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ABSTRACT

y-Hydroxybutyric acid (GHB) is an endogenous neurotransmit-
ter that is abused because of its sedative/hypnotic and eu-
phoric effects. The objectives of this study were to evaluate the
concentration-effect relationships of GHB in plasma, cerebro-
spinal fluid (CSF), brain (whole and discrete brain regions), and
brain frontal cortex extracellular fluid. This information is crucial
for future studies to evaluate effects of therapeutic interven-
tions on the toxicodynamics of GHB. GHB (200-1000 mg/kg)
was administered intravenously to rats, and plasma and frontal
cortex microdialysate samples were collected for up to 6 h after
the dose, or plasma, CSF, and brain (whole, frontal cortex,
striatum, and hippocampus) concentrations were determined
at the offset of its sedative/hypnotic effect [return to righting
reflex (RRR)]. GHB-induced changes in the brain neurotrans-
mitters y-aminobutyric acid (GABA) and glutamate were also

determined. GHB, GABA, and glutamate concentrations were
measured by liquid chromatography/tandem mass spectrom-
etry. GHB-induced sleep time significantly increased in a dose-
dependent manner (20-fold increase from 200 to 1000 mg/kg).
GHB concentrations in plasma (300-400 wg/ml), whole brain
(70 ng/g), discrete brain regions (80-100 ng/g), and brain mi-
crodialysate (29-39 ug/ml) correlated with RRR. In contrast,
CSF GHB and GABA and glutamate concentrations in discrete
brain regions exhibited no relationship with RRR. Our results
suggest that GHB-induced sedative/hypnotic effects are medi-
ated directly by GHB and that at high GHB doses, GABA
formation from GHB may not contribute to the observed sed-
ative/hypnotic effect. These results support the use of a clinical
GHB detoxification strategy aimed at decreasing plasma and
brain GHB concentrations after GHB overdoses.

v-Hydroxybutyrate (GHB) is an endogenous short-chain
fatty acid formed from vy-aminobutyric acid (GABA) (Gold
and Roth, 1977) and found in the mammalian brain, heart,
liver, intestine, and kidney (Maitre, 1997; Tedeschi et al.,
2003). Clinically, GHB is marketed in the United States as
Xyrem (Jazz Pharmaceuticals, Palo Alto, CA) to treat narco-
lepsy with cataplexy (Mamelak et al., 1986) and in Europe for
the treatment of alcohol withdrawal (Gallimberti et al.,
2000). However, the illicit use and abuse of GHB are likely
the result of its sedative/hypnotic and euphoric effects. GHB
is referred to as a “club drug” based on its widespread use at
nightclubs and raves (Carter et al., 2009). Abuse of GHB has
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led to an increase in overdoses and toxicological effects char-
acterized by dizziness, respiratory depression, vomiting, and
unconsciousness, as well as coma and death (Okun et al.,
2001; Carter et al., 2009). Current therapeutic strategies for
GHB overdose are limited to supportive care, with antidotes
such as physostigmine and naloxone having little to no effect
(Mason and Kerns, 2002).

GHB pharmacokinetics are nonlinear in rats (Lettieri and
Fung, 1979) and humans (Ferrara et al., 1992; Palatini et al.,
1993) with decreased total clearance at higher doses. The
observed nonlinearity results from capacity-limited metabo-
lism (Lettieri and Fung, 1979; Ferrara et al., 1992; Palatini
et al., 1993), transporter-mediated and saturable absorption
(Arena and Fung, 1980), and renal reabsorption (Morris et
al., 2005). At high doses, the decreased clearance of GHB
results in sustained high plasma GHB concentrations and a
corresponding increase in sedative/hypnotic effect as mea-
sured by loss of righting reflex (LRR) and return to righting

ABBREVIATIONS: GHB, y-hydroxybutyric acid; GABA, y-aminobutyric acid; LRR, loss of righting reflex; RRR, return to righting reflex; MCT,
monocarboxylate transporter; TK, toxicokinetic(s); CSF, cerebrospinal fluid; TD, toxicodynamic(s); GHB-dg, deuterated GHB; aCSF, artificial
cerebrospinal fluid; HPLC, high-performance liquid chromatography; LC/MS/MS, liquid chromatography/tandem mass spectrometry; AUC,
area under the curve; ECF, extracellular fluid; NCS-382, 6,7,8,9-tetrahydro-5-(H)-benzocycloheptene-5-ol-4-ylideneacetic acid; BCSFB,
blood-CSF barrier; BBB, blood-brain barrier; CGP 46381, 3-aminopropyl-cyclohexylmethylphosphinic acid; SCH 50911, (2S)(+)5,5-dimethyl-

2-morpholineacetic acid.
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reflex (RRR) (Raybon and Boje, 2007; Wang et al., 2008b).
Reductions in GHB sedative/hypnotic effect have been ob-
served after the coadministration of L-lactate (Wang et al.,
2008a) or luteolin (Wang et al., 2008b). These compounds
increase the renal clearance of GHB by inhibiting active
renal reabsorption, mediated by monocarboxylate transport-
ers (MCTs), resulting in a concomitant decrease in plasma
concentrations.

