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Abstract

Background and purpose The use of the recreational drug gamma-hydroxybutyric acid (GHB) has increased over the past
decade, concomitantly leading to a higher incidence of GHB use disorder. Evidence-based treatment interventions are hardly
available and cognitive effects of long-term GHB use remain elusive. In order to study the development of GUD and the
causal effects of chronic GHB consumption, a GHB self-administration model is required.

Experimental approach Long Evans rats had access to GHB in their home cage according to a two-bottle choice procedure
for 3 months. Intoxication and withdrawal symptoms were assessed using an automated sensor-based setup for longitudinal
behavioral monitoring. Rats were trained in an operant environment according to a fixed ratio (FR) 1, 2, and 4 schedule of
reinforcement. Addiction-like behaviors were assessed through progressive ratio-, non-reinforced-, and quinine-adulterated
operant tests. In addition, the novel object recognition test and elevated plus maze test were performed before and after GHB
self-administration to assess memory performance and anxiety-like behavior, respectively.

Key results All rats consumed pharmacologically relevant levels of GHB in their home cage, and their intake remained stable
over a period of 3 months. No clear withdrawal symptoms were observed following abstinence. Responding under operant
conditions was characterized by strong inter-individual differences, where only a subset of rats showed high motivation for
GHB, habitual GHB-seeking, and/or continued responding for GHB despite an aversive taste. Male rats showed a reduc-
tion in long-term memory performance 3 months after home-cage GHB self-administration. Anxiety-like behavior was not
affected by GHB self-administration.

Conclusion and implications The GHB self-administration model was able to reflect individual susceptibility for addiction-
like behavior. The reduction in long-term memory performance upon GHB self-administration calls for further research into
the cognitive effects of chronic GHB use in humans.

Keywords Gamma-hydroxybutyric acid - GHB - Drug addiction - Self-administration model - GHB use disorder -
Substance use
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Introduction

Gamma-hydroxybutyric acid (GHB) is a neurotransmit-
ter and a precursor and metabolite of the main inhibitory
neurotransmitter gamma-aminobutyric acid (GABA). Next
to its use as a pharmaceutical drug for narcolepsy and
patients with an alcohol use disorder (AUD) (Busardo
et al. 2015), GHB is increasingly being used as a recrea-
tional drug for its disinhibiting and anxiolytic effects. The
majority of GHB users consume GHB recreationally, with-
out adverse effects (Dijkstra et al. 2021). However, due to
its addictive properties, 4-21% of frequent users develop
GHB use disorder (GUD) (Dijkstra et al. 2021). GUD is
characterized by frequent overdosing and comas, a severe
and erratic withdrawal syndrome, and high relapse rates
(Kamal et al. 2017).

GUD has been associated with (verbal) short-term
memory deficits (Beurmanjer et al. 2022; Pereira et al.
2018). In addition, patients with GUD often experience
comorbid anxiety- and mood-related symptoms (Beurman-
jer et al. 2019). It is difficult to determine whether these
cognitive and emotional problems are pre-existing (and
increase GUD susceptibility), or whether these symptoms
are caused by chronic GHB use. Animal studies provide
the opportunity to study these relationships and its cau-
sality in an experimental model. The majority of previous
pre-clinical GHB studies primarily studied the effects of
acute and forced, non-voluntary GHB administration on
neurotoxicity and cognition (Chen et al. 2017; Johansson
et al. 2014; Kueh et al. 2008; Laraway et al. 2008; Sir-
car and Basak 2004). In contrast to the established pre-
clinical alcohol- and cocaine self-administration models,
a model for prolonged voluntary GHB self-administration
is currently lacking.

The establishment of a GHB self-administration model
is crucial to assess the causes and consequences of GUD,
to understand the neurotoxic effects of GHB, and to even-
tually examine novel pharmacological interventions to,
e.g., reduce relapse rates. Previous studies have shown
that GHB administration induces rewarding effects in
rodents (Itzhak and Ali 2002; Martellotta et al. 1997; Wat-
son et al. 2010), allowing for the development of a GHB
self-administration model. Colombo et al. (1995) initially
demonstrated home-cage binge-like GHB consumption in
outbred rats (Colombo et al. 1995). GHB self-adminis-
tration has further been examined in ethanol-preferring
rats, leading to increased GHB intake compared to out-
bred rats (Colombo et al. 1998). In mice, voluntary intra-
venous GHB self-administration for 14 days leads to an
initial increase in GHB intake, followed by a subsequent
decrease (Watson et al. 2010). However, it is unknown to
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what extent these paradigms serve as a model for GUD,
since extensive characterization is lacking.

The aim of the current study was to develop an animal
model for prolonged voluntary home-cage and operant GHB
self-administration to examine potential GUD-like charac-
teristics. We first performed a pilot study in rats, in which we
determined the optimal GHB self-administration parameters
and assessed whether (accidental) GHB overdosing occurred
in the rats. Specifically, we (1) examined GHB intake pat-
terns in a home-cage environment, (2) characterized the
behavioral phenotype during GHB intoxication and with-
drawal, and (3) tested multiple addiction-like behaviors in
an operant setting. In addition, we explored the predictive
effect of baseline anxiety-like behavior on GHB intake, and
assessed the effects of chronic GHB self-administration on
cognition and anxiety-like behavior.

