
Psychopharmacology (2004) 175:494–502
DOI 10.1007/s00213-004-1836-4

O R I G I N A L I N V E S T I G A T I O N

Brian H. Harvey · Frasia Oosthuizen · Linda Brand ·
Gregers Wegener · Dan J. Stein

Stress–restress evokes sustained iNOS activity and altered GABA levels
and NMDA receptors in rat hippocampus

Received: 15 December 2003 / Accepted: 3 February 2004 / Published online: 8 May 2004
� Springer-Verlag 2004

Abstract Rationale: Stress-related glucocorticoid and glu-
tamate release have been implicated in hippocampal atro-
phy evident in patients with post-traumatic stress dis-
order (PTSD). Glutamatergic mechanisms activate nitric
oxide synthase (NOS), while gamma-amino-butyric acid
(GABA) may inhibit both glutamatergic and nitrergic
transmission. Animal studies support a role for NOS in
stress. Objectives: We have studied the role of NOS and
glucocorticoids, as well as inhibitory and excitatory trans-
mitters, in a putative animal model of PTSD that empha-
sizes repeated trauma. Methods: Hippocampal NOS activ-
ity, N-methyl-d-aspartate (NMDA) receptor binding char-
acteristics and GABA levels were studied in Sprague-
Dawley rats 21 days after exposure to a stress–restress
paradigm, using radiometric analysis, radioligand studies
and high-performance liquid chromatography (HPLC) anal-
ysis with electrochemical detection, respectively. The NOS
isoform involved, and the role of stress-mediated cortico-
sterone release in NOS activation, was verified with the
administration of selective iNOS and nNOS inhibitors,
aminoguanidine (50 mg/kg/day i.p.) and 7-nitroindazole
(12.5 mg/kg/day i.p.), and the steroid synthesis inhibitor,
ketoconazole (24 mg/kg/day i.p.), administered for 21 days

prior to and during the stress procedure. Results: Stress
evoked a sustained increase in NOS activity, but reduced
NMDA receptor density and total GABA levels. Amino-
guanidine or ketoconazole, but not 7-nitroindazole or saline,
blocked stress-induced NOS activation. Conclusions:
Stress–restress-mediated glucocorticoid release activates
iNOS, followed by a reactive downregulation of hippo-
campal NMDA receptors and dysregulation of inhibitory
GABA pathways. The role of NO in neuronal toxicity, and
its regulation by glutamate and GABA has important im-
plications in stress-related hippocampal degeneration.
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Introduction

Post-traumatic stress disorder (PTSD) is a debilitating
anxiety disorder that may develop after an individual has
experienced or witnessed a severe traumatic event. Apart
from symptoms of hyperarousal, characteristic features of
PTSD include avoidance and amnesic symptoms (Amer-
ican Psychiatric Association 1994). Furthermore, imaging
studies in PTSD patients have demonstrated volume re-
ductions in the hippocampus (Elzinga and Bremner 2002)
that appear correlated with illness severity and the degree
of cognitive deficit (Bremner 1999). Although there is
evidence of decreased hippocampal volume predating
PTSD (Pitman et al. 2001), the hypothesis that PTSD
leads to hippocampal atrophy and associated memory
deficits is supported by recent work that, during treatment
of PTSD, there is an increase in hippocampal volume
(Vermetten et al. 2003).

Associative learning and other behavioral processes
mediated by the hippocampus and that play a role in
PTSD involve glutamate N-methyl-d-aspartate (NMDA)
receptors (Heresco-Levy and Javitt 1998). Dysfunctional
brain glutamatergic systems, particularly the NMDA re-
ceptor, have recently been suggested as an important
neurobiological component of PTSD, perhaps contribut-

B. H. Harvey ()) · F. Oosthuizen · L. Brand
Faculty of Health Sciences, Division of Pharmacology,
School of Pharmacy,
North West University,
2520 Potchefstroom, South Africa
e-mail: fklbhh@puk.ac.za
Tel.: +27-18-2992238
Fax: +27-18-2992225

G. Wegener
Department of Biological Psychiatry,
Institute for Basic Psychiatric Research,
University of Aarhus,
Skovagervej 2, 8240 Risskov, Denmark

