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Abstract
Our laboratory has previously shown that the synthetic neuroactive steroid 3a-hydroxy-5b-pregnan-20-one hemisuccinate (3a5bHS) is a negative modulator of NMDA receptors
in vitro. Similarly, 3a5bHS exhibits rapid sedative, analgesic,
anticonvulsive, and neuroprotective effects in vivo. Here we
report a study designed to investigate whether a negatively
charged neuroactive steroid, 3a5bHS, modulates the action of
NMDA receptors in vivo. Our results indicate that peripherally
administered 3a5bHS enters the CNS and inhibits NMDAmediated motor activity and dopamine release in the rat
striatum. The increase in motor activity induced by intrastriatal
microinjection of NMDA was blocked by the systemic admin-

istration of 3a5bHS and the NMDA-induced increase in
extracellular dopamine in the striatum was also attenuated by
both systemically administered and intrastriatally administered
(by in vivo microdialysis) 3a5bHS. These data indicate that
3a5bHS acts through striatal NMDA receptors in vivo. When
taken together, these results suggest that neuroactive steroids may prove to be effective in the treatment of neurological
and psychiatric disorders involving over-stimulation of NMDA
receptors in the mesotelencephalic dopamine system.
Keywords: dopamine, microdialysis, modulator, NMDA
receptor, neuroactive steroid, striatum.
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Neuroactive steroids have been proposed to play a role in the
modulation of inhibitory and excitatory amino acid receptor
function. Considerable evidence suggests that endogenous
neurosteroids, such as allopregnanolone, may act as physiological modulators of GABAA receptor function through a
non-genomic mechanism in vivo and in vitro (Paul and Purdy
1992; Rabow et al. 1995; Baulieu 1998). Pregnenolone
sulfate, which is a negatively charged sulfated steroid, is
found in the CNS and has been shown to modulate the
actions of glutamate at ionotropic amino acid receptors in
neurons and in transient expression systems (Wu et al. 1991;
Weaver et al. 1997; Yaghoubi et al. 1998). In particular,
pregnenolone sulfate potentiates NMDA receptor-mediated
activity (Wu et al. 1991; Irwin et al. 1992; Bowlby 1993;
Wong and Moss 1994) of NR2A- and NR2B-containing
receptors while inhibiting NR2C- and NR2D-containing
receptors (Malayev et al. 2002). Pregnenolone sulfate
increases the potency and efﬁcacy of NMDA in multiple
assays, including NMDA-induced currents in primary neurons and Xenopus occytes expressing NR1 and NR2A

receptor subunits (Wu et al. 1991; Yaghoubi et al. 1998),
NMDA-induced increases in intracellular calcium (Irwin
et al. 1992), and NMDA-induced excitotoxicity of hippocampal neurons in culture (Weaver et al. 1998).
Conversely, pregnanolone sulfate (3a-ol-5b-pregnan20-one sulfate), the sulfated form of the neurosteroid
pregnanolone, decreases NMDA-induced increases in current
(Park-Chung et al. 1994) and NMDH-induced increases in the
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Fig. 1 3a5bHS rapidly enters the brain following systemic injection.
Male rats were administered 3a5bHS (10 mg/kg, i.p.). 3a5bHS was
extracted from whole brain, and analyzed via HPLC ESI-MS. Data
represent the mean nmol/g 3a5bHS in whole brain obtained from three
animals ± SEM. Note that 3a5bHS enters the brain within 10 min after
injection and declines to near baseline levels by 60 min. Data represent the average nmol/g 3a5bHS of three animals ± SEM. Inset:
Chemical structure of 3a5bHS.

intracellular calcium (Irwin et al. 1994) of neurons in culture.
The enhancement of NMDA receptor activity by pregnenolone sulfate and the inhibition by pregnanolone sulfate occur
through independent sites located on the extracellular surface
of NMDA receptors (Park-Chung et al. 1997).
The activity of endogenous neuroactive steroids at NMDA
receptors is dependent upon the presence of a sulfate group at
the C3 position. Structure–activity studies with isolated
neurons and Xenopus oocytes expressing NMDA receptor
subunits demonstrate that the principal requirement is for a
negative charge in the C3 position (Park-Chung et al. 1994).
For example, the sulfate group may be replaced by a
hemisuccinate while maintaining substantial activity:
3a-ol-5b-pregnan-20-one hemisuccinate [pregnanolone hemisuccinate (3a5bHS); Fig. 1a] has similar in vitro activity to
pregnanolone sulfate. Steroids bearing a hemisuccinate group
may be more stable, due to their resistance to endogenous
sulfatases. Moreover, the hemisuccinated steroids have a
substantially higher pKa than the sulfated form and will be
partly unionized at physiological pH, which allows the
hemisuccinated steroids to penetrate the blood–brain barrier
more readily (Weaver et al. 1997).
In a previous study, 3a5bHS was shown to inhibit NMDAinduced cell death in rat hippocampal neurons in culture
(Weaver et al. 1997). 3a5bHS (25 mg/kg) produced sedation
in mice and was antinociceptive in late phase formalininduced pain after peripheral administration. Furthermore,
intravenous injections of 3a5bHS signiﬁcantly reduced
cortical and subcortical infarct size following occlusion of
the middle cerebral artery. These ﬁndings are consistent with
distinct negative modulation of NMDA receptors by 3a5bHS
(Weaver et al. 1997). The negative modulation of NMDA
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receptors by 3a5bHS is of particular interest in the context of
therapeutics, given the role of NMDA receptors in a
constellation of neurological and psychiatric disorders including drug craving, epilepsy, hypoxic neuronal damage,
schizophrenia, excitotoxicity, and Parkinson’s disease.
In the present study we determined the time course of
3a5bHS appearance in the CNS by measuring steroid levels
in the brain following systemic administrations. Based on
this time course, we determined the effect of 3a5bHS
[intraperitoneal (i.p.)] on locomotor activity induced by
microinjection of NMDA into the rat striatum, and on
dopamine release induced by perfusion of NMDA via in vivo
microdialysis.