Whereas the physiological effects of GHB on sleep and
sleep disorders (Carai et al., 2001; Mamelak, 2009) are pos-
tulated to occur via the GHB receptor, the pharmacological
and toxicological effects of GHB are thought to occur through
interactions with the GABAg receptor (Maitre, 1997). The
observed behavioral effects associated with GHB exposure,
including discriminative stimulus (Carter et al., 2006; Koek
et al., 2006; Koek and France, 2008), hypolocomotion (Kaup-
mann et al., 2003), and LRR (Carai et al., 2001), are consis-
tent with the involvement of the GABAg receptor. These
behavioral effects are observed with the prototypical GABAg
receptor agonist baclofen (Carter et al., 2003, 2006; Smith et
al., 2006). However, the mechanism of action contributing to
the observed toxicological effects of GHB is controversial and
appears to vary based on the dose administered and the
behavioral or physiological endpoint that is measured
(Carter et al., 2009; Mamelak, 2009). Three potential mech-
anisms of action have been suggested based on the role of the
GABAg receptor: 1) direct interaction with the GABAg re-
ceptor (Mathivet et al., 1997); 2) indirect interaction through
the metabolic conversion of GHB to GABA (Hechler et al.,
1997); or 3) GHB-mediated stimulation of GABA release
(Hechler et al., 1997). Additional mechanisms of action for
GHB have been suggested, including the involvement of
GABA_, receptors and GABAg-mediated increase in synthe-
sis of GABA,-modulating neuroactive steroids (Carter et al.,
2009; Mamelak, 2009).

Few studies have examined the relationship between GHB
toxicokinetics (TK) and its sedative/hypnotic effect (Lettieri
and Fung, 1979; Wang et al., 2008a,b). Previous investiga-
tions have focused on plasma concentration-effect relation-
ships and have not examined the relationships with respect
to cerebrospinal fluid (CSF) and discrete brain region con-
centrations. The objectives of the present study were 1) to
examine exposure-response relationships for GHB-induced
sedative/hypnotic effect; 2) to evaluate TK/toxicodynamic
(TD) relationships at the offset of the GHB-induced sedative/
hypnotic effect in plasma, CSF, and discrete brain regions;
and 3) to evaluate the relationship between changes in GABA
and glutamate and GHB-induced sedative/hypnotic effects in
discrete brain regions.

Materials and Methods

Chemicals and Reagents

GHB (sodium salt) and formic acid were purchased from Sigma-
Aldrich (St. Louis, MO). Deuterated GHB (GHB-d) was obtained from
Cerilliant Corporation (Round Rock, TX). Artificial CSF (aCSF) was
obtained from Harvard Apparatus Inc. (Holliston, MA). Ketamine, xy-
lazine, heparin, and carprofen were purchased from Henry Schein
(Melville, NY). High-performance liquid chromatography (HPLC)-
grade acetonitrile, methanol, water, and acetic acid were purchased
from Honeywell Burdick & Jackson (Muskegon, MI).
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Animals and Surgery

Male Sprague-Dawley rats (280-320 g) were used in all the stud-
ies. Rats were randomly assigned to dose groups and were housed
individually after surgical procedures. Rats were used in a single
study and were administered GHB on a single occasion. Rats were
housed under controlled lighting (12-h light/dark cycle) and temper-
ature (20 = 2°C) conditions with food and water provided ad libitum.
All the animal experiments were approved by the Institutional An-
imal Care and Use Committee, University at Buffalo, State Univer-
sity of New York. All the rats had cannulas implanted as described
previously (Morris et al., 2005). In brief, right jugular vein cannulas
were implanted under anesthesia after an intraperitoneal injection
of 90 mg/kg ketamine and 9 mg/kg xylazine. Animals were allowed 3
days for surgical recovery before the start of experiments. Jugular
vein catheters were flushed daily with heparinized saline (40 IU of
heparin/ml of saline) to maintain patency.

Microdialysis Study. Rats were implanted with a jugular vein
cannula and were then mounted in a stereotaxic frame (Harvard
Apparatus Inc.). Microdialysis guide cannulas (for CMA11 probes;
CMA Microdialysis, North Chelmsford, MA) containing dummy
probes were implanted in the frontal cortex (anteroposterior +3.2
mm and mediolateral =2.5 mm from bregma, and dorsoventral —0.5
mm from dura) (Paxinos and Watson, 1986) with the incisor bar set
0.5 mm below the interaural line. The side of the brain in which the
cannula was placed was alternated across animals. The cannula was
fixed in place using jeweler’s screws (Plastics One, Roanoke, VA) and
dental resin. Rats were administered carprofen 5 mg/kg twice daily
for 2 days after surgery and allowed at least 6 days for surgical
recovery before microdialysis probe implantation.

