor effect in the current procedure limited

the ability to detect a decrease if one existed.

One interpretation of the differential effect between GAN and THIP is that activation of

extrasynaptic GABAA receptors alone is not sufficient to promote ethanol reinstatement. It

is possible therefore that GAN’s activity at synaptic GABAA receptors, or the combined

actions at synaptic and extrasynaptic GABAA receptors, is necessary to promote ethanol

seeking. Another not mutually-exclusive interpretation is that GAN’s action as a positive

allosteric modulator versus THIP’s ability to act at the GABA binding site and directly gate

the channel contributed to the differential effect of these two drugs on ethanol seeking.

Examination of reinstatement of ethanol seeking with other GABAA receptor-acting drugs

such as muscimol, which acts at the GABA binding site at both synaptic and extrasynaptic

GABAA receptors, could help elucidate whether it is the action at synaptic versus

extrasynaptic receptors or the action at the neuroactive steroid site (Hosie et al., 2006)

versus the GABA site that differentiates the effects of these two drugs on measures of

ethanol seeking.

One potential explanation for an increase in ethanol seeking following GAN injection is

that, due to shared stimulus properties between ALLO and ethanol (Bowen et al., 1999;

Grant et al., 1996, 2008), GAN may have acted similar to a drug (ethanol) prime. This is in

line with studies showing that non-contingent priming injections of a drug, or agents with

similar pharmacological or stimulus properties of a drug, reinstated seeking for that drug (de

Wit and Stewart, 1981; de Wit and Stewart, 1983; Stewart, 1983). However, THIP did not

substitute for ethanol (1.5 g/kg) in a drug discrimination study (Shelton and Grant, 2002),

suggesting that, unlike GAN, THIP does not share discriminative stimulus effects with

ethanol. Additionally, mice lacking the δ subunit of the GABAA receptor could discriminate

between ethanol and saline (Shannon et al., 2004), indicating that the δ subunit is not

necessary for the discriminative properties of ethanol. Thus it is possible that GAN’s actions

at the neuroactive steroid binding site of non-δ subunit containing GABAA receptors

contributed to a shared stimulus effect with ethanol, and this stimulus effect reinstated

ethanol seeking. On the other hand, there is not always a direct relationship between drug

discrimination and reinstatement (Shaham et al., 2003), and there could be alternative

explanations as to why GAN, but not THIP, promoted reinstatement.

Although the overall 30 minute locomotor effect of GAN was not significant, due to an

increase in activity in the first 10 minutes of the session, we cannot rule out that an increase

in activity following GAN contributed to an increase in lever pressing. However, an increase

in general activity does not appear to be a sufficient explanation to fully account for the

increase in lever pressing for a number of reasons. Firstly, the effects of GAN on lever

pressing were only significant with regard to the previously active lever, indicating that an

increase in locomotor activity did not induce an indiscriminate increase in lever pressing

behavior. Secondly, with regard to the lever pressing across time, there was not an

interaction between lever presses and 5-minute bins that would support a similar temporal

relationship between the lever pressing and the locomotor activity. In support of a separation
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between locomotor and lever pressing behavior, Besheer et al. (2010) showed that 1 mg/kg

GAN in rats increased ethanol-reinforced responding in the absence of a general effect on

locomotor activity, indicating that GAN may have effects on ethanol-reinforced responding

separable from its general locomotor effects. Lastly, although the effects of THIP on activity

were not statistically significant, visual comparison between the locomotor data for THIP

and GAN shows that THIP induced similar quantitative increases in locomotor activity as

GAN, suggesting that the magnitude of locomotor activity induced by GAN was not

sufficient to produce an increase in lever pressing.

An important consideration is that mice in the present study had an extended history of

ethanol intake followed by a period of ethanol abstinence. Removal of ethanol following

chronic exposure can lead to alterations in GABAA receptor subunit expression, specifically

a down-regulation in δ subunit surface expression (Liang et al., 2007) and a subsequent

decrease in THIP-mediated tonic current (Liang et al., 2006). Although there are major

differences between the present study and that used by Liang and colleagues (2006, 2007)

(60 exposures to 5 or 6 g/kg ethanol injections in Liang et al. versus 4 months of self-

administered ethanol of < 1 g/kg), a possible reduction in δ subunit expression across certain

brain regions pertinent to reinstatement may have limited the ability of THIP to induce

effects, while maintaining synaptic GABAA receptor targets of GAN. Future studies are

necessary to examine which brain areas may be mediating the effect of GAN on

reinstatement, and if δ subunit expression is in fact altered in these brain regions in the

present procedure.