Methods

The methods of this study are reported in compliance with
the ARRIVE guidelines (Curtis et al. 2022; Percie du Sert
et al. 2020) (Fig. 1).

Animals

We employed rats in this study because the rat is the preferred
species for preclinical addiction research (Homberg, et al.
2017). All rats were pair-housed in enriched type IV cages
(59%38%20 cm; Tecniplast 1500U) with corncob bedding
(GM 12 irradiated, Bio Services) under conventional condi-
tions (no filtertops). When GHB was available in the home
cage, rats were separated with a perforated plexiglass divider
in order to measure individual GHB and water intake. The
divider enabled rats to be in closer proximity and in a less
stressful environment compared to individual housing. On
each side of the divider, one bottle of water and one bottle of
GHB were freely available. The rats had ad libitum access to
food (dried pellets of standard chow food [ssniff RM V1534-
703, Bio Services]) and water. The rats were maintained on a
reversed light—dark schedule (lights off at 08:00 h) in tempera-
ture- (21 + 1 °C) and humidity-controlled (55% + 5%) rooms.
The experimental procedures were performed under a pro-
ject license from the Central Committee on Animal Experi-
ments (Centrale Commissie Dierproeven, The Hague, The
Netherlands), in full compliance with the legal requirements
of Dutch legislation on the use and protection of laboratory
animals (Animal Testing Act). All efforts were made to reduce
the number of animals used and their suffering.
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Fig.1 Overview and timeline of the experimental procedures that
were performed in this study. Behavioral tests are represented in blue,
GHB self-administration is represented in yellow, the pilot study

Pilot study

We first conducted a pilot study to (1) determine under
which conditions the rats showed maximum voluntary GHB
intake, and (2) assess the possible risk for GHB overdosing
during home-cage GHB consumption.

Animals In our pilot study, we used 10 Long Evans rats
(50% female) (Janvier, France, PND28 on arrival). No power
analysis was performed for this pilot study. We based our
sample size on GHB consumption seen in Colombo et al.
(1995). The weight of the rats was monitored twice-daily
during the GHB consumption period.

GHB self-administration All rats had access to GHB in water in
their home cage according to a two-bottle choice procedure (GHB
and water). On Mondays, the GHB concentration was increased
from 1 to 2, 3, 4, and 5% GHB (weight (w)/volume (v)) (Serra
et al. 2002). On Mondays and Tuesdays, GHB was available for
6 h per day and rats were monitored for possible GHB overdosing.
On Wednesdays, Thursdays, and Fridays, rats had access to GHB
for 24 h. GHB and water consumption were measured hourly over
a 6-h period by measuring bottle weights. In the weekends, rats
only had access to water. The location of the water and GHB bot-
tle was switched every day to prevent side bias.

Novel Object Recognition

Operant GHB
self-administration

, \
/ \

/ \

FR1->FR2->FR4

0g/mL->0.1 g/mL ->
0.3g/mL ->1.0 g/mL

30 min -> 60 min -> 180 min

and self-administration details are represented in red, the withdrawal
period is represented in green, and a temporary cessation of the study
due to construction work in the animal facility is represented in black

The concentration that resulted in the highest volume
consumed (5% GHB (w/v)) was used in subsequent volun-
tary GHB intake tests. First, a 5% GHB (w/v) was dissolved
in a 5% sucrose solution (w/v) for 1 week to increase palat-
ability of GHB and to examine whether this would increase
GHB intake. This sucrose/GHB solution was presented in
addition to a regular water bottle.

Hereafter, continuous versus intermittent access of a
5% GHB (w/v) solution (without sucrose) was measured,
based on earlier work of Spoelder et al. (2015). First, con-
tinuous 5% GHB consumption was assessed for 14 days.
Then, intermittent GHB consumption was assessed by pro-
viding a GHB bottle for 24 h on Mondays, Wednesdays,
and Fridays for 2 weeks. The remaining days, rats only
had access to water.

Following the access schedule test (continuous ver-
sus intermittent), increasing concentrations of GHB were
assessed to examine whether increasing GHB concentrations
would automatically yield higher GHB intake. We increased
GHB doses from 4% onwards to 5, 6, 7, and 8%, until we
observed a lack of a further increase in GHB intake at 8%
GHB (w/v). Finally, we examined if the temporary removal
of the water bottle (3 h per day) would lead to increased
GHB intake (forced GHB), as observed in Colombo et al.
(1995).
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Full study