D. J. Stein
MRC Unit on Anxiety and Stress Disorders,
Department of Psychiatry,
University of Stellenbosch,
Tygerberg, South Africa



ing to hippocampal toxicity (Chambers et al. 1999). Ani-
mal studies implicate the hippocampus in emotional pro-
cessing as well as explicit memory (Brown et al. 1999),
where stress-related hippocampal structural changes ap-
pear related to the neurotoxic effects of glucocorticoids
and the subsequent release of glutamate (McEwen 1999;
Sapolsky 2000). In a recent pilot study, Heresco-Levy et
al. (2002) reported on the clinical evidence for the effi-
cacy of d-cycloserine, a partial agonist at the glycine
regulatory site on the NMDA receptor, in the treatment of
PTSD.

The activation of neuronal nitric oxide (NO) synthase
(nNOS) and other Ca2+-dependent enzymes accounts for
many of the deleterious effects associated with excessive
NMDA receptor activation (Almeida et al. 1998), while
recent studies have provided evidence that severe forms of
stress, such as chronic restraint stress, activate pro-in-
flammatory pathways in the brain, particularly inducible
NOS (iNOS) and cyclooxygenase (Madrigal et al. 2001,
2003). Since iNOS involves a gradual induction over time,
resulting in the protracted release of large amounts of NO,
this may have direct implications for neuronal degenera-
tion and atrophy evident in neuroimaging studies in pa-
tients with PTSD. Furthermore, several lines of evidence
indicate that the NMDA–nNOS pathway plays an impor-
tant role in anxiety-related behaviors (Podhorna and
Brown 1999; Masood et al. 2003), while mice lacking a
fully functional glutamate NMDA receptor are less sen-
sitive to stress induced by the elevated plus-maze, light–
dark box, and forced swimming tests (Miyamoto et al.
2002).

Inhibitory gamma aminobutyric acid (GABA) path-
ways also have an important regulatory role in the stress
response (Shiah and Yatham 1998). Moreover, GABA
inhibits glutamatergic transmission via activation of pre-
synaptic GABAB heteroreceptors (Yamada et al. 1999),
while it also attenuates stress-induced NO release (Ishi-
zuka et al. 2000). GABA thus has an important role in
curbing excessive glutamate–NOS activation.

By definition, PTSD occurs in the aftermath of expo-
sure to trauma, but there is growing awareness of the
importance of multiple exposures to trauma in predicting
the incidence and severity of this disorder (Brewin 2001;
Johnsen et al. 2002; Maes et al. 2001). Stress–restress or
time-dependent sensitization (TDS) is an animal model
that emphasizes repeated exposure to stress (Yehuda and
Antelman 1993; Uys et al. 2003) and that has neuroen-
docrine overlap with PTSD (Liberzon et al. 1997; Harvey
et al. 2003). TDS stress also evokes various behavioral
responses resembling that seen in PTSD, including an
exaggerated startle response (Kahn and Liberzon 2003),
and cognitive deficits (Harvey et al. 2003). Here, we have
investigated whether stress–restress, or TDS, can evoke
protracted effects on critical markers of NO, glutamate
and GABA in the rat hippocampus, important systems
involved in neurotoxicity, neuroprotection and memory
function. To this end, hippocampal NOS activity, NMDA
receptor-binding characteristics and GABA levels were
studied in Sprague–Dawley rats 21 days after exposure to

a stress–restress paradigm, using radiometric analysis,
radioligand studies and HPLC analysis with electro-
chemical detection, respectively. Finally, the NOS iso-
form involved and the role of stress-mediated cortico-
sterone release in NOS activation were verified with the
administration of selective iNOS and nNOS inhibitors,
aminoguanidine and 7-nitroindazole, and the steroid
synthesis inhibitor, ketoconazole.

Materials and methods

Animals

The study protocol was approved and carried out in accordance
with the guidelines stipulated by the ethics committee for the use of
experimental animals at the North West University. Male Sprague-
Dawley rats, weighing 200–250 g, were housed in cages measuring
28 cm (W), 44.5 cm (L), 12.5 cm (H), in a 12-h/12-h light/dark
cycle, with free access to food and water. The conditions in the
animal center were controlled at 21€0.5�C and 50€5% relative
humidity. The room was exposed to full-spectrum cold white light,
with a light intensity of 350–400 lux provided over a 12-h/12-h
light/dark cycle. A positive air pressure was constantly maintained.