Materials and methods
Subjects
Male Sprague–Dawley rats (225–300 g) from Charles River
Laboratories (Wilmington, MA, USA) were initially housed in
shoebox cages (two rats/cage) and were provided with food and
water ad libitum. The cages were kept in a temperature-controlled
room with a 12-h light/dark cycle. All experiments were performed
during the light cycle. This research was carried out under a protocol
approved by the Boston Universty School of Medicine IACUC.
Materials
All steroids were purchased from Steraloids Inc. (Wilton, NH, USA)
and were dissolved in dimethyl sulfoxide (DMSO; 100%) and
injected systemically at 0.5 mL/kg. The amount of DMSO used in
our studies never exceeded 150 lL/animal. It has previously been
shown that DMSO at concentrations of 5–90% does not disrupt the
blood–brain barrier (Neuwelt et al. 1983; Walters et al. 1984; Greig
et al. 1985; Authier et al. 2002). NMDA and D-(–)-2-amino5-phosphonopentanoic acid (D-AP5) were purchased from Sigma
(St Louis, MO, USA) and dissolved in artiﬁcial cerebrospinal ﬂuid
(aCSF; 145 mM NaCl; 2.7 mM KCl; 1.2 mM CaCl2; 1.0 mM MgCl2;
0.2 mM ascorbate; 5.0 mM glucose; pH 7.4).
Determination of pregnanolone hemisuccinate tissue levels
Rats were housed for one week prior to initiation of experiments. On
the day of the experiment, rats were divided into three groups based
on their scheduled time of death (10, 20 or 60 min post-injection)
and administered 3a5bHS (10 mg/kg, i.p.). Rats were anesthetized
with isoﬂurane, and decapitated at the designated time points. Brain
tissue was rapidly removed, dissected, and stored at ) 80C until
assayed.
For each rat 0.6–2 g of tissue homogenate from whole brain was
analyzed for 3a5bHS; the larger tissue amounts were required for
samples originating from the 60 min time-point. Pregnanolone
hemiglutarate (PAHG) 1 lL of a 2.7-mM solution in ethanol was
added to tissue samples for use as an extraction recovery standard.
Tissues were homogenized in 2 mL of 0.25 M NaOH with a sonic
dismembrator. Potentially interfering lipids were extracted from the
alkaline homogenates with 15 mL of n-hexane in three aliquots.
Homogenates were then acidiﬁed by the addition of 2.5 mL of 2.5 M
H2PO4. 3a5bHS and PAHG were then extracted from the
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homogenates with the aid of a sonic dismembrator using three 5 mL
aliquots of 10% ethyl acetate in hexane.
Extraction aliquots were combined, diluted with 10 mL of
n-heptane, and loaded onto a conditioned 500 mg silica SepPak
column (Waters Corp., Milford, MA, USA). Columns were washed
with 5 mL hexane, and steroidal analytes were eluted with 3 mL of
a 1 : 1 mixture of acetone : hexane. The eluant was evaporated to
dryness under vacuum and reconstituted in 49 lL of CH3OH and
1 lL of 50 mM ammonium acetate containing 2.5 pmol pregnenolone hemisuccinate (PEHS) for use as an instrument standard.
Chromatographic resolution was achieved using a HP 1100 highperformance liquid chromatography (HPLC) running a mobile phase
of 75% CH3OH, 25% 50 mM ammonium acetate (pH 3) at a ﬂow
rate of 100 lL/min through a Hypersil BDS C18 column
(2.1 · 150 mm; Alltech Associates, Deerﬁeld, IL, USA). Column
efﬂuent was directed into a HP 5989x electrospray mass spectrometer operating in the negative ion mode and running a sheath liquid
of 50 mM NH4OH at 5 lL/min. The mass spectrometer was set to
monitor the deprotonated ions of the analyte and two standards
(3a5bHS m/z ¼ 417.2, PAHG m/z ¼ 431.3, PEHS m/z ¼ 415.2).
Sample values of 3a5bHS were normalized to the optimal
response of the instrument standard, and then determined by
comparing to a concurrently run, external standard curve. 3a5bHS
values were then corrected for extraction efﬁciency, which was
determined by monitoring PAHG recovery.
Microinjection experiments
Rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.)
and placed in a stereotaxic apparatus (David Kopf Instruments,
Tujung, CA, USA). A rostro-caudal incision was then made to
expose the dorsal surface of the skull. Two bilateral holes were
drilled above the striatum (+ 1.0 mm A/P, + 3.0 mm M/L,
) 3.0 mm D/V relative to bregma, Paxinos and Watson 1997) and
guide cannulae (9 mm, 24 gauge) were implanted and fastened to
the skull using screws and dental cement. All rats were housed in
individual cages following surgery.
Three days post surgery, rats were habituated to the photocell
apparatus (AccuScan Instruments; Columbus, OH, USA) for 2 h.
On the day of the experiment rats were rehabituated for 1 h prior to
the start of the experiment. Vehicle or 3a5bHS (1 or 10 mg/kg, i.p.)
was administered systemically prior to microinjection. Ten minutes
following the injection, obturators were removed from the guide
cannulae and replaced by a 33-gauge stainless steel injection needle
that extended 2 mm below the tip of the guide cannulae into the
striatum. Bilateral infusions of NMDA (10 lg/lL) or 0.9% saline
were made over 2 min at a volume of 0.5 lL per side into the
striatum. The injectors remained in the striatum for 1 min following
the injection to ensure that the compounds had diffused from the site
of injection. The animals were returned to the behavior boxes and
activity was monitored continuously for 60 min.
Another group of rats were administered with either vehicle or
one of the following doses of 3a5bHS (1, 5, 10, or 20 mg/kg, i.p.).
Ten minutes after the injection, the animals were placed in photocell
boxes and motor activity was measured for 1 h.