Animals We used 40 Long Evans rats (50% female) (Jan-
vier, France, PND28 on arrival) to establish a GHB
self-administration paradigm. As a part of our ethical
approval application, we performed an a priori sample
size calculation with novel object recognition memory
as the main outcome parameter. Based on findings by
van Nieuwenhuijzen et al. (2010) (standardized effect
size =1.64), with a power of > 0.80 and an alpha of 0.05,
a sample size of 10 rats per group was required. In order
to also be able to assess time effects and interactions,
and assuming a large effect size of 0.5, a sample size
of 18 rats per group was required. Accounting for pos-
sible drop-out, we used a total group size of 40 rats. Rats
were assigned to either the GHB group or a control group
according to a counterbalanced design, based on base-
line elevated plus maze (EPM) and novel object recogni-
tion (NOR) memory. This lead to similar baseline EPM
and NOR scores between treatment groups (male GHB
n=10, female GHB n =10, male control n =10, female
control n=10). Cage location in the housing room was
randomized to prevent unwanted effects caused by the
environment. Throughout the study, four rats (one male
control, one female control, two female GHB) were taken
out of the study due to reaching the humane endpoints
(HE) unrelated to GHB consumption (e.g., a broken leg,
bacterial infection) (HE1: The animal experiences more
discomfort than justified for the purpose of the experi-
ment approved by the local Animal Ethical Committee
(unrelievable adverse behavioral changes, unrelievable
adverse body condition, weight loss >20%); HE2: The
animal experiences more than little, additional, discom-
fort as a result of conditions not related to the experi-
ment). The exact number of rats that was used in each
experiment is provided in the respective figure legends.

Home-cage GHB consumption

Rats in the GHB group had continuous access to 7%
(w/v) GHB (Xyrem 500 mg/mL, Jazz Pharmaceuticals,
Athlone, Ireland) in water according to a two-bottle
choice procedure. GHB and water were presented in
drinking bottles with stainless steel dual ball-bearing
drinking spouts for 3 months. These GHB access param-
eters were determined in the pilot study. The location of
the GHB bottle and water bottle was switched from left
to right (or vice versa) once per week to prevent side
bias. The drinking bottles were weighed daily on Mon-
days until Fridays and the body weight of the rats was
measured once a week.
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Behavioral assessment of GHB intoxication and withdrawal

To assess potential GHB intoxication, individual behavio-
ral parameters (locomotion, immobility, grooming, rearing,
drinking, and eating) and the aberrant behaviors wet dog
shakes, head shakes, and head twitching were automatically
classified and assessed during GHB access in regular Type-
IITH cages using LABORAS (Metris B.V., Hoofddorp, The
Netherlands); Laboratory Animal Behavior Observation
Registration and Analysis System (Castagné, et al. 2012).
The intoxication measurements were conducted during two
3-h sessions, performed after 1 and 2 months of home-cage
GHB access. Throughout these sessions, the rats had free
access to food. The GHB group had access to GHB, while
the control group had access to water. The measurements
were performed during the rats’ active phase.

To assess withdrawal, GHB was removed from the home
cage directly following the 3-month GHB consumption
period, and behavior was assessed using LABORAS for
22 h.

Operant GHB self-administration

Rats that previously had access to GHB in the home cage
underwent behavioral training and testing in operant boxes
(29.5cm L, 24 cm W 25 cm H; Med Associates, Geor-
gia, VT), situated in light- and sound-attenuating cubicles
equipped with a ventilation fan. Each box was equipped
with an active and an inactive 4.8-cm-wide retractable
lever, placed 11.7 cm apart and 6 cm from the grid floor.
The location of the active and inactive lever was counter-
balanced between rats. A cue light was present above each
lever and a liquid dipper was located between the levers.
Upon an active lever press, the dipper cup containing GHB
(0.1 mL, 7% w/v) was raised for 10 s. Simultaneously, a cue
light lit up for 15 s, during which additional presses on the
active lever had no consequences. Pressing the inactive lever
was recorded, but had no programmed consequences. Head
entries in the reward receptacle were measured through
infrared beam breaks.

Rats were habituated to the operant box for three daily
30-min habituation sessions, during which no levers or cues
were present. Rats were subsequently trained to press the
lever according to fixed ratio 1 (FR1), FR2, and FR4 sched-
ules of reinforcement (seven to 14 sessions per schedule)
(Fig. 2). The response requirement was increased after a
minimum of seven sessions, and when rats earned at least
one reward in three subsequent sessions. To increase behav-
ioral output, the duration of the FR4 operant sessions was
increased from 30 min (seven to 14 sessions) to 1 h (three
sessions) and 3 h (three sessions with 7% GHB (w/v)). Seven
additional 3-h FR4 sessions were conducted using a 2%
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Fig.2 Schematic representation of the operant self-administration experiments

GHB (w/v) concentration to examine whether rats would
increase their lever active presses, seeking comparable GHB
effects as observed with the 7% GHB concentration (Fig. 2).
The rats were tested 5 days per week, once per day. Rats that
did not earn a reward in three subsequent sessions (n=06)
were excluded from further training and testing.