Drugs and reagents

All chemicals and reagents were of the purest grade commercially
available. Aminoguanidine, GABA, 7-nitroindazole, dl-homoser-
ine and glycine, were purchased from Sigma. [3H]l-arginine
(specific activity 24.6 uCi), and [3H]-dizocilpine were purchased
from Amersham. Ketoconazole was a gift from Janssen Pharma-
ceutica.

Time-dependent sensitization

TDS involves exposure of the animal to a severely stressful event
followed by a situational reminder of the prior stress. The model
was implemented using a procedure described by Harvey et al.
(2003).

Briefly, rats were placed in a Perspex restrainer for 2 h with the
tail-gate adjusted to keep the rat well contained without impairing
circulation to the limbs. Immediately thereafter, the rats were in-
dividually placed in 18 cm of ambient water (25�C) in a Perspex
swim tank and allowed to swim for 20 min. Following this, each rat
was then immediately exposed to 0.8 ml of 4% halothane vapors in
a 5-l sealed plastic container until loss of consciousness, and finally
dried in a Tempadair drier. The animals were left undisturbed for
7 days (Fig. 1). The rats were then exposed to a “restress” session
on day 7 (Fig. 1), consisting of a 20-min swim in 18 cm of ambient
water (25�C) in a Perspex swim tank.

Treatment groups

During the first series of experiments, rats were randomly assigned
to either an unstressed control group or a TDS group. Unstressed
and stressed animals were housed separately, four animals per cage.
The TDS group was exposed to the TDS procedure as described
above. The control/basal groups of animals were only handled on
the day of the stress procedures, but were not subjected to TDS
stress. On day 21 post-TDS stress, the TDS animals and control,
unstressed animals (basal) were sacrificed by decapitation. In each
case, pooled hippocampi (left and right) were split into three sec-
tions that were randomly selected from the dissected hippocampal
tissue from each group and used for NMDA receptor studies, de-
termination of GABA, and NOS enzyme kinetic analysis, as de-
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tailed below. One group of animals were sacrificed immediately
after the initial stressors (day 1; Fig. 1) to note the acute effects of
these stressors on hippocampal NOS activity, and to confirm
whether these responses wane or are sustained 21 days post-TDS
stress

NOS pharmacological studies

These studies were designed to confirm the NOS isoform involved
in TDS stress and to determine the role of stress-evoked gluco-
corticoid release on NOS activity post-TDS stress. In these exper-
iments, four TDS groups (aged-matched with the TDS study above)
received one daily injection of either the selective iNOS inhibitor,
aminoguanidine (AG; 50 mg/kg/day i.p.; Metcalf et al. 2002), the
selective nNOS inhibitor, 7-nitroindazole (7-NI; 12.5 mg/kg/day
i.p.; Ikeda et al. 1998), the steroid synthesis inhibitor, ketokonazole
(KCZ; 24 mg/kg/day i.p.; Cohen et al. 2000) or saline for 21 days
prior to and during the stress procedure (Fig. 1). The drugs were
administered between 0800 hours and 0900 hours. For 7-NI, a dose
of 12.5 mg/kg/day was used to avoid undue toxicity over chronic
treatment. Moreover, chronic treatment with 7-NI at a dose as low
as 5 mg/kg decreased NOS-related motor dysfunction and motor
neuron degeneration (Ikeda et al. 1998). In all cases, drug treatment
commenced 14 days prior to TDS stress procedure up to the day of
re-stress (day 7; Fig. 1). Animals were then left undisturbed for
another 21 days after the TDS procedure (i.e., 42 days after starting
drug administration). At this time, the animals were decapitated,
and hippocampi dissected for NMDA receptor, GABA and NOS
studies, as described below.