In vivo microdialysis
Prior to surgery the animals were anesthetized with sodium
pentobarbital (50 mg/kg, i.p.) and placed in a stereotaxic apparatus

(David Kopf Instruments). A rostro-caudal incision was then made
to expose the dorsal surface of the skull. A hole was drilled in the
skull above the striatum with a stereotaxic drill (+ 0.5 mm A/P and
+ 2.9 mm M/L relative to bregma; Paxinos and Watson 1997). Two
other holes were drilled in the skull where screws were secured. A
dialysis guide cannula (CMA Microdialysis, Acton, MA, USA) was
lowered 2 mm ventrally and was then secured to the skull with
dental cement. All rats were housed in individual cages following
surgery.
No fewer than 2 days after surgery, the rats were brieﬂy
anesthetized with isoﬂurane to facilitate the removal of the dummy
from the guide cannula and insertion of a microdialysis probe (CMA
10, dialysis membrane length of 2 mm of polycarbonate, with a
molecular weight cut-off of 20 kDa) into the striatum. Animals were
allowed to recover for 120 min prior to the initiation of the
experiment following probe insertion while aCSF was pumped
through the dialysis probe at a rate of 2 lL/min. Twelve 20-min
samples were collected over 240 min and immediately stored at
)20C. The ﬁrst six 20-min samples were collected to establish the
baseline concentration of dopamine. Following samples 1–6, the rats
were administered either vehicle or 3a5bHS (0.01, 1, 5, 10 or
20 mg/kg, i.p.) before the collection of sample 7. At this point the
perfusate for the vehicle group was changed from aCSF to one of the
following solutions: NMDA (1 mM) or NMDA (1 mM) plus D-AP5
(100–200 lM). The perfusate for the steroid group was switched
from aCSF to NMDA (1 mM). After collection of sample 7, the
perfusate was switched back to aCSF and ﬁve more 20-min samples
were collected. Upon termination of the experiment, samples were
stored at )80C until analysis.
A second group of rats was brieﬂy anesthetized with isoﬂurane
and the microdialysis probe was inserted into the striatum no less
than 12 h prior to the start of the experiment. Artiﬁcial cerebrospinal
ﬂuid was pumped at a rate of 0.2 lL/min during the 12 h. Preceding
the start of the experiment the ﬂow rate was gradually increased to
2 lL/min and the dialysis experiment was begun following the same
protocol as described above.
A third group of rats was also brieﬂy anesthetized with isoﬂurane
and the microdialysis probe was inserted into the striatum no less
than 12 h prior to the start of the experiment. Artiﬁcial cerebrospinal
ﬂuid was pumped at a rate of 0.2 lL/min during the 12 h. Preceding
the start of the experiment the ﬂow rate was gradually increased to
2 lL/min. The ﬁrst six 20-min samples were collected to establish
the baseline concentration of dopamine. Following samples 1–6, the
perfusate was changed from aCSF to one of the following solutions:
NMDA (1 mM) + vehicle or NMDA + 3a5bHS (100 lM) and
sample 7 was collected. After collection of sample 7, the perfusate
was switched back to aCSF and ﬁve more 20-min samples were
collected. Upon termination of the experiment, samples were stored
at )80C until analysis.
All samples were analyzed using HPLC with electrochemical
detection using a carbon detector (ESA, Chelmsford, MA, USA).
The mobile phase consisted of 50 mM Na2HPO4, 20 mM citric
acid, 1.5 mM heptanosulfonic acid, 0.1 mM EDTA, and 5%
methanol at pH 4.0. The dopamine was separated on a 15-cm
reverse phase C-18 column (Alltech) and oxidized at a potential of
175 mV. Dopamine concentrations per sample were normalized to
an external standard curve and plotted as percentage change from
baseline.