Dosing and Sleep Time Determination

GHB was dissolved in sterile water (200 mg/ml) and filtered with
a 0.2-pm filter to ensure sterility. GHB (200, 400, 600, 800, or 1000
mg/kg) was administered by intravenous bolus injection via the
jugular vein cannulation to rats. GHB doses were selected based on
previous studies to ensure a range of sedative/hypnotic effects. The
onset of sedative/hypnotic effect (time of LRR) and offset of sedative/
hypnotic effect (RRR) were recorded in all the animals. LRR and
RRR are defined as the time at which the animal lost or regained the
ability to right itself when placed on its back. Animals were placed on
their backs immediately after dose administration and every 30 s
thereafter until LRR. The sedative/hypnotic duration of effect (sleep
time) of GHB was determined as the difference between RRR and
LRR.

Experimental Design

Evaluation of GHB TK/TD. GHB (200, 400, 600, or 1000 mg/kg)
was administered to male Sprague-Dawley rats (n = 7-10 per dose;
total = 34). Blood samples (200 pl) for analysis of GHB were with-
drawn from the jugular vein cannula at different time points (5, 10,
20, 30, 60, 90, 120, 180, 240, 300, and 360 min) and transferred to
heparinized 0.6-ml microcentrifuge tubes. Plasma was separated by
centrifugation at 1000g for 10 min at 4°C and stored at —80°C.

Evaluation of GHB TK/TD at Offset of Effect. Male Sprague-
Dawley rats (n = 7—8 per dose; total = 22) were administered GHB
(400, 600, or 800 mg/kg i.v.). This study was designed to detect a
change of 25% with 15% variability (90% power). At RRR, ketamine/
xylazine (90:9 mg/kg) was administered, and blood, CSF, and brain
(whole brain, frontal cortex, striatum, and hippocampus) samples
were collected. Plasma was separated by centrifugation at 1000g for
10 min at 4°C. Whole brain and brain regions were immediately
snap-frozen in liquid nitrogen. All the samples were stored at —80°C
until analysis.

Evaluation of GHB TK Using in Vivo Microdialysis. Micro-
dialysis probes (CMA11; CMA Microdialysis) were prepared accord-
ing to the manufacturer’s instructions and implanted 24 h before the
experiment to allow the blood-brain barrier to reform after implan-
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tation (de Lange et al., 2000). All the experiments were conducted in
metabolic cages in awake and freely moving rats with ad libitum
access to water. Microdialysis probes were perfused with blank aCSF
at a rate of 2 pl/min and allowed to stabilize for 2 h. Microdialysate
fractions were collected every 20 min. After stabilization, the probe
was perfused with 1 pg/ml GHB with aCSF for 80 min to calculate in
vivo probe recovery of GHB for each rat using the established retro-
dialysis method (Bouw and Hammarlund-Udenaes, 1998). The ret-
rodialysis was followed by a washout period where blank aCSF was
perfused for 80 min to remove any residual GHB. Rats were then
administered GHB 400, 600, or 800 mg/kg i.v. (n = 3 per dose; total =
9), dialysate samples collected for 6 h after dose (20-min intervals),
and times of LRR and RRR were recorded for each rat. On completion
of the time course, rats were sacrificed, and the probe tracks were
stained with dye. Brains were collected to confirm probe location.
Dialysate samples were stored at —80°C until analysis.

Effects of GHB on Neurotransmitter Levels in Discrete
Brain Regions. Male Sprague-Dawley rats were administered GHB
(400, 600, or 800 mg/kg i.v.). Under anesthesia, rats were exsangui-
nated, followed by collection of the frontal cortex, striatum, and
hippocampus at 0, 10, 20, 30, 60, 90, 120, 150, 180, 210, 240, 270,
300, and 330 min after dose (n = 3 per time point; n = 30 per dose;
total = 90). Tissue samples were snap-frozen in liquid nitrogen and
stored at —80°C until analysis.