Assay methodologies

Assay of hippocampal NOS

Hippocampal NOS was determined immediately after the
initial stressors, since changes have been found to follow
an acute severe stressor (Madrigal et al. 2001, 2003), and

on day 21 post-TDS stress, since its persistence over time
was of particular interest for this study. Brains were
rapidly dissected on an ice-cooled dissection slab. The
hippocampus was removed, and immediately fixed in
liquid nitrogen and stored at �70�C until assay. The tissue
was then homogenized in 1 ml homogenizing buffer
containing 25 mM Tris, 1 mM EDTA, and 1 mM EGTA
(pH 7.2) with a teflon homogenizer (15 strokes). The
homogenate was then centrifuged at 3000g for 15 min at
2–4�C. The supernatant was separated from the tissue
pellet, and kept on ice until used. Hippocampal NOS
activity was determined as previously described (Harvey
and Nel 2003). Briefly, 1 M Tris (pH 7.4), 1 mM BH4,
4 mM DTT, 0.1 mM FAD, 0.1 mM FMN, 10 mM
NADPH, 10 mg/ml calmodulin, 5 mM l-[3H] arginine, and
125 mM CaCl2 were incubated for 2 min at 37�C. There-
after, tissue homogenates were added to the reaction
cocktail and incubated for 15 min at 37�C. After 15 min,
the reaction was stopped by dilution with 500 ml of
ice-cold stop-buffer. Reaction mixtures were then sep-
arated on 1 ml Dowex 50W�8 columns and the eludat-
ed l-[3H] citrulline activity measured by scintillation
counting (Packard United Technologies, Tri-Carb 4660).
Blanks, containing all the reagents except the tissue
homogenates, were used to determine the extent of l-[3H]
citrulline formation in the absence of NOS activity, and
5 mM l-[3H] arginine alone was used to determine total
counts per picomole. NOS kinetic data, Vmax and Kd, were
expressed as mM[3H]-l-citrulline/mg protein/min, and
mM, respectively, and determined using Lineweaver–
Burke analysis. Protein was determined using the method
of Lowry et al. (1951).

Fig. 1 Diagrammatic represen-
tation of the stress–restress
paradigm indicating the period
and duration of drug treatment
and the conclusion of the study
on day 21 post-TDS stress
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Assay of hippocampal GABA

Hippocampal GABA levels were studied in control ani-
mals and TDS animals on day 21 post-stress. Dissected
tissues were placed in 1.5-ml eppendorf tubes and im-
mediately immersed in liquid nitrogen (�196�C) and
stored at �80�C until analysis. The day before analysis,
approximately 10 mg hippocampal extract was placed
into separate Pony vials, together with 2 ml ice-cold
0.05N HClO4. The vials were then sonicated in a MSE
sonicator for 2�12 s at a setting of 20 mm, after which it
was centrifuged at 20,000 g for 15 min at 4�C. The re-
sulting supernatant was stored at �80�C until assay the
following day.

High-performance liquid chromatography (HPLC) of
tissue GABA was measured by means of an electro-
chemical method described by Harvey et al. (2002), using
pre-column derivatization of GABA with fluoraldehyde
and homoserine as internal standard. The chromatogra-
phic system consisted of a Waters 510 HPLC pump
equipped with a Phenomenex KJO-4282 pre-column inlet
filter preceding a 5-mm C18 Phenomenex Luna reverse-
phase analytical column (75 mm�4.6 mm, id) which, in
turn, was connected to a Waters M460 electrochemical
detector (�0.4 V and +0.6 V). The mobile phase consisted
of 0.10 M Na2HPO4, 0.13 mM Na2EDTA and 28%
methanol (pH 6). GABA concentrations were calculated
from the area under the concentration–time curve (AUC)
values and expressed as mg/ml (mean € SEM).

Assay of glutamate NMDA receptor binding

NMDA receptor studies were performed in control ani-
mals, and on day 21 post-stress. Prior to the radioligand
binding assays, the tissues were thawed and extensively
washed (centrifuged) to remove endogenous substances
(glutamate and glycine) that could interfere with the bind-
ing procedures. Tissues were thawed in 50 volumes of
ice-cold HTS buffer (5 mM HEPES/4.5 mM Tris buffer
(pH 7.8), homogenized with a Brinkman Polytron PT10
homogenizer (setting 6, 20 s) and centrifuged (20,000g,
20 min, 4�C). This pelleted membrane fraction was re-
suspended and centrifuged as before, after which it was
reconstituted in 50 volumes of HTS buffer.