Because these studies all utilized systemic injections, they do not provide insight into the

brain areas underlying the ability of GAN to promote reinstatement of ethanol seeking. In

human studies, the ventromedial prefrontal cortex and anterior cingulate are both hypoactive

in abstinent, recovering alcoholics, and this hypofunction is related to increased craving and

possibly relapse (Seo et al., 2013). Although speculative, it is possible that GAN could have

acted in the prefrontal cortex or interacting brain areas, and that this hypofunction could

have contributed to increased ethanol seeking. Another brain region that may mediate the

effects of GAN on the reinstatement of ethanol seeking, particularly if there is a link

between drug discrimination and reinstatement, may be the nucleus accumbens core; local

infusions of ALLO into the nucleus accumbens core have been shown to share subjective

stimulus effects with ethanol (Hodge et al., 2001). Future studies using site-specific

infusions or employing c-Fos immunoreactivity could help elucidate some of the underlying

brain regions contributing to the reinstatement of ethanol seeking.

Although the specificity of GAN to enhance the reinstatement of ethanol seeking was not

tested in the present study, ALLO promoted reinstatement of sucrose seeking in mice, but

not in rats (Finn et al., 2008; Nie and Janak, 2003). Given that ALLO also decreased latency

to feed in rats (Holmberg et al., 2013), it is possible that ALLO and GAN may have more

general effects on seeking behavior, particularly for calorie-containing substances. On the

other hand, ALLO decreased drug-induced reinstatement of cocaine and methamphetamine

seeking, respectively, in rats, at doses that did not induce sedation (Holtz et al., 2012; Anker

et al., 2009), indicating that ALLO or GAN-induced enhancement of ethanol seeking does

not generalize to all drugs of abuse or reinforcers. It should be noted that in the case of
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reinstatement of cocaine and methamphetamine seeking, the effect of ALLO was only

present in female mice (Holtz et al., 2012; Anker et al., 2009), highlighting important

potential interactions with sex hormones that remain to be elucidated in the case of the

reinstatement of ethanol seeking.

The present studies were performed in male mice due to data showing that female rodents

were insensitive to manipulations of ALLO levels on subsequent ethanol intake (reviewed in

Finn et al., 2010). Additionally, expression of the δ subunit varies across the estrous cycle

(Maguire et al., 2005), as does the ability of THIP to reduce ethanol intake in female rodents

(Melón et al., 2012 abstract), which can complicate interpretation of studies examining the

effectiveness of THIP on reinstatement of ethanol seeking in females. Future studies are

aimed at examining the effect of GAN and THIP on ethanol seeking in female mice, as well

as the potential interaction of these effects with the estrous cycle.

4. Conclusions

In conclusion, GAN promoted the reinstatement of ethanol seeking, consistent with data

showing that GAN increased ethanol seeking in an operant self-administration procedure

(Ramaker et al., 2012) and that ALLO promoted ethanol seeking in a reinstatement

procedure (Finn et al. 2008; Nie and Janak, 2003). On the other hand, THIP did not promote

reinstatement of ethanol seeking in the present study, consistent with data showing that

THIP decreased ethanol-reinforced responding in an operant procedure (Ramaker et al.,

2012). These data suggest that direct activation of extrasynaptic GABAA receptors at the

GABA site is not sufficient to induce ethanol seeking in the reinstatement procedure.
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Highlights

• A GABAA receptor-active neurosteroid analog, ganaxolone, reinstated ethanol

seeking in mice.

• An extrasynaptic GABAA receptor agonist, gaboxadol (THIP), did not reinstate

ethanol seeking.

• Direct extrasynaptic GABAA receptor activation is not sufficient to reinstate

ethanol seeking.
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Fig. 1.
Lever presses during extinction are shown for both the previously active and inactive levers.

Values represent mean ± SEM of 12 mice. Baseline (B) represents the average of the last

week in which mice were being reinforced.
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Fig. 2.
Effect of gaboxadol (THIP) on responding on the previously active and inactive levers

during reinstatement tests. Values represent mean ± SEM for 12 mice.
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Fig. 3.
Effect of ganaxolone (GAN) on responding on the previously active and inactive levers

during reinstatement tests. Values represent mean ± SEM for 12 mice. * p ≤ 0.05, ** p ≤

0.01 versus 0 mg/kg.
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Fig. 4.
Locomotor effects of gaboxadol (THIP) a) across the total 30-minute session and b) split

into 5-minute bins. Data depict drug-induced locomotor activity for each animal (treatment

day 3 minus baseline day 2) and represent mean ± SEM for 9 – 10 mice per group.
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Fig. 5.
Locomotor effects of ganaxolone (GAN) a) across the total 30-minute session and b) split

into 5-minute bins. Data depict drug-induced locomotor activity for each animal (treatment

day 3 minus baseline day 2) and represent mean ± SEM for 9 – 10 mice per group. + p ≤

0.10, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 versus 0 mg/kg.
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