Plasma, CSF, and Brain Sample Preparation

GHB was extracted from plasma using an anion exchange solid-
phase extraction procedure described previously (Fung et al., 2004;
Raybon and Boje, 2007) with slight modifications. In brief, 5 pl of
GHB-dg (1 mg/ml) and 5 pl of double-distilled water were added to 50
wl of plasma. Standards and quality controls were prepared by the
addition of 5 pl of GHB-dg (1 mg/ml) and 5 pl of GHB stock solution
to 50 pl of blank plasma. Plasma proteins were precipitated by the
addition of 0.4 ml of acetonitrile followed by centrifugation at
10,000g for 20 min. Supernatant (0.2 ml) was aspirated and then
diluted with 0.8 ml of double-distilled water. Bond Elute SAX car-
tridges (100 mg of resin, 1-ml volume; Varian, Inc., Palo Alto, CA)
were preconditioned and washed, and samples and standards were
eluted as described previously (Raybon and Boje, 2007). The eluent
was evaporated under a gentle stream of N, gas, reconstituted in
1.25 ml of 0.1% formic acid in double-distilled water and 5% aceto-
nitrile, and stored at —80°C until liquid chromatography/tandem
mass spectrometry (LC/MS/MS) analysis.

CSF and microdialysate samples were diluted 1:40 and 1:10, re-
spectively, with aCSF to bring GHB concentrations within the range
of the standard curve. GHB-dg (5 pl of 5 pg/ml) was added to 35 pl of
diluted CSF or dialysate sample. Standards and quality controls
were prepared by the addition of 5 pl of GHB-dg (5 pg/ml) to 35 pl of
GHB stock solution in aCSF. Samples and standards were stored at
—80°C until LC/MS/MS analysis.

Whole brain and brain subregion samples were homogenized in 4
ml/g tissue double-distilled water. Ten microliters of GHB-dg (200
pg/ml) and 10 pl of GABA-dg (50 wg/ml) were added to 100 pl of
sample homogenate. GHB standards and quality controls were pre-
pared by the addition of 10 pl of GHB-dg (200 pg/ml) and 10 pl of
GHB stock solution to 100 pl of blank brain homogenate. The neu-
rotransmitter standards and quality controls (GABA and glutamate
combined) were prepared in double-distilled water to which 10 pl of
GABA-dg (50 pg/ml) and 10 pl of double-distilled water were added.
Double-distilled water (880 pl) was added to samples and standards,
followed by 1 ml of acetonitrile to precipitate proteins. Samples and
standards were centrifuged at 10,000g for 20 min. The supernatant
was aspirated and stored at —80°C until LC/MS/MS analysis.

LC/MS/MS Assay for GHB, GABA, and Glutamate

GHB in plasma, aCSF, and brain were quantified using a vali-
dated LC/MS/MS assay that was described previously (Raybon and

Boje, 2007) with minor modifications. The LC/MS/MS method for
GHB was extended to simultaneously quantify GABA and glutamate
in discrete brain regions. The LC/MS/MS system consisted of an
Agilent 1100 series HPLC consisting of an online degasser, binary
pump, and autosampler (Agilent Technologies, Santa Clara, CA)
connected to a PE Sciex API 3000 triple-quadruple tandem mass
spectrometer equipped with a turbo ion spray (Applied Biosystems,
Foster City, CA). Seven microliters of sample was injected on an
Xterra MS C18 column (250 X 2.1 mm id., 5-um particle size;
Waters, Milford, MA). Mobile phase A consisted of 0.1% formic acid
in HPLC-grade water with 5% acetonitrile, whereas mobile phase B
consisted of 0.1% formic acid in acetonitrile with 5% HPLC-grade
water. A gradient elution with a flow rate of 0.2 ml/min was used to
separate compounds: 100% to 90% A over 5 min, 90% to 10% A over
2.5 min, and 10% to 100% A over 4.5 min. The retention times were
2.60, 2.75, and 3.6 min for GABA, glutamate, and GHB, respectively.
The mass spectrometer was operated in positive ionization mode
with multiple reaction monitoring. Compound-specific mass spec-
trometer parameters are listed in Table 1. The peak area ratios of the
analyte and internal standard were determined using Analyst ver-
sion 1.4.2 (Applied Biosystems).

Data and Statistical Analysis

Plasma area under the curve (AUC) was calculated by the log-
linear trapezoidal method in WinNonlin version 5.2 (Pharsight,
Mountain View, CA). Plasma and brain extracellular fluid (ECF)
GHB concentrations at RRR were determined by noncompartmental
analysis from time course data. Statistical analyses were performed
in GraphPad Prism version 4.0 (GraphPad Software Inc., San Diego,
CA). Significant differences between means were determined by
one-way analysis of variance followed by a Tukey’s multiple compar-
ison. P < 0.05 was considered statistically significant. Nonlinear
regression analysis in GraphPad Prism version 4.0 (GraphPad Soft-
ware Inc.) was used to evaluate the relationship between sedative/
hypnotic effect and exposure.