NMDA receptor binding was determined using a
method previously described by Andersen et al. (1995)
using [3H]-MK801 as the selective radioligand. The in-

cubation mixture for the determination of total binding
consisted of 300 ml membrane suspension to which 50 ml
[3H]-MK801 was added. A mixture of 50 ml 10 mM
l-glutamate and 50 ml 30 mM glycine was added to ac-
tivate the receptor ion channel. Finally, 50 ml buffer was
added to a final incubation volume of 500 ml. The incu-
bation mixture for the determination of non-specific
binding consisted of 300 ml membrane suspension, 50 ml
[3H]-MK801, 50 ml 5 mM MK801 as cold ligand, 50 ml
10 mM l-glutamate and 50 ml 30 mM glycine, in 500 ml
final volume. The radioligand was added in ten concen-
trations ranging from 0.1 nM to 20 nM, mixed and in-
cubated for 1.5 h at room temperature. The reaction was
terminated by rapid filtration through Whatman GF/B
filters pre-soaked in buffer. The filters were washed
twice with 5 ml HTS to dispose of unbound ligand, and
placed in polypropylene tubes, with 4 ml scintillant fluid
(Ultra gold XR; Packard) added to each tube. Receptor
densities (Bmax; expressed as nmol/mg protein) and af-
finity values (Kd; expressed in mM) were calculated using
the Combicept program (Packard, Canberra) with results
reproduced as saturation curves. Protein was determined
according to Lowry et al. (1951).

Analysis of the data

NOS activity was analyzed using a one-way analysis of
variance (ANOVA) followed by Dunnetts t-test (Statsoft
Inc. 2001; Statistica version 6). GABA and NMDA re-
ceptor parameters were analyzed using the Students t-test.
In all cases, data are expressed as mean € SEM, with a
probability of more than 95% considered statistically
significant (P<0.05).

Results

TDS studies alone

Effect of TDS stress on the kinetics
of hippocampal NOS (Table 1)

Data obtained from the one-way ANOVA for the Vmax

and Km data, respectively, were F(2,35)=32.12; P<0.0001
and F(2,31)=53.01; P<0.0001, and revealed significant
differences between the basal, acute and day-21 post-
stress groups. NOS activity, as determined by rate of re-

Table 1 Kinetic data for hip-
pocampal NOS in control ani-
mals (basal), after the acute
stressors, after 21 days post-
stress (ps), and 21 days post-
stress plus various drug treat-
ments, as indicated

Group Vmax: mean € SEM
(mM[3H]-l-citrulline/mg protein/min)

Km: mean € SEM
(mM)

N

Basal 6.18€3.15 3.77€2.46 15
Acute 12.04€1.43* 3.54€2.10 8
21 days ps 16.86€6.76* 3.16€1.16 20
21 days ps+AG 4.24€2.90** 1.20€1.48 10
21 days ps+7-NI 14.02€4.36 6.88€2.59 10
21 days ps+KCZ 3.17€1.99** 11.32€3.31** 8

* P<0.05 compared with control (Dunnetts test); **P<0.05 compared with 21 days ps (Dunnetts test).
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action (Vmax), was significantly elevated immediately af-
ter the acute stressors (day 1) compared with basal, with
enzyme activity still significantly elevated on day 21
post-stress (P<0.05; Dunnetts test; Table 1). Enzyme Km
values did not differ significantly among the basal, acute
and day-21 post-stress groups (Table 1).

Effect of TDS stress on hippocampal GABA (Fig. 2)

TDS stress was found to significantly lower hippocampal
GABA levels on day 21 post-stress compared to basal
(p<0.05; Students t-test; Fig. 2).

Effect of TDS stress on the affinity and density
of hippocampal NMDA receptors (Table 2)

On day 21 post-stress, TDS stress was found to signifi-
cantly reduce NMDA receptor density compared with
basal (P=0.0002; Students t-test; Table 2), although re-
ceptor affinities remained unaltered (Table 2).

NOS pharmacological studies

Data obtained from the one-way ANOVA revealed sig-
nificant differences among the drug-treated groups com-
pared with day 21 post-stress [F(2,35)=32.12; P<0.0001].