 2003 International Society for Neurochemistry, J. Neurochem. (2003) 86, 92–101

NMDA receptor modulation by 3a5bHS in vivo

Histology
Upon completion of the microinjection and microdialysis experiments the animals were given an overdose of sodium pentobarbital (100 mg/kg, i.p.) and were perfused intracardially with 0.9%
saline followed by 10% formalin. The brains were removed and
coronal sections (100 lm) were taken at the level of the striatum
using a Vibratome (Technical Products International, St Louis,
MO, USA). The sections were stained with Cresyl violet.
Cannulae placement and potential neurotoxicity were determined
by an individual who was unaware of prior treatments and images
were recorded using a Nikon Eclipse 6500 microscope with a
Spot insight color camera and software (Diagnostic Instruments
Inc., Sterling Heights, MI, USA).

Results

Time course of 3a5bHS appearance in brain
To assess the rate of appearance and disappearance of steroid
in the brain, rats were administered with 3a5bHS (10 mg/kg,
i.p.) and killed at 10, 20, and 60 min post injection. 3a5bHS
was extracted from whole brain, and analyzed via HPLC
ESI-MS. 3a5bHS was detected in the brain within 10 min
(Fig. 1). Steroid levels reached 3.5 nmol/g of brain tissue at
10 min post injection and declined to 0.5 nmol/g of brain
tissue by 60 min. 3a5bHS levels peak within 10 min post
injection and the concentration in whole brain remains high
for at least 20 min post injection.

Histological examination
Figure 2 represents the histological analysis of brain tissue
following microdialysis and microinjection experiments. The
brain sections were examined under a microscope following
Nissl staining. From the cumulative visual inspection of
approximately one hundred such experiments, some gliosis
was detected immediately surrounding the probe or microinjection site. As shown in Figs 2(a and b), in representative
sections from striatum of a microdialysis experiment, there
was no indication of NMDA-induced toxicity as the
characteristics of the surrounding tissue as judged by the
extent of glial proliferation and presence of healthy looking
cells did not differ between aCSF and NMDA treatments.
Some expected mechanical damage was detected secondary
to probe placement and cannulation. Histological results also
indicate placement of the dialysis probes and the microinjection cannulae within the dorsal striatum (Figs 2c and d).
Effect of 3a5bHS on baseline motor activity
As shown in Table 1, motor activity counts were not
signiﬁcantly affected following 3a5bHS administration (1,
5, 10, or 20 mg/kg). These results indicate that 3a5bHS does
not decrease baseline motor activity and therefore it is not
sedative at any of the doses tested (Table 1). Although there
was no signiﬁcant difference between the 20 mg/kg dose and
control groups, we reduced the concentration to 10 mg/kg in

(a)

Fig. 2 Histological analysis and location of
cannulae. The cannula tracks are located at
the superior border of the image. (a) Bright
field photomicrograph of a sample salinetreated rat. (b) Bright field photomicrograph
of a sample NMDA-treated rat. Note the
similar number of neurons (arrows) and glia
in the histologies from saline- and NMDAtreated rats. (c) Location of microdialysis
probe placement. (d) Location of microinjection guide cannulae. Scale bar 20 lm.
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Table 1 The effect of 3a5bHS on baseline motor activity

(a)

1000

Activity counts ± SEM

(1 mg/kg)
(5 mg/kg)
(10 mg/kg)
(20 mg/kg)

8130
8611
8038
8453
4361

±
±
±
±
±

800

Horizontal Counts

Vehicle
3a5bHS
3a5bHS
3a5bHS
3a5bHS

2162
1211
1383
2741
1891

Rats were administered vehicle or 3a5bHS (1, 5, 10, or 20 mg/kg) and
placed in behavioral boxes and motor activity was measured for 1 h.
No dose of 3a5bHS tested produced a significant change in baseline
locomotor activity. There were four animals per group.