Assessment of motivation to use, habitual drug-seeking
and use despite negative consequences

The motivation to use GHB was tested on a 3-h progressive
ratio (PR) schedule of reinforcement, during which the num-
ber of required active lever presses was calculated according
to the formula F(n) = 5 X EXP(0.2n) — 5. Following PR, a
3-h non-reinforced session (NR) was performed, in which an
active lever press had no programmed consequences. After
the NR session, one to three 30-min FR4 reminder sessions
were performed to reinstate GHB-seeking behavior. When a
rat earned at least one GHB presentation in a reminder ses-
sion, we examined GHB use despite negative consequences.
We adulterated GHB with increasing doses of quinine, from
0.0t0 0.1, 0.3, and 1.0 g/L quinine in 2% GHB (w/v). Each
3-h quinine session was performed under a FR4 schedule of
reinforcement.

Elevated plus maze

Anxiety-like behavior was measured before and directly
after home-cage GHB consumption using the elevated
plus maze (EPM) (Fig. 1) (Walf & Frye, 2007). The maze,
elevated 50 cm from the floor, consisted of two open arms
(50% 10 cm, 10 1x) and two closed arms (50 X 10 cm) that
were enclosed by a side wall. Rats were placed in the center
of the maze, facing the open arm and were allowed to
explore the apparatus for 5 min, while being recorded by a
camera suspended above the center of the maze.

Novel object recognition

Object recognition was tested before, and 13 weeks after
home-cage GHB consumption using the novel object rec-
ognition (NOR) test. The second assessment of the NOR
(after GHB exposure) was preceded by a 10-week recon-
struction period at the animal facility (Fig. 1). Habituation,

training, and testing were performed according to Genzel
et al. (2019). In short, rats were habituated to a white MDF
testing box (80 80 % 80 cm) during five daily 10-min ses-
sions. During the first three sessions, no cues or objects were
present in the testing box. In sessions four and five, two
objects (made from Duplo blocks, not used in main experi-
ment) were placed in the testing box and rats were allowed
to explore. On the bottom side of the floor of the testing
box, four magnets were placed in fixed locations for consist-
ent placement of the objects. The objects were attached to
square metal plates. During training, two identical objects
were placed in the testing box and rats were allowed to
explore the testing box for 10 min. The object type during
training and the location of the objects were counterbalanced
between rats. Following an inter-trial interval of 24 h, one of
the objects was replaced with another object, after which the
rats were again allowed to explore the testing box for 10 min.
Rats were recorded using an overhead video camera system.

Data and statistical analysis

The data and statistical analyses complied with the recom-
mendations on experimental design and analysis in phar-
macology (Curtis et al. 2022). All rats tested were treated
as independent values, there were no technical replicates.

Performance on the NOR task was determined by
calculating the Discrimination Index (DI). The DI was
calculated as the difference between the time exploring
the novel object and the old object, divided by the total
exploration time. Videos were analyzed using the automated
tracking software DeepLabCut combined with a custom-
written Python script, providing unbiased data analysis
(Mathis et al. 2018). Exploration time was determined as
the total duration that the nose of the rat was within eight
pixels of the object. When the center of the body was in the
object area (i.e., rat was sitting on the object), it was not
counted as exploration time.

For the EPM, total time spent in the center, open and
closed arms, and latency to enter the open arms were auto-
matically quantified using Observer Ethovision (Noldus,
Wageningen, The Netherlands).

The effect of baseline anxiety-like behavior (EPM) on
home-cage GHB consumption was analyzed with a linear
regression model, using the AUC for the 3-month home-cage
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GHB consumption as the dependent variable and the relative
time spent in the closed arms as the predictor variable.

Typical withdrawal symptoms (wet dog shakes, head
shakes, heat twitches, and scratching) during the first 3 h
of abstinence in GHB rats were compared with a 3-h LAB-
ORAS session of control rats (performed 2 months after
home-cage self-administration).

Performance on operant sessions was represented as
active lever presses, GHB presentations (number of success-
ful completions of the schedule of reinforcement), and GHB
consumptions (head entries directly following a GHB pres-
entation). An addiction severity score was computed based
on home-cage GHB intake (area under the curve (AUC) for
GHB intake (mg/kg)), habitual drug-seeking (active lever
presses under non-reinforced conditions divided by active
lever presses under reinforced conditions), motivation to use
(active lever presses during PR), and use despite negative
consequences (AUC for GHB intake (mg/kg) under increas-
ing concentrations of quinine) (Belin et al. 2009). The four
measures were normalized by subtracting the mean of all
rats from the score of every individual rat. Thereafter, we
divided this ratio by the standard deviation of the whole
group. The sum of three out of four measures was calculated
for every combination. For every combination, the highest
quartile (n=23) was identified as exhibiting addiction-like
behavior. For a more detailed explanation, see Smeets et al.
(2022).