Effect of AG on TDS stress-induced effects
on hippocampal NOS activity (Table 1)

On day 21 post-stress, chronic treatment with AG blocked
TDS stress-induced activation of hippocampal NOS
compared with that noted on day 21 post-stress in stressed
animals not receiving the drug, bringing it back to basal
values (P<0.05; Dunnetts test; Table 1). No effects of
drug treatment on the Km values of the enzyme were
evident, although there was a slight tendency to decrease
NOS Km (Table 1).

Effect of 7-NI on TDS stress-induced effects
on hippocampal NOS activity (Table 1)

Chronic treatment with 7-NI failed to modify TDS stress-
induced activation of hippocampal NOS compared with
that noted on day 21 post-stress in stressed animals not
receiving the drug (Table 1). While there was a tendency
to increased Km values in the stressed animals receiving
7-NI, this was not significant (Table 1).

Effect of KCZ on TDS stress-induced effects
on hippocampal NOS activity (Table 1)

On day 21 post-stress, chronic treatment with KCZ blocked
TDS stress-induced activation of hippocampal NOS com-
pared with that noted on day 21 post-stress in stressed
animals not receiving the drug (P<0.05; Dunnetts test;
Table 1). However, KCZ also exerted a significant increase
in the Km of the enzyme compared with 21 days post-
stress, while stress alone did not alter this parameters rel-
ative to basal (P<0.05; Dunnetts test; Table 1).

Discussion

An increase in the expression of iNOS has been noted to
occur in limbic brain regions following restraint stress in
rats (Madrigal et al. 2001, 2003). The current study has
demonstrated that stress–restress (TDS) similarly evokes
an immediate increase in NOS activation. This increase in
NOS activity is driven primarily by the iNOS isoform that
is sustained for 3 weeks post-stress. Moreover, the latter
changes occurred together with significant perturbation of
markers of hippocampal glutamate and GABA activity.
Attenuating steroid synthesis prior to and during the stress
period blocked the increase in NOS activity on day 21
post-stress, suggesting that adrenal steroids are an early
mediator of this response. Thus, upregulation of iNOS

Fig. 2 Total hippocampal GABA levels in control animals (basal;
n=15) and animals subjected to stress–restress on day 21 post-stress
(ps; n=20). *P<0.05 versus basal (Students t-test)

Table 2 Hippocampal NMDA
receptor binding data, Bmax and
Kd, in control animals (basal)
and animals subjected to stress–
restress on day 21 post-stress
(ps)

Group Bmax: mean€SEM (nmol/mg protein) Kd: mean€SEM (mM) N

Basal 2.06€1.03 4.05€3.72 15
21 days ps 1.40€0.34* 3.55€3.11 20

*P<0.05 versus basal (Students t-test).
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plays a pivotal role in TDS stress and has its origin in
increased glucocorticoid release during and immediately
after emotional trauma.

PTSD develops after exposure to trauma with multiple
exposures to trauma apparently making an important con-
tribution to the incidence and severity of the disorder
(Brewin 2001; Maes et al. 2001; Johnsen et al. 2002).
Moreover, evidence for hippocampal degenerative pa-
thology in PTSD has been found at both anatomical
(volume reduction) and behavioral (cognitive deficit) lev-
els (Bremner 1999). Although not all clinical data on the
hippocampus in PTSD are consistent, pre-clinical work
suggests that structural changes of the hippocam-pus
are mediated by the neurotoxic effect of elevated glu-
cocorticoids following stress and the release of various
neurotoxic molecules, particularly glutamate and NO
(McEwen 1996, 1999; Almeida et al. 1998; Sapolsky
2000).

Pre-clinical studies have found that corticosterone
prolongs NMDA receptor-mediated calcium elevation in
the hippocampus (Takahashi et al. 2002), while adrenal
steroids regulate neurochemical and structural plasticity of
the hippocampus via NMDA receptors (McEwen 1996). In
humans and animals, exposure to an acute stressor evokes
a rise in glucocorticoids (Yehuda et al. 1990; Elzinga et al.
2003), although evidence for suppressed glucocorticoid
release over time, possibly mediated by a gradual hyper-
sensitization of the HPA-axis in the aftermath of the initial
stressors, is evident in PTSD (Yehuda et al. 2000), and
also in animals subjected to TDS stress (Liberzon et al.
1997; Harvey et al. 2003). The altered state of the NMDA
receptor observed on day 21 post-stress in the current
study is thus of particular interest.