Retrodialysis recovery of drug was used to calculate the relative in
vivo recovery of GHB from the dialysis probe. The recovery of GHB
from the probe was calculated using the equation below:

Cperfusate - Cdialysate

Cperfusate ( 1 )

where C ., fusate 1S the perfusate GHB concentration (inlet) and Cy;aysate 18
the dialysate GHB concentration (outlet). To determine GHB con-
centrations in frontal cortex ECF, dialysate GHB concentrations
after intravenous administration of GHB were divided by the exper-
imentally determined GHB probe recovery.

Recoveryp.ope =

Results

LC/MS/MS Assay for GHB, GABA, and Glutamate.
The lower limits of quantitation for GHB were 1 pg/ml, 0.05
pg/ml, and 8 pg/g in plasma, CSF, and brain, respectively.
Endogenous GHB was undetectable in untreated matrix
samples and therefore was not included in the calculation of
GHB concentration. The standard curve ranges were 1 to 500
pg/ml, 0.05 to 10 pg/ml, and 8 to 800 pg/g in plasma, CSF,
and brain, respectively, based on regression analysis (r* >

TABLE 1
Mass spectrometer conditions for MRM of GHB, GABA, and glutamate
Parameter (units) GHB GABA Glutamate
Q1/Q3 105.2/87.2  104.2/87.0 148.0/84.0
Declustering potential (V) 20 20 22
Focusing potential (V) 125 100 150
Collision energy 20 18 22
Collision cell exit potential (V) 10 8 12




0.99) of peak area ratios (GHB/GHB-dg) versus GHB concen-
tration. GABA and glutamate had lower limits of quantifica-
tion of 0.05 and 0.5 pg/ml in all the brain regions. The
standard curve ranges were 0.05 to 10 pg/ml and 0.5 to 15
pg/ml for GABA and glutamate based on regression analysis
of peak ratios (GABA/GABA-ds; and glutamate/GABA-d)
versus GABA or glutamate concentration. Accuracy and pre-
cision for GHB (all matrices), GABA, and glutamate were 90
to 105 and 0.5 to 1.5%, respectively.

Dose-Dependent Effects of GHB on Sedative/Hyp-
notic Effect. The sedative/hypnotic effect of GHB increases
in a dose-dependent manner (Fig. 1) with a significant in-
crease in sleep time observed in animals treated with 400,
600, and 1000 mg/kg compared with the 200 mg/kg dose
group. The observed increases in sedative/hypnotic effect are
correlated to increases in GHB exposure with increasing
dose. Figure 2 illustrates the relationship between sedative/
hypnotic effect (sleep time) and overall plasma exposure
(AUCQ). Sleep time was only observed in 2 of 10 rats admin-
istered 200 mg/kg i.v. GHB, indicating that there is a thresh-
old exposure required to observe sedative/hypnotic effects of
GHB. In addition, the data presented in Fig. 2 correspond to
exposure data from studies where GHB was concomitantly
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Fig. 1. Relationship between GHB dose and sedative/hypnotic effect.
Animals were administered GHB by intravenous bolus (200, 400, 600, or
1000 mg/kg). Data are presented as mean * S.D. (n = 7-10/dose). Sleep
time represents the difference between RRR and LRR. %, P < 0.05
compared with 200 mg/kg dose.
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Fig. 2. TK/TD relationship between GHB-induced sleep time (sedative/
hypnotic effect) and plasma AUC. Each data point represents an individ-
ual animal. Data were obtained from the current TK/TD study involving
intravenous administration of GHB (200-1000 mg/kg). Plasma AUC was
calculated by noncompartmental analysis. The solid line is the fitted line
based on linear regression, whereas the dashed lines represent the 95%
confidence intervals.
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administered with lactate or luteolin (Wang et al., 2008a,b),
which resulted in increased renal clearance and decreased
plasma GHB AUCs. This relationship further shows that any
reductions in plasma GHB exposure would correlate with a
reduction in sedative/hypnotic effect.