3a5bHS attenuates NMDA-induced dopamine release
Basal extracellular levels of striatal dopamine were measured
in 52 rats via in vivo microdialysis. The average (± standard
error of the mean) extracellular dopamine value was
2.0 ± 0.8 nM/20 lL.
Systemic administration of 3a5bHS (0.01, 1, 5, 10 or
20 mg/kg) decreased NMDA-induced dopamine release
dose-dependently (Fig. 4). The data are presented as percentage baseline, with baseline deﬁned as the average of the
four samples collected prior to administration of NMDA. The
complete time-course of the microdialysis data is presented
in Fig. 4(a). The complete time-course was analyzed with a
mixed factors ANOVA (repeated measures over time). The
results of this analysis revealed signiﬁcant main effects of

#
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#
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NMDA/vehicle
NMDA/3α5βHS (1 mg/kg)
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Horizontal Counts

3a5bHS blocks the behavioral hyperactivity induced
by intrastriatal NMDA
Rats were administered vehicle or one of two doses of
3a5bHS (1 mg/kg or 10 mg/kg) intraperitoneally 10 min
prior to intrastriatal microinjection of NMDA or saline.
Horizontal activity was measured in 5-min blocks for 60 min
immediately following microinjection. The data in Fig. 3(a)
represent the 10-min time point from the time course
(Fig. 3b) and was analyzed using a one-way analysis of
variance (ANOVA). While this analysis revealed a marginally
signiﬁcant main effect (F4,32 ¼ 2.577, p < 0.0562), post-hoc
(Fisher’s LSD) analyses indicated that the NMDA-induced
behavioral activation was blocked by 3a5bHS (1 and 10 mg/kg;
Fig. 3a). The data in Fig. 3(b) were analyzed with a mixed
factors ANOVA with repeated measures over time. The analysis
revealed a signiﬁcant main effect of time (F11,352 ¼ 6.63,
p < 0.0001) and a marginally signiﬁcant main effect of
treatment (F44,32 ¼ 2.54, p < 0.058). There was no signiﬁcant treatment–time interaction. 3a5bHS (10 mg/kg) did not
induce sedation, reﬂected by no signiﬁcant difference
between the saline + vehicle and the saline + 3a5bHS
groups at any time point (Fig. 3).

600

3α5βHS i.p. (mg/kg) 0
NMDA microinjection (µg) 5
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our behavioral studies in order to further ensure that there
would be no confounding direct inhibition of motor activity.
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Fig. 3 3a5bHS blocks behavioral activity induced by NMDA in the rat
striatum. (a) 3a5bHS (1 or 10 mg/kg) or vehicle were administered i.p.
10 min prior to the microinjection of NMDA (10 lg/mL) or sterile saline
into the rat striatum. Following microinjection, animals were placed in
behavioral boxes and horizontal activity was monitored at 5-min
intervals for 1 h. Bar graph represents the horizontal count at 10 min
post-NMDA microinjection. *Denotes significant increase in horizontal
activity compared to the saline group, while # represents significant
difference between treatment groups as compared to control
(p < 0.05, Fisher’s LSD). The animals treated with NMDA/vehicle
show an increase in horizontal activity as compared to the both saline/
vehicle and saline/3a5bHS groups. However, animals treated with
NMDA/3a5bHS (1 or 10 mg/kg) show a decrease in horizontal activity
compared to the NMDA/vehicle group. (b) Time-course of 3a5bHS
inhibition of NMDA-induced behavioral activity. Number of animals
used in microinjection experiments was six to eight per group. d,
NMDA/vehicle; m, NMDA/3a5bHS (1 mg/kg); r, NMDA/3a5bHS
(10 mg/kg); n, saline/vehicle; ,, saline/3a5bHS (10 mg/kg).

treatment (F5,22 ¼ 5.52; p < 0.0019) and time (F8,176 ¼
37.5, p < 0.0001) as well as a signiﬁcant treatment–time
interaction (F40,176 ¼ 4.16, p < 0.0001). The data collected
20 and 40 min following the intrastriatal perfusion of NMDA
is presented in Fig. 4(b). The data in Fig. 4(b) were analyzed
with a one-way ANOVA and the analysis revealed signiﬁcant
main effects at 20 min (F5,22 ¼ 4.455, p < 0.0059) and
40 min (F5,22 ¼ 5.16, p < 0.0028). Subsequent pairwise
analyses (Fisher’s LSD) showed that there was a signiﬁcant
increase in extracellular dopamine in the striatum 20 and
40 min following perfusion of NMDA, and that this effect
was blocked by 3a5bHS at the following doses, 5, 10, and
20 mg/kg.
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In order to ensure that a 120-min waiting period before the
start of sample collection was a sufﬁcient amount of time for
dopamine levels to reach equilibrium following probe
implantation, we repeated our dialysis experiments with the
10 mg/kg dose of 3a5bHS 12 h following insertion of
the dialysis probe. Systemic administration of 3a5bHS
(10 mg/kg) decreased NMDA-induced dopamine release in
the group of rats that had the dialysis probe inserted 12 h
prior to the start of the experiment (Fig. 4c, s). The results
of this analysis revealed signiﬁcant main effects of treatment
(F1,7 ¼ 5.43; p < 0.05) and time (F8,56 ¼ 5.0, p < 0.0001)
as well as a signiﬁcant treatment–time interaction
(F8,56 ¼ 3.42, p < 0.0028). The NMDA-induced increase
in dopamine was dose-dependently decreased by 3a5bHS
with an EC50 of 4 mg/kg (Fig. 4c).
The data presented in Fig. 5 indicate that vehicle administration has no effect on basal dopamine release, and that
NMDA-induced striatal dopamine release is attenuated by
the NMDA antagonist D-AP5. These results suggest that
NMDA receptor activation is necessary for striatal dopamine
release. The data are presented as percentage baseline, with
baseline deﬁned as the average of the four samples collected
prior to administration of NMDA. The complete time-course