Long-term attenuation of glucocorticoid release de-
creases NMDA receptors in the rat hippocampus (Mangat
et al. 1998). Moreover, attenuated plasma corticosterone
levels after TDS stress has been described in previous
studies (Liberzon et al. 1997) and is associated with
functional hippocampal deficits in memory performance
(Harvey et al. 2003). Since glutamate NMDA pathways in
the hippocampus are critical in memory function (Here-
sco-Levy and Javitt 1998), the reduced NMDA receptor
density described in the current study suggests that re-
duced hippocampal NMDA density may underlie cogni-
tive changes previously observed in this model (Harvey et
al. 2003), and which may have their origin in long-term
hypocortisolemia evoked by TDS stress.

In agreement with the above hypothesis, Le Greves et
al. (1997) have described the downregulation of NMDA
receptor expression after acute heat stress. However, these
authors have proposed that this response is linked to the
upregulation of NOS. Indeed, various studies have dem-
onstrated the regulatory effect of NO on NMDA receptor
function (Tanaka et al. 1993; Zanelli et al. 2002), such
that reduced NMDA density observed in this study may
represent a reactive response of the body to attenuate
excessive NMDA activity, with the observed elevated
NOS activity instrumental in this response.

The observed increase in NOS activity was blocked
with the iNOS inhibitor, AG, but not with the nNOS in-
hibitor, 7-NI, suggesting a dominant role for iNOS in this
response. However, expression of nNOS has also been
found to increase after restraint stress (De Oliviera et al.
2000), so that further molecular studies are needed to
emphatically exclude a possible contribution from nNOS
after stress–restress. Nevertheless, these data are support-
ive of a prominent role for NOS, particularly the inducible
NOS isoform, in the behavioral and neurochemical re-
sponse to stress–restress. In support of this, neuronal NOS
may be more sensitive than iNOS to the autoinhibitory
effects of NO on enzyme activity (Griscavage et al. 1995).
This suggests that overproduction of NO following stress
more likely involves iNOS and not nNOS. Furthermore,
the decrease in NMDA receptor density following TDS
stress further underlines the involvement of iNOS and not
nNOS, since iNOS activation is not regulated by neuronal
receptors (McCaslin and Oh 1995).

KCZ similarly blocked the effects of stress on NOS.
KCZ, which is a well-established pharmacological tool
used to inhibit adrenal steroid synthesis, binds to the heme
iron of cytochrome 450P (CYP450) isoforms mediating
steroid hydroxylation reactions (Wolff et al. 1993; Yan et
al. 2002). Thus, early increases in glucocorticoids im-
mediately after the stressor may be critical for the pro-
tracted effects on NOS. However, an interesting obser-
vation was the ability of KCZ to increase the Km of
hippocampal NOS, although this parameter was not af-
fected by stress alone. This observation strongly suggests
that KCZ may also be affecting NOS directly and inde-
pendently of released glucocorticoids by binding to a
critical site on the enzyme. Indeed, NOS bears striking
homology to CYP450 (Bredt et al. 1991), while KCZ
binding to the heme structure within NOS has been found
to reduce the maximal velocity of the enzyme (Wolff et
al. 1993). Moreover, KCZ is a competitive inhibitor of the
obligatory NOS cofactor, calmodulin, thereby preventing
formation of NO (Wolff et al. 1993). Recent studies also
indicate that KCZ inhibits iNOS expression (Baroni et al.
1999). Taken together, these actions represent a means
whereby KCZ is able to reverse the increase in NOS ac-
tivity evoked by stress–restress. Furthermore, the data
posits a possible dual mode of action for KCZ in pre-
venting trauma-related sequelae in PTSD, viz. by pre-
venting glucocorticoid release as well as NO-driven
neuronal events. Furthermore, explorative studies on the
effects of KCZ on stress-evoked NOS activation are re-
quired to delineate these effects.