Where appropriate, each parameter was tested for nor-
mality with a Shapiro—Wilk test. Mauchly’s test of sphe-
ricity was used to test whether variances of the differences
between treatment levels were equal. If the assumption
of sphericity was violated, or when dealing with repeated
measures, a Geisser-Greenhouse correction was applied.
Normally distributed behavioral data were analyzed via
two-sample t-tests, one-, two-, or three-way ANOVAs with
time or session as within-subject factor, and drug (and
sex where appropriate) as between-subject factors, unless
indicated otherwise. Correlation analyses were performed
between home-cage GHB consumption, motivation to use
GHB, habitual drug-seeking and use despite negative con-
sequences, resulting in six individual correlation analyses.
Bonferroni correction was performed to correct for mul-
tiple comparisons (p =0.05/6 =0.0083). For correlation
analyses involving motivation to use GHB, one rat was
identified as an outlier and was excluded from the analyses
(deviating >2 X SD from the group mean). Bonferroni post
hoc analyses were also performed following planned com-
parisons or following significant ANOVA interactions, and
were only performed if data were normally distributed and
if there was no inhomogeneity of variance. Experimenters
were blinded during manual data analysis.

The threshold for statistical significance was set at
p<0.05. All data are presented as mean + SEM. Statistical
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analyses were conducted using GraphPad Prism (version
10.0).

Results
Pilot study

We did not witness GHB overdosing following home-cage
GHB consumption. Maximum average GHB intake was
established at 7% GHB in a water (w/v) solution under
continuous free-choice access, without addition of sucrose
(Suppl. Figure 1). These access parameters were employed
in the full study.

Full study
Home-cage GHB consumption

Rats showed pharmacologically relevant (>~ 87.5 mg/kg per
acute dose (Martellotta et al. 1997)) levels of daily GHB
intake during home-cage consumption (males: x=809.7 mg/
kg, SD =226.7; females: 4 =660.6 mg/kg, SD=92.0),
although the dose for each consumption is difficult to accu-
rately estimate. GHB intake fluctuated over a period of
12 weeks, and the GHB intake of males was higher com-
pared to females during week 4 (Fig. 3a: two-way ANOVA,
time X sex interaction, F;; j95)=2.769, p<0.01, Bonfer-
roni post hoc test week 4, p <0.05). No difference in overall
GHB intake was observed between males and females over
a period of 12 weeks. Male rats exhibited a higher prefer-
ence for GHB versus water compared to females (Fig. 3b:
two-sample #-test, p <0.01).

Behavioral assessment of GHB intoxication and withdrawal

Intoxication No clear intoxication symptoms were visible
during the 3-h sessions of GHB consumption in LABO-
RAS (Suppl. Figure 2, three-way ANOVA, no effect of
drug, p>0.05). No sex-specific drug effects were observed
(Suppl. Figure 2, three-way ANOVA, no sex X drug inter-
action, p > 0.05). However, we did see a differential effect
of GHB on home-cage behaviors (Suppl. Figure 2, three-
way ANOVA, behavior X drug interaction, F, (5.216)= 6.567,
p <0.0001). Therefore, we compared GHB vs control for
every behavior with males and females grouped. GHB rats
spent less time eating compared to controls (Suppl. Figure 2,
Bonferroni post hoc comparison, GHB vs control eating,
p<0.05).

Rats showed stable consumption of GHB during 3-h GHB
sessions, both after 1 month of home-cage GHB consump-
tion (session 1, Fig. 4a) and 2 months of home-cage GHB
consumption (session 2, Fig. 4b). During session 1, water
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consumption in the control group exceeded GHB consump-
tion in the GHB group, which did not have access to water
during the LABORAS sessions (Fig. 4a, two-way ANOVA,
main effect of group, F; 35,=9.799, p<0.01). Time spent
drinking GHB varied from~50 s up to~500 s between
rats during a 3-h period (Fig. 4c session 1, £ =219.0 s,
SD=119.4; Fig. 4d session 2, p=199.7 s, SD=118.5).
Additionally, some rats showed binge-like periods of GHB
consumption, i.e., distinct peaks in GHB consumption
(Suppl. Figure 3).

Withdrawal We did not observe a difference in the number
of wet dog shakes, head shakes, heat twitches, or scratches
during the first 3 h of GHB abstinence compared to a control
group (Fig. 5, Bonferroni post hoc comparisons, male GHB

vs male control, p > 0.05; female GHB vs female control,
p>0.05). Upon visual inspection of the 22-h development
of locomotion, rearing, grooming, wet dog shakes, head
shakes, and head twitches following abstinence, no clear
indications of withdrawal were observed (Suppl. Figure 4).
Both males and females showed a decrease in all behaviors
during the dark phase, indicating a regular day-night rhythm
unaffected by abstinence. Females showed higher behavioral
output compared to males during withdrawal, as similar dur-
ing intoxication (Suppl. Figure 2).