Concentration Dependence of Sedative/Hypnotic Ef-
fect. To further investigate the relationship between GHB
concentration and sedative/hypnotic effect, GHB concentra-
tions were assessed in plasma, CSF, and brain (total and
unbound) at RRR (offset of effect). Figure 3, A and B, illus-
trates the plasma GHB concentrations at RRR after admin-
istration of 200 to 1000 mg/kg i.v. GHB and calculated based
on interpolation from the concentration-time profiles [Fig.
3A; TK/TD study] or directly measured at RRR (Fig. 3B;
TK/TD at offset of effect study). Mean plasma GHB concen-
trations were between 300 and 400 pg/ml at RRR, indepen-
dent of the dose administered, showing that there is a direct
relationship between plasma GHB concentration and offset
of sedative/hypnotic effect. In contrast, a significant dose-
dependent increase in CSF GHB concentration was observed
at RRR, indicating that CSF concentrations do not correlate
with effect (Fig. 4). Consistent with the observed results in
plasma, GHB concentrations in whole brain and discrete
brain regions correlated with RRR (Fig. 5). Frontal cortex
and hippocampus GHB concentrations at RRR were slightly
higher than observed in whole brain, consistent with previ-
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Fig. 3. Dependence of RRR on plasma GHB concentration. A, plasma
GHB concentrations at RRR were calculated by noncompartmental anal-
ysis from the GHB pharmacokinetic profiles. Rats were administered
GHB by intravenous bolus (200, 400, 600, or 1000 mg/kg), and plasma
samples were obtained for up to 6 h after dose. B, plasma GHB concen-
trations were obtained by destructive sampling at RRR. Rats were ad-
ministered GHB by intravenous bolus (400, 600, or 800 mg/kg). Data are
presented as mean = S.D. (n = 7-10/dose, except 200 mg/kg where n = 2).
There were no statistically significant differences.
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Fig. 4. TK/TD relationships between GHB cerebrospinal fluid concentra-
tions and RRR. GHB (400, 600, or 800 mg/kg) was administered by
intravenous bolus. When animals regained their righting reflex, CSF was
obtained from the cisterna magna. Data are presented as mean = S.D.
(n = 7-8/dose). *, P < 0.05 compared with 400 mg/kg dose.

ous findings of enriched endogenous GHB concentrations in
these regions. Figure 6 illustrates the unbound GHB concen-
tration in the frontal cortex ECF at RRR, as measured by
microdialysis. Unbound GHB concentrations correlated with
RRR, which is consistent with total GHB concentrations in
the frontal cortex.

Effect of GHB on GABA and Glutamate in Discrete
Brain Regions. Table 2 details the percentage change from
baseline of GABA and glutamate at offset of the sedative/
hypnotic effect (RRR). Data were calculated from time course
data based on mean RRR for the specific dose. The brain
concentrations of neurotransmitters do not correlate with the
offset of TD effect in any of the discrete brain regions as-
sessed. In addition, the changes in neurotransmitter concen-
trations were evaluated over 5 h after dose. Figure 7 repre-
sents the time course of percentage changes of GABA in the
frontal cortex. Whereas both GABA and glutamate levels
deviate from baseline in the frontal cortex, a dose-response
trend was not observed over the dose range used in this
study. These results were consistent with the results ob-
served in the striatum and hippocampus of the same group of
rats (data not shown).

Discussion

Given the lack of available therapeutic strategies for the
effective treatment of GHB overdoses, it is important to elu-
cidate the mechanisms contributing to the observed TD ef-
fects of GHB. Further understanding of these mechanisms
and the relationships between systemic GHB concentrations
and sedative/hypnotic effect will facilitate the development of
therapeutic strategies aimed at reducing toxic effects of
GHB. The present study shows the TD relationship between
plasma and brain (whole and discrete brain regions) concen-
trations and offset of sedative/hypnotic effect. Furthermore,
we identified a threshold GHB plasma exposure for its sed-
ative/hypnotic effect (total sleep time). In addition, the ab-
sence of a direct relationship between the neurotransmitters
GABA and glutamate and offset of TD effect was observed.

The results of the present study are consistent with liter-
ature reports investigating the dose- and concentration-re-
sponse relationships for GHB. Consistent with our observa-
tions, Van Sassenbroek et al. (2001) showed that plasma
GHB concentrations at RRR in rats treated with 300 mg/kg
(5-min intravenous infusion) were 452 *= 35 pg/ml. Further-
more, a threshold for sedative/hypnotic effect was observed
at 150 mg/kg i.v. GHB, consistent with the lack of effect
observed with 200 mg/kg i.v. in the present study (Van Sas-
senbroeck et al., 2001). In addition, brain GHB concentra-
tions have been reported to parallel plasma concentrations
and show similar relationships with offset of sedative/hyp-
notic effect (Snead et al., 1976; Snead, 1978). The relation-
ship between plasma and brain GHB concentrations (and
total exposure) is not limited to the sedative/hypnotic effect;
literature reports have illustrated exposure- and concentra-
tion-effect for electroencephalographic effects (Snead et al.,
1976; Snead, 1978, 1991), time to complete fine motor task
(Goodwin et al., 2009), and ataxia (Goodwin et al., 2009).
Interestingly, GHB exhibits complex dose-response relation-
ships with body temperature, suggesting there are multiple
pathways contributing to the observed toxicological effects of
GHB (Snead, 1990).
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Fig. 6. TK/TD relationships between GHB concentrations in frontal cor-
tex ECF and RRR. GHB (400, 600, or 800 mg/kg) was administered by
intravenous bolus. Dialysate samples were collected in 20-min intervals
for 6 h after dose. Frontal cortex ECF GHB concentration at RRR was
determined by noncompartmental analysis. Data are presented as mean *
S.D. (n = 3/dose). There were no statistically significant differences.