40

Dialysis:

NMDA
NMDA + D-AP5 (100 µM)
NMDA + D-AP5 (200 µM)
aCSF alone

2500

60
80
100
0

0.01

0.1

1

10

100

3α5βHS (mg/kg)

Fig. 4 3a5bHS attenuates NMDA-evoked release of extracellular
dopamine in the rat striatum. (a) Rats were injected with either vehicle
or 3a5bHS (s, 0; j, 0.01; r, 1; m, 5; ., 10; or d, 20 mg/kg, i.p.)
immediately after collection of the sample at time 0. After a 10-min
waiting period, the perfusion medium was switched from aCSF to a
1-mM NMDA solution dissolved in aCSF. After collection of the next
20 min sample, the perfusion medium was switched back to aCSF and
five more samples were collected. Data are mean ± SEM values for
extracellular concentrations of dopamine, presented as percentages of
baseline values. The infusion of 1 mM NMDA solution started at the
10-min time point and lasted for 20 min (indicated by horizontal bar).
(b) Data represents peak times for 20 and 40 min from (a). 3a5bHS
inhibits NMDA-induced dopamine release at a 5, 10 or 20 mg/kg dose.
*Denotes significant difference from baseline levels of dopamine for
the 5, 10 and 20 mg/kg dose, while # represents significant difference
between treatment groups compared to control (p < 0.05, Fisher’s
LSD). (c) Dose–response curve for 3a5bHS inhibition of NMDAinduced dopamine release at 20 min. s, Data for group of rats that
had microdialysis probe inserted 12 h before the start of the experiment. Data points: percentage change in NMDA-induced striatal
dopamine release with an i.p. injection of 3a5bHS (mean of four to six
experiments). Error bars: SEM. Curve is a non-linear least-squares fit
to the Michealis–Menton equation; EC50 for 3a5bHS is 4 mg/kg. For
the in vivo microdialysis experiments the number of animals used was
four to six per group.
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Fig. 5 D-AP5 inhibits NMDA-evoked release of extracellular dopamine in the rat striatum. Rats were injected with vehicle (d) immediately
after collection of the sample at time 0. After a 10-min waiting period,
one group of rats was perfused with aCSF alone (n), while in the other
three groups the perfusion medium was switched from aCSF to a
1-mM NMDA solution with D-AP5 (j, 100 lM; ., 200 lM) dissolved
together in aCSF. After collection of the next 20-min sample, the
perfusion medium was switched back to aCSF and five more samples
were collected. The infusion of NMDA (1 mM) + D-AP5 (100 lM or
200 lM) solution started at time 10 and lasted for 20 min (indicated by
horizontal bar). Data are mean ± SEM for extracellular concentrations
of dopamine, presented as percentages of baseline values. *Denotes
significant difference from baseline levels of dopamine, while # represents significant difference between treatment groups compared to
aCSF (p < 0.05, Fisher’s LSD). For the in vivo microdialysis experiments the number of animals used was four to six per group.
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of the microdialysis data was analyzed with a mixed factors
ANOVA with repeated measures over time (Fig. 5a). The
results of this analysis revealed signiﬁcant main effects of
treatment (F2,12 ¼ 3.83; p < 0.05) and time (F8,96 ¼ 16.57,
p < 0.0001) as well as a signiﬁcant treatment–time interaction (F16,96 ¼ 1.84, p < 0.036). The data collected 20 and
40 min following the intrastriatal perfusion of NMDA are
presented in Fig. 5(b). Data in Fig. 5(b) were analyzed with a
one-way ANOVA, which revealed a signiﬁcant main effect at
40 min [F2,12 ¼ 3.875, p < 0.0503] that was not observed
at 20 min. Subsequent pairwise analyses (Fisher’s LSD)
showed that there was a signiﬁcant increase in extracellular
dopamine in the striatum 20 and 40 min following perfusion
of NMDA through the microdialysis probe. The NMDAinduced increase in dopamine was attenuated in a dosedependent manner by the co-perfusion of 100 lM or 200 lM
D-AP5 with NMDA (Fig. 5).
Similarly, 3a5bHS (100 lM) perfused together with
NMDA (1 mM) through the dialysis probe inhibited striatal
dopamine release (Fig. 6). The data are presented as
percentage baseline, with baseline deﬁned as the average of
the four samples collected prior to administration of NMDA.
The complete time course of the microdialysis data is
presented in Fig. 6. Analysis by mixed factors ANOVA
(repeated measures over time) revealed signiﬁcant main
effects of treatment (F1,6 ¼ 7.65; p < 0.0328) and time
1200
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Fig. 6 3a5bHS perfused through the dialysis probe attenuates NMDAevoked release of extracellular dopamine in the rat striatum. After the
collection of sample at time 0, one group of rats was perfused with
NMDA (1 mM) + vehicle (d) while the other group was perfused with
NMDA (1 mM) + 3a5bHS (s, 100 lM) solution dissolved together in
aCSF. After collection of the next 20-min sample, the perfusion
medium was switched back to aCSF and five more samples were
collected. Data are mean ± SEM for extracellular concentrations of
dopamine, presented as percentages of baseline values. The infusion
of NMDA solutions started at time 10 and lasted for 20 min (indicated
by horizontal bar). For the in vivo microdialysis experiments the
number of animals used was four to five per group.