Operant GHB self-administration

The number of GHB presentations increased when the oper-
ant session duration increased (Fig. 6a, one-way ANOVA,
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Fig.5 Aberrant behaviors dur-
ing 3 h of sudden abstinence
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Fig.6 GHB presentations and intake during 3-h FR4 sessions. a
Total GHB presentations during different FR4 sessions. Blue data
points correspond to males, and pink data points correspond to
females. b Consumed GHB presentations per 3-h session, divided

main effect of session, F; ;55 1273)=13.36, p <0.01). Males
and females showed a similar number of (consumed) GHB
presentations (Fig. 6b). Due to a lower bodyweight of the
female rats, this resulted in a higher mg/kg GHB consump-
tion for females compared to males (Fig. 6¢, Welch’s two-
sample ¢-test, males vs females, p <0.01). Throughout the
operant FR4 sessions, active lever presses were higher than
inactive lever presses (Suppl. Figure 5: two-way ANOVA,
main effect of lever type, F, 35 =11.04, p<0.001). After
switching from 7 to 2% GHB, an increase and subsequent
decrease in GHB presentations and GHB intake over ses-
sions were observed (Fig. 6b, Fig. 6¢, Suppl. Figure 5). The
number of GHB presentations and GHB intake during 3-h
7% GHB sessions remained stable (Fig. 6b, Fig. 6¢).

Rats that finished operant training (n = 12) were tested for
several addiction-like behaviors. During PR testing, one rat
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by sex. ¢ mg/kg GHB intake per 3-h session, divided by sex. Males
n=4, females n=8. ##=p<0.01 one-way ANOVA main effect.
**=p<0.01 Welch’s two-sample #-test males vs females

showed extremely high responding (489 active lever presses
during a 3-h session) (Fig. 7a). Active lever responses of the
majority of rats during the PR schedule of reinforcement
were comparable to active lever responses during FR4 (vary-
ing between 13 and 67) (Fig. 7b). Responding under non-
reinforced conditions was slightly decreased compared to
reinforced responding, although responding was still main-
tained (average ratio of 0.81) (Fig. 7c). Quinine-adulterated
GHB decreased operant responding on the active lever in a
dose-dependent manner. Two rats still showed responding
with 0.1 g/L and 0.3 g/L quinine in GHB, whereas respond-
ing for GHB completely diminished in all rats with 1.0 g/L
quinine (Fig. 7d). Motivation to use GHB strongly cor-
related with use despite negative consequences (r=0.76,
p <0.0083) (Fig. 7e). Other addiction-like behaviors were
not correlated with each other (Suppl. Figure 6).
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To assess and quantify the presence and consistency of
addiction-like behavior, we calculated the addiction severity
score for every individual rat. One rat was represented in the
highest quartile of all addiction severity score computations
(one female), two rats were represented in the highest quar-
tile of two addiction severity score computations (one male,
one female), while four rats were represented in the highest
quartile in one of the four of the addiction severity score
computations (two males, two females). Forty-two percent
of the tested rats (5/12) were not represented in the highest
quartile of any of the addiction severity score computations
(one male, four females) (Fig. 7).

Object recognition memory and anxiety-like behavior

We explored the effect of home-cage GHB intake on object
recognition memory. Baseline object recognition memory
was similar between the GHB group and the control group
(Fig. 8, three-way ANOVA, no effect of group p > 0.05).
Three-month home-cage GHB intake led to decreased object
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Fig.8 Novel object recognition (NOR) performance before and after
a 3-month home-cage GHB self-administration period. Baseline
(pre-GHB) NOR was tested in the 2 weeks prior to home-cage GHB
access. Post-GHB NOR performance was tested under abstinence,
13 weeks after home-cage GHB self-administration. GHB male
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(n=9 for female control post-GHB). ***=p <(0.001 Bonferroni mul-
tiple comparison
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recognition memory after 13 weeks of abstinence in males,
whereas object recognition performance was unaffected in
females (Fig. 8: three-way ANOVA, group X sex X interven-
tion interaction, F, (1.3)= 7.621, p<0.01, Bonferroni post hoc
comparison, GHB male pre-GHB vs post-GHB, p <0.001).
Home-cage GHB intake was not predictive of novel object
recognition performance (Suppl. Figure 7, linear regression,
p>0.05). We also explored the effect of baseline anxiety-
like behavior on home-cage GHB intake and vice versa. We
did not observe a predictive effect of baseline anxiety-like
behavior on home-cage GHB intake (Suppl. Figure 8a).
Home-cage GHB consumption and subsequent abstinence
did not affect anxiety-like behavior (Suppl. Figure 8b, c, d,
e).

Discussion

This study set out to assess the characteristics of oral GHB
self-administration in outbred rats. GHB self-administration
was primarily characterized by strong inter-individual differ-
ences between rats. All rats showed intake of pharmacologi-
cally relevant levels (> 87.5 mg/kg) of GHB in a home-cage
environment. We did not observe escalation in GHB intake,
physical intoxication symptoms, or withdrawal symptoms
after sudden GHB abstinence. A subset of rats showed moti-
vation for GHB or GHB use despite negative consequences,
while over half of the rats showed habitual GHB-seeking in
an operant environment. Chronic home-cage GHB intake
led to a decrease in long-term memory performance in male
rats. Baseline anxiety-like behavior was not predictive of
home-cage GHB intake, while GHB did not affect anxiety-
like behavior following abstinence.