Acute restraint stress promotes the synthesis of NO
(De Oliviera et al. 2000; Madrigal et al. 2001, 2003). The
current study extends these findings to TDS stress, but
also that this increased NOS activity is iNOS mediated
which remains sustained for a protracted period after the
initial stress. Inducible NOS II is only expressed “on
demand” under the influence of pro-inflammatory cy-
tokines, synthesizing NO at markedly higher levels, and
over an extended time period, than that of the constitutive
forms of the enzyme (NOS I and III). This observation

499



thus has distinct implications for neurodegenerative com-
plications following severe stress, and particularly the
neuropathology of PTSD.

In addition to the described NOS and NMDA receptor
changes evoked by stress–restress, a reduction in inhibi-
tory GABA content in the hippocampus was also evident.
Indeed, the reduced NMDA density discussed earlier may
also represent a reactive response to excitotoxicity under
conditions of attenuated GABA levels. NO also inhibits
NMDA receptor-mediated GABA release (Moller et al.
1995), thus providing a plausible link between raised
NOS activity, reduced NMDA receptor density and at-
tenuated hippocampal GABA levels observed in this
study. GABA has an important function in attenuating
excessive glutamatergic activity in the brain (Yamada et
al. 1999). Moreover, recent evidence also places GABA
at a central position in the hypothalamus and in select
hippocampal sub-fields that collectively allow it to exert
an important regulatory role in the stress axis (Cullinan
and Wolfe 2000). Prolonged stress levels of corticos-
teroids regulate GABAA receptors in the hippocampus in
a complex manner (Orchinik et al. 1995). Further, acute
stress, such as forced swimming, evokes GABA release in
the hippocampus (Engelmann et al. 2002). While it may
be expected that TDS stress would similarly raise GABA
levels, the current data suggest that this form of chronic
sensitization to stress evokes a decrease in GABA, per-
haps contributing to maintenance of the pathogenic pro-
cess.

The development of PTSD symptoms after repeated
emotional trauma suggests the involvement of sensitiza-
tion (Post and Weiss 1998). The GABA–glutamate data
described here are reminiscent of the kindling hypothesis
(Post and Weiss 1998). The primary neural substrate of
kindling involves glutamate and NMDA receptor activa-
tion, while GABA pathways exert essentially a permissive
role on the kindling action of glutamate (Post and Weiss
1998). The eventual suppression of GABA levels ob-
served in the TDS model may reflect a gradual diminution
of hippocampal GABA in the face of continued stress
evoked by an earlier severely traumatic event. This loss of
inhibitory GABA control may remove inhibitory actions
on glutamate-driven kindling, induced by an increase in
glutamate release, and ultimately engendering a reactive
downregulation of NMDA receptors, as observed in this
study. Of particular interest is stress-evoked GABA re-
lease that is potentiated by NO (Engelmann et al. 2002),
peroxynitrite (Ohkuma et al. 1995), as well as ischemia,
hypoxia, free radicals, hypoglycemia and oxidative stress
(Saransaari and Oja 1997). Conversely, GABAA and
GABAB receptor agonists attenuate stress-induced release
of NO (Ishizuka et al. 2000). These interactions may re-
present an important protective mechanism to curb ex-
cessive excitotoxic activity, which may be lost under
conditions of stress–restress.

In conclusion, stress–restress evokes a complex neu-
robiological response in the hippocampus involving neuro-
excitatory/neurotoxic pathways as well as neuroinhibito-
ry/neuroprotective responses. In particular, stress–restress

evokes a long-lasting increase in hippocampal NOS ac-
tivity that is accompanied by a reactive downregulation of
hippocampal NMDA receptors and dysregulation of in-
hibitory GABA pathways. The centrality of iNOS is em-
phasized by the findings that AG treatment blocks stress-
induced NOS activation. Finally, findings with KCZ
suggest that the drug may suppress stress-evoked NOS
activation by suppressing an initial increase in glucocor-
ticoids immediately after the stress, or by directly sup-
pressing NOS activity. Because of the prominent role of
NO in neuronal toxicity and the important regulatory role
for glutamate and GABA in this process, this may have
important implications in explaining the increasing evi-
dence for stress-related hippocampal degenerative pa-
thology and cognitive deficits seen in patients with PTSD.
Future work is needed to determine the relationship be-
tween NOS/glutamate/GABA and monoaminergic sys-
tems in this model.
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