(F8,48 ¼ 10.911, p < 0.0001) as well as a signiﬁcant
treatment–time interaction (F8,48 ¼ 3.415, p < 0.0035). Subsequent pairwise analyses (Fisher’s LSD) showed that there
was a signiﬁcant increase in extracellular dopamine in the
striatum at 20 min following perfusion of NMDA and that
this effect was attenuated by 3a5bHS.
Discussion

Evidence indicates that neuroactive steroids such as 3a5bHS
inhibit NMDA receptor activation in primary cultures of
neurons and in Xenopus oocytes expressing cloned human
NMDA receptors (Weaver et al. 1997; Yaghoubi et al. 1998).
However, the question of whether 3a5bHS and related
neurosteroids act via the NMDA receptor in vivo remains
unanswered. Our present results demonstrating that 3a5bHS
inhibits NMDA-induced increases in motor activity combined
with the ﬁnding that 3a5bHS blocks NMDA-induced dopamine release in the rat striatum, strongly suggest that
3a5bHS negatively modulates NMDA receptors in vivo.
Time-course of 3a5bHS action
The pharmacokinetic results indicate that 3a5bHS is at its
highest concentration in the brain approximately 10 min
post-administration. Experiments were designed such that
NMDA microinjection or NMDA infusion through the
dialysis probe was initiated 10 min following i.p. steroid
administration. The pharmacokinetic results were also used
to determine the duration of sample collection for the
microdialysis experiments. The ﬁrst 20-min collection period
was initiated 10 min post-administration of 3a5bHS in order
to capture the effect of the peak brain concentration of
3a5bHS on NMDA-induced dopamine release.
3a5bHS blocks locomotor hyperactivity induced
by intrastriatal microinjection of NMDA
The ability of 3a5bHS to dose-dependently decrease the
behavioral response elicited by intrastriatal microinjections of
NMDA is consistent with in vitro studies showing that 3a5bHS
inhibits NMDA receptors (Park-Chung et al. 1994) and studies
showing that excitatory amino acids regulate striatal-mediated
motor activity in that NMDA infused into the nucleus
accumbens resulted in an increase in behavioral activation
(Riederer et al. 1992; Schmidt et al. 1992; Ossowska and
Wolfarth 1995). The attenuation of NMDA-induced behavioral
hyperactivity by 3a5bHS does not appear to be due to a
sedative effect of the steroid since the highest dose used had no
effect on the non-pharmacological behavioral activation
induced by saline administration or on baseline motor activity
following systemic administration. Furthermore, this same
dose of 3a5bHS had no effect on the behavioral hyperactivity
induced by an acute cocaine injection (data not shown).
Administration of NMDA at concentrations of 1 mM or
higher into the striatum increases extracellular levels of
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dopamine (Cheramy et al. 1986; Moghaddam et al. 1990;
Keefe et al. 1992), and the concentration of NMDA
microinjected in our behavioral experiment (0.1 lg/0.5 lL)
was slightly higher than 1 mM. Because increases in
extracellular dopamine in the nucleus accumbens are well
known to increase motor activity (Wu et al. 1993; Taepavarapruk et al. 2000), we hypothesize that the increase in
motor activity seen in rats receiving striatal microinjections
of NMDA is secondary to increased NMDA-induced dopamine release and that 3a5bHS inhibits this motor activity
via negative modulation of the NMDA receptor.
While 3a5bHS (1 mg/kg, i.p.) had no signiﬁcant effect on
dopamine release induced by intrastriatal administration of
NMDA via microdialysis (Fig. 4), this same dose of 3a5bHS
inhibits behavioral hyperactivity induced by intrastriatal
microinjection of NMDA. The lack of exact correlation
between these two effects at a single low dose of 3a5bHS
could be explained by several possible mechanisms. Whereas
behavioral experiments measure changes in the total effect of
a multineuronal circuit distal to the site of NMDA microinjection, microdialysis experiments measure changes in
dopamine release at the site of NMDA administration.
Microinjection of NMDA stimulates local striatal neurons
leading to a chemical cascade that propagates across the
striatum and other basal ganglia nuclei in order to initiate
motor behavior via glutamatergic projections at distant
synapses. The dose–effect analysis demonstrates an ED50
of 4 mg/kg (Fig. 4c), consistent with approximately 20%
inhibition of NMDA-induced dopamine release at 1 mg/kg
3a5bHS. Given that 3a5bHS (i.p.) is likely to be present
throughout the brain, possibly affecting all involved synapses, it may be that the cumulative effect of this level of
inhibition is sufﬁcient to reduce motor activation. Alternatively, 3a5bHS may be more potent at glutamatergic synapses