Over a period of 12 weeks of home-cage GHB access,
rats showed stable consumption of pharmacologically rel-
evant amounts of 7% GHB (w/v) (~ 700 mg/kg/day) with
an average GHB preference of ~ 15-20%. This stable GHB
intake over time is in line with the majority of human GHB
users that do not show escalation (Dijkstra et al. 2021). In
addition, patients who daily consume GHB for medical
purposes (e.g., narcolepsy patients) also reportedly do not
show signs of tolerance or dose escalation (Wang et al.
2009). Our findings are also largely in line with preclinical
GHB literature. A study by Colombo et al. (1995) found no
increase in 1% GHB (w/v) consumption during 20 days of
free-choice GHB access in outbred Wistar rats (Colombo
et al. 1995). In selectively bred ethanol-preferring male
rats, 1% GHB (w/v) intake did increase over a period of
28 days (from ~ 200 mg/kg/day up to ~ 600 mg/kg/day),
but GHB intake in non-ethanol-preferring male rats
remained stable over time (~ 200 mg/kg/day) (Colombo
et al. 1998). GHB preference varied from ~20% in non-
ethanol-preferring rats (as observed in our study) to ~50%
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in ethanol-preferring rats at the end of the 28-day period.
Altogether, this indicates that escalation in GHB use may
only occur in a subset of rats that are susceptible for the
development of addiction-like behavior, similar to the
human situation. Future studies should examine the use
of selectively-bred animals to assess GHB escalation and
tolerance in a self-administration model.

Besides decreased food consumption, no other
GHB intoxication symptoms were detected after 1 or
2 months of GHB self-administration. Rats showed clear
individual differences in total GHB consumption and
GHB consumption pattern (binge-like drinking vs stable
consumption) during 3-h LABORAS sessions after 1 and
2 months of home cage GHB consumption. One other
preclinical GHB study characterized the (hourly) drinking
pattern of GHB, reporting binge-like behavior in some rats
on some days (Colombo et al. 1995). Unfortunately, the
study does not report whether these binges are representative
for the entire sample. This binge-like drinking behavior is
also observed in patients with GUD, in order to prevent
withdrawal symptoms (Beurmanjer et al. 2019). Although
we see binge-like consumption in some rats, the majority
of rats in our sample exhibit controlled, stable GHB
consumption. This may resemble the recreational GHB
consumption pattern that is seen in the broader population
of GHB users, unrelated to the occurrence and prevention
of withdrawal (Dijkstra et al. 2021).

GHB rats did not show clear withdrawal symptoms when
comparing the first 3 h of abstinence with a control group.
No aberrant behaviors across a 22-h period of abstinence
were observed. In rats, it has been shown that abstinence
following 10 repeated injections of 500 mg/kg GHB induces
anxiety-like behavior in male rats (van Nieuwenhuijzen et al.
2010), which is also seen in patients with GUD undergoing
controlled detoxification (Wolf et al. 2021). Additionally,
24-h abstinence following 18 twice-daily doses of 1.5-3.5 g/
kg GHB in selectively bred alcohol-preferring male rats
was shown to induce audiogenic seizures in 60% of the rats
(Carai et al. 2005). Seizures are a hallmark of sudden GHB
withdrawal in patients with GUD consuming high doses of
GHB (McDonough et al. 2004) and are also observed fol-
lowing withdrawal from other sedatives like alcohol and
benzodiazepines (Rogawski 2005). However, when rats were
tested for different types of withdrawal symptoms (including
hyperlocomotion, anxiety-like behavior, tremors, and head
shakes), we observed no clear signs of GHB withdrawal.
Despite differences in administration procedures and the
specific parameters that were assessed, our results corre-
spond to the lack of withdrawal symptoms in recreational
GHB users in contrast to patients with GUD. This is in line
with the suggestion that our model does not resemble the
phenotype of GUD, but may resemble recreational, habitual
GHB use instead.
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We were able to establish consistent and stable operant
responding for GHB in two-thirds of the rats (n=12) that
were exposed to GHB in an operant environment. Motiva-
tion to use GHB and use despite negative consequences
were strongly correlated in our model, indicating internal
consistency in (operant) GHB addiction-like behavior. Only
one rat (~ 10%) showed consistent addiction-like behavior
across all four tests. Smeets et al. (2022) employed a simi-
lar approach to assess several addiction-like behaviors in an
alcohol self-administration model. They did not find a cor-
relation between motivation to use and use despite negative
consequences. However, despite differences in experimental
design, they found that~ 10% of the rats showed consistent
addiction-like behavior. Similar to our study, the majority of
their rats did not exhibit any addiction-like behaviors despite
the availability of a reinforcing drug. Other pre-clinical stud-
ies also found clear differences in addiction-like behavior
between outbred rats with access to reinforcing drugs (e.g.,
high vs low responders, high-drinking animals vs low-
drinking animals) (Bell et al. 2006; Kabbaj and Targets
2006; Spoelder et al. 2015). This variance in addiction-like
behavior is also observed in the general population, where
it is known that a small subset of people that recreationally
use, e.g., alcohol develop a substance use disorder (~15%)
(Grant et al. 2017). Specifically, for GHB users, three sub-
populations are described in the literature: people using
GHB recreationally without adverse effects (most preva-
lent), people using GHB recreationally with adverse effects
(less prevalent), and people with dependence on GHB (least
prevalent) (Dijkstra et al. 2021). These subgroups may be
represented in our model, with the majority of rats consum-
ing GHB without measurable adverse effects. Future stud-
ies should further develop our model to allow the study of
more prominent addiction-like behavior. Additionally, future
studies may also explore the subset of rats that do not show
any signs of addiction-like behavior, despite the availability
of a drug with abuse potential. This may provide us novel
insights regarding the resilience in development of GUD and
substance use disorder in general.