Previous studies have identified a number of potential
mechanisms of action for GHB-induced toxicological effects,
including direct binding to the GABAy receptor, metabolic
conversion of GHB to GABA, or GHB-mediated stimulation
of GABA release (Hechler et al., 1997; Maitre, 1997). The
results of the present study extend the findings to show the
relationship between GHB concentration and sedative/hyp-
notic effect (offset of effect and total sleep time). Carai et al.
(2001) used receptor-specific antagonists SCH 50911 (GABA;
receptor-specific) and 6,7,8,9-tetrahydro-5-(H)-benzocyclohept-
ene-5-ol-4-ylideneacetic acid (NCS-382) (GHB receptor-spe-
cific) to show that the GHB-induced sedative/hypnotic effect
resulted from activation of the GABAj receptor and not the
GHB receptor. In addition, studies conducted in GABAg,(—/—)
mice did not show any sedative effects after administration of
1000 mg/kg i.p. GHB (Kaupmann et al., 2003), suggesting that
activation of the GABAy receptor is responsible for the toxico-
logical action of GHB. Furthermore, GHB-associated hypother-
mia was also absent in GABAg;(—/—) mice treated with high
doses of GHB (Kaupmann et al., 2003).

Although these results confirm the involvement of the
GABAg receptor, they do not distinguish between direct and
indirect interactions of GHB with the receptor. To investigate
the effects of GHB on GABA formation (indirect interaction),
we evaluated changes in GABA levels after the administra-
tion of a range of GHB doses. Literature reports indicate that
0.5 to 2% GHB is converted to GABA (Hechler et al., 1997;
Gobalille et al., 1999); however, there is a delay in the forma-
tion of GABA of 160 min after the administration of 416
mg/kg i.p. GHB (Gobaille et al., 1999). The delay in formation
of GABA is inconsistent with the rapid onset of pharmaco-
logical and toxicological effects of GHB after GHB adminis-
tration. We observed initial decreases in total GABA levels in
the frontal cortex and hippocampus at all doses, but GABA
levels did not correlate with offset of the sedative/hypnotic
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effect in any brain region evaluated. Within the brain, GHB
is metabolized to succinic acid, which is thought to inhibit the
formation of GABA from glutamate. It is possible that at the
high doses of GHB administered in this study [brain concen-
trations are approximately five times higher than used by
Hechler et al. (1997)], a sufficient amount of succinic acid is
formed within the brain to cause the observed decreases in
GABA levels. These results suggest that at high GHB doses
the formation of GABA does not contribute to the observed
sedative/hypnotic effects.

Another potential indirect interaction with the GABAp
receptor is the GHB-mediated stimulation of GABA release
(Gobaille et al., 1999). Gobaille et al. (1999) showed alter-
ations in GABA release in the rat frontal cortex using intra-
cerebral microdialysis. However, in their study, GHB concen-
trations in the dialysate were not directly measured, so
concentration-effect relationships cannot be determined for
the observed responses. Linear extrapolations of GHB brain
concentrations from previous studies may be inaccurate be-
cause of the nonlinearity of GHB pharmacokinetics. Interest-
ingly, GHB had divergent effects on GABA release, depen-
dent on the administered dose; the low dose decreased GABA
release, whereas the high dose increased GABA release (Gob-
aille et al., 1999). In addition, decreased release of GABA
after low-dose GHB has been observed in the thalamus (Ban-
erjee and Snead, 1995). To confirm the influence of high
doses of GHB on GABA release, GHB and GABA should be
studied simultaneously using intracerebral microdialysis or
equilibrium dialysis. These endpoints could then be further
correlated to the sedative/hypnotic effect used in the present
study.

An interesting finding of the present study is the lack of a
relationship between sedative/hypnotic effect and CSF GHB
concentrations. In contrast to the observed results in plasma
and brain, there was a significant dose-dependent increase in
CSF GHB concentrations at RRR. CSF concentrations have
been commonly used as surrogate markers for unbound brain
concentrations (Liu et al., 2006). However, studies examining
transporter expression at the blood-CSF barrier (BCSFB)
have shown the expression of many efflux transporters
(Kusuhara and Sugiyama, 2004), suggesting that CSF con-
centrations may not be reflective of unbound brain concen-
trations in all situations (de Lange and Danhof, 2002; Lin,
2008). Drugs that are lipophilic and pass the blood-brain
barrier (BBB) and BCSFB by passive diffusion typically have
CSF concentrations that correlate well with unbound concen-
trations in the brain (de Lange and Danhof, 2002). In con-
trast, hydrophilic drugs are primarily transported transcel-
lularly and may require an active transport mechanism to
pass the BBB or BCSFB (de Lange and Danhof, 2002). For
such drugs, CSF concentrations may not correlate with un-

Mean percentage changes in GABA and glutamate in discrete brain regions at RRR after administration of 400, 600, or 800 mg/kg i.v. GHB

Percentage changes were calculated based on mean RRR for a given dose group.