that are involved in NMDA-induced behavioral hyperactivity
than at those that directly regulate dopamine release. While
the subunit dependence of 3a5bHS potency has not been
determined, the potency of pregnanolone sulfate differs by
about fourfold among NMDA receptors, depending on
subunit composition (Malayev et al. 2002).
3a5bHS attenuates NMDA-induced dopamine release
in the striatum
NMDA receptor mRNA has been localized to both GABAergic and cholinergic interneurons as well as GABAergic
projection neurons in the striatum (Landwehrmeyer et al.
1995; Kuppenbender et al. 2000). In addition, anatomical
studies indicate that glutamate receptors are present on
striatal dopaminergic nerve terminals (Sesack and Pickel
1990). Given the diverse localization of NMDA receptors in
the striatum it is difﬁcult to distinguish whether synaptically
released glutamate acts at pre-, post-, or pre- and postsynaptic glutamatergic sites to modulate striatal dopamine
release. In the striatum, evidence for pre-synaptic control of
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dopamine release by glutamate is derived from the lack of
inhibition of glutamate-induced release of dopamine by
tetrodotoxin using in vivo microdialysis (Westerink et al.
1989; Keefe et al. 1992; Martinez-Fong et al. 1992), and
push–pull cannulation (Cheramy et al. 1986, 1990; Galli
et al. 1991), as well as striatal slice preparations (Roberts and
Sharif 1978; Clow and Jhamandas 1989; Krebs et al. 1991a,
1991b; Iravani and Kruk 1996). Moreover, dopamine
synthesis and glutamate-stimulated release via NMDA
receptors has been demonstrated in striatal synaptosomes
(Krebs et al. 1991b; Desce et al. 1992, 1994; Cheramy et al.
1994). However, the possible involvement of post-synaptic
NMDA receptors cannot be ruled out. Post-synaptic NMDA
receptors could enhance dopamine release by affecting
synaptic ion concentrations or by stimulating release of
nitric oxide by the post-synaptic neuron (Zetterstrom et al.
1988; Hurd and Ungerstedt 1989; Westerink et al. 1989;
Hanbauer et al. 1992; Keefe et al. 1993). Alternatively,
NMDA receptors located on striatal GABAergic or cholinergic interneurons could also enhance dopamine release by
multisynaptic activation of nigral dopaminergic neurons
(Whitehead et al. 2001).
We ﬁnd that NMDA administration into the striatum
through the microdialysis probe increases extracellular
dopamine levels, consistent with previous results in vitro
(Roberts and Sharif 1978; Roberts and Anderson 1979;
Marien et al. 1983) and in vivo (Cheramy et al. 1986;
Moghaddam et al. 1990; Keefe et al. 1992). The NMDAinduced release of dopamine is blocked by D-AP5, a
competitive inhibitor of NMDA receptors, as has been
observed previously (Marek et al. 1992; Whitton et al.
1994). These results are consistent with previous observations that intrastriatal administration of a glutamate re-uptake
blocker increases extracellular dopamine in the neostriatum
and that this effect is attenuated by NMDA antagonists
(Segovia et al. 1997). Taken together, the results strongly
support the hypothesis that both systemic and intrastriatal
administration of 3a5bHS decrease NMDA-induced dopamine release (as measured by microdialysis) via negative
modulation of NMDA receptors.
The present behavioral and neurochemical results indicate
that peripherally administered 3a5bHS negatively modulates
NMDA receptors in the CNS. Pharmacological manipulation
of glutamatergic transmission by 3a5bHS could be a new
strategy for the treatment of disorders that are characterized
at least in part by the overactivation of these receptors.
NMDA receptors are hypothesized to play a role in
neurological and psychiatric disorders such as epilepsy
(Herron et al. 1985; Dingledine et al. 1986), schizophrenia
(Carlsson and Carlsson 1990; Wachtel and Turski 1990),
excitotoxicity (Olney et al. 1981), addiction (Robinson and
Berridge 1993; Pierce et al. 1997; Wolf 1998), and Parkinson’s disease (Carlsson and Carlsson 1990). While NMDA
receptor antagonists show promise in animal models of these
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disorders, this drug class produces side-effects including
ataxia (Carlsson and Carlsson 1989), hyperlocomotion (Koek
et al. 1988), hallucinations (Lahti et al. 1995), and deﬁcits in
learning and memory (Morris et al. 1986). It is hoped that
the development of negative modulators of NMDA receptors, such as 3a5bHS, may confer therapeutic beneﬁt without
the undesirable side-effects associated with NMDA receptor
antagonists.
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