Despite the limited presence of GUD-like characteris-
tics, 3-month home-cage GHB access led to a sex-specific
decrease in novel object memory compared to a control
group. Memory performance following a 24-h interval was
tested 13 weeks after the final exposure to GHB, indicat-
ing a long-lasting residual effect on long-term memory
performance (Akkerman et al. 2014). In line with our find-
ings, another preclinical study found that ten daily injec-
tions of 500 mg/kg GHB in rats (similar to the daily intake
observed in our study) caused decreased spatial long-term
memory performance 5 days after the final injection (Chen
et al. 2017). In patients with GUD, long-term memory
performance has not yet been studied, in contrast to other
memory domains. GUD patients showed impairment in

verbal short-term memory performance, unrelated to sever-
ity of GUD or number of comas (Beurmanjer et al. 2022).
Another study could not find this association between GHB
use and verbal short-term memory impairment, or an asso-
ciation between GHB use and spatial short-term memory
impairment (Pereira et al. 2018). However, in this study,
GHB-induced comas were associated with decreased ver-
bal short-term memory (Pereira et al. 2018). Altogether, it
appears that long-lasting and possibly irreversible cognitive
effects can arise following chronic GHB administration. It
remains unknown through what mechanisms these cognitive
effects occur. The current model provides the means to study
these mechanisms in a controlled setting, and allow for the
exploration of potential preventive measures. Future studies
should examine the underlying mechanisms of the residual
negative effects on long-term memory performance, and
further study potential negative cognitive effects of chronic
GHB use in a patient population.

The current findings should be viewed in light of several
study limitations. Responding during the operant sessions
(under FR, PR, and NR) was relatively low compared to
other addictive substances, such as alcohol (Smeets et al.
2022; Spoelder et al. 2015). This may give rise to the
impression that GHB may be less reinforcing than alcohol.
However, an important factor to take into account is that
here, we established one of the first oral GHB self-admin-
istration paradigms in outbred rats, while operant alcohol
self-administration has been studied and optimized for dec-
ades. It has been suggested that especially the use of selec-
tively bred alcohol-preferring rats is of high value in study-
ing AUD (Borruto et al. 2021), indicating that the use of
GHB-preferring rats can be of value in future GHB-related
experiments (Lobina et al. 2004).

Since our control rats were not placed in LABORAS fol-
lowing the 3-month self-administration period, we compared
symptoms during the first 3 h of abstinence/withdrawal to a
3-h LABORAS session in control rats performed 1 month
earlier. Due to the lack of 22-h data from the control group
during abstinence, it is possible that we overlooked the pres-
ence of withdrawal symptoms. Our interpretation of the
results may therefore be an underestimation of GHB with-
drawal in our paradigm.

Finally, we quantified operant GHB consumption by reg-
istering the number of obtained GHB rewards, and verified
whether they were followed-up with a head entry to collect
the GHB reward. We opted for this output parameter instead
of measuring GHB in the GHB holding container, since
evaporation of GHB strongly contributed to the amount of
GHB removed from the holding container. Using the number
of rewards and the timing of head entries to calculate the
amount of consumed GHB might lead to a slight overesti-
mation of the actual amount of consumed GHB. However,
in earlier work of operant (alcohol) self-administration,
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Spoelder et al. (2015) have shown that the number of rewards
strongly correlates with the actual volume of consumed 20%
alcohol solution (w/v). Based on these results, we expect
that the number of rewards and the actual GHB that rats
consumed would also correlate. Therefore, we believe that
the impact of the possible overestimation of consumed GHB
on our results is minimal.

Conclusion

Oral voluntary GHB self-administration in outbred rats leads
to habitual, controlled consumption characterized by inter-
individual differences, which is also observed with other
addictive substances such as alcohol. In contrast to human
GHB users, rats consuming GHB did not show overdosing
and subsequent GHB-induced comas. Despite the chronic
intake of pharmacologically relevant levels of GHB, no clear
intoxication or withdrawal symptoms were observed. Only
few rats showed consistent addiction-like characteristics.
Our model may thus represent a genetically diverse popula-
tion sample where the majority does not develop addiction-
like behavior. This is further supported by the absence of a
relation between anxiety and GHB consumption. Chronic
GHB exposure led to residual long-term memory effects
in rats, calling for further research into the potential nega-
tive cognitive effects of chronic GHB use in humans. This
voluntary GHB self-administration model in rats allows for
the study of the mechanisms involved in the development
of addiction-like GHB use, and enables the exploration of
potential preventive strategies.
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