GABA Glutamate
Dose
Frontal Cortex Striatum Hippocampus Frontal Cortex Striatum Hippocampus
% baseline
400 mg/kg 92.9 97.8 93.4 78.4 79.9 93.9
600 mg/kg 94.9 119.0 91.6 92.5 87.1 97.8
800 mg/kg 102.5 98.3 91.8 99.7 66.7 81.8
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Fig. 7. Time course of GABA changes from baseline in frontal cortex after
administration of intravenous GHB at doses of 400 (dotted line), 600
(dashed line), or 800 (solid line) mg/kg. Results are presented as a per-
centage of the mean baseline GABA level in GHB-naive animals (n =
3/time point).

bound concentrations in the brain because the CSF functions
as a slow equilibrium compartment (Lin, 2008). It appears
that the lack of correlation between sedative/hypnotic effect
and GHB CSF concentrations is probably caused by its hy-
drophilic nature and need for an influx transporter at the
BBB. The present study also showed regional differences in
GHB brain concentrations, which further complicates the
relationship between CSF and unbound brain concentra-
tions. An additional possibility for the lack of a relationship
between CSF and brain concentrations is the saturation of an
efflux transporter on the BCSFB, which would result in in-
creasing CSF concentrations with increasing dose, consistent
with the observed results for GHB. Further studies are re-
quired to assess the influence of efflux transporters on GHB
disposition. GHB is a known substrate of the monocarboxy-
late transporters (isoforms 1-4) (Wang et al., 2008a); how-
ever, there is a lack of information in the literature with
respect to the affinity of GHB for efflux transporters. To
clarify the observed relationships, we conducted a study to
directly assess unbound GHB concentrations at RRR in the
frontal cortex using intracerebral microdialysis. The ob-
served relationship between frontal cortex ECF GHB concen-
trations and RRR confirms that CSF GHB concentrations are
not an accurate marker of unbound concentrations in the
brain. However, the mechanism(s) contributing to the dispar-
ity between CSF and unbound brain GHB concentrations
needs to be further explored.

Current therapeutic strategies for the treatment of GHB
overdose involve supportive care, such as intubation and
mechanical ventilation to overcome respiratory depression
(Mason and Kerns, 2002). The observed relationships be-
tween GHB concentration and sedative/hypnotic effect sug-
gest that the use of strategies that decrease GHB concentra-
tions in the plasma and/or brain would result in reduced
sedative/hypnotic effect. One such strategy involves the in-
hibition of active renal reabsorption of GHB mediated by the
MCTs, thereby increasing the renal clearance of GHB (Mor-
ris et al., 2005; Wang et al., 2008a). Coadministration of
L-lactate (an endogenous MCT substrate) and GHB results in
increased GHB renal clearance and decreased plasma con-
centrations (Wang et al., 2008a); however, the time course of
GHB in the brain was not assessed in that study. GHB brain
ECF has been shown to correlate with GHB sedative/hyp-
notic effects (Kapadia et al., 2007; Raybon and Boje, 2007),

and future studies evaluating the effectiveness of this thera-
peutic strategy should evaluate this concentration-effect relation-
ship in the presence of MCT inhibitors, such as 1-lactate and
luteolin. Alternatively, the use of GABAy receptor antago-
nists has been proposed for the treatment of acute GHB
overdoses (Jensen and Mody, 2001). Administration of the
GABAj receptor antagonists SCH 50911 and 3-aminopropyl-
cyclohexylmethylphosphinic acid (CGP 46381) before GHB re-
sulted in a decreased sedative/hypnotic effect (Carai et al.,
2001). The advantage of the strategy using L-lactate to in-
crease GHB renal clearance is ease of translation of this
strategy to the clinic because lactate preparations are al-
ready available clinically. In addition, the potential exists for
lactate to be used in combination with a GABAg antagonist
as they work via distinct targets. This approach may lead to
synergistic effects improving on the affects of the individual
components. However, all strategies should be investigated
further to optimize a detoxification strategy.

In summary, we have shown the exposure- and concentra-
tion-response relationships for GHB-induced sedative/hyp-
notic effect. The offset of sedative/hypnotic effect correlated
to GHB concentrations in plasma and brain (whole and dis-
crete brain regions) over a range of GHB doses. In addition,
we have shown the absence of a relationship between GABA
and glutamate changes at the offset of sedative/hypnotic
effect. These results support the use of a therapeutic detox-
ification strategy that improves GHB clearance and reduces
exposure, thereby decreasing the sedative effects of GHB.
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