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The microdialysis technique was used to study the in
vivo extracellular levels of norepinephrine in the bed
nucleus of the stria terminalis. A basal level of 2.346
0.25 fmol/µl of norepinephrine was observed. Desipra-
mine (2 and 10 µM), a norepinephrine uptake blocker,
significantly increased extracellular levels of norepi-
nephrine. Reversed perfusion with high potassium in
the presence of 2 µM desipramine induced the release
of norepinephrine. Instead, in the presence of 10 µM
desipramine, a significant decrease in the induced
release of norepinephrine was observed. Clonidine, an
a2-adrenergic agonist, significantly decreased basal
extracellular levels of norepinephrine and the K1-
induced release of norepinephrine. In contrast, yohim-
bine and RX821002, twoa2-adrenergic antagonists,
significantly increased basal extracellular levels of
norepinephrine but not the release of norepinephrine
induced by 70 mM K1. Perfusion of tetrodotoxin
through the probe located in the bed nucleus of the
stria terminalis significantly decreased both the basal
extracellular level and the K1-induced release of
norepinephrine. Furthermore, perfusion of tetrodo-
toxin through a microdialysis probe implanted in the
medial forebrain bundle also decreased basal extracel-
lular levels of norepinephrine in the bed nucleus of the
stria terminalis. The results show that in vivo there is a
significant noradrenergic tonic activity in the bed
nucleus of the stria terminalis. This tonic activity
depends on the impulse flow through medial forebrain
bundle nerve fibers. Under these conditions, extracel-
lular levels of norepinephrine in the bed nucleus of the
stria terminalis are regulated by the magnitude of
norepinephrine uptake and by presynaptica2-adren-
ergic receptors. J. Neurosci. Res. 50:1040–1046,
1997. r 1997 Wiley-Liss, Inc.
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INTRODUCTION
The bed nucleus of the stria terminalis (BNST) is a

subcortical limbic structure, anatomically related to re-
gions of the brain which have been implicated in emo-
tional and autonomic responses to stress (Alheid and
Heimer, 1988; Casada and Dafny, 1993; Ciriello and
Janssen, 1993; Dalsass and Siegel, 1987; Goldstein et al.,
1996; Heldman et al., 1990; Martin et al., 1991). Besides,
the BNST is the brain area with the highest concentration
of norepinephrine (NE) (Brownstein and Palkovits, 1984;
Kilts and Anderson, 1986), a key neurotransmitter in the
stress responses (Korf et al., 1973; Tilders and Berken-
bosch, 1986). The available anatomical evidence shows
that NE in the BNST arises mainly from cells located in
brainstem noradrenergic cell groups A1 (Roder and
Ciriello, 1994; Woulfe et al., 1990) and A2 (Riche et al.,
1990) and to a lesser degree from the locus coeruleus
(Phelix et al., 1994). These noradrenergic cell groups
have been implicated in the control of some neurovegeta-
tive functions, such as the central control of reproduction,
and in the regulation of cardiovascular and stress re-
sponses (Ciriello and Janssen, 1993; Roder and Ciriello,
1994). Electrophysiological evidence suggests a promi-
nent inhibitory role of NE upon neuronal activity in the
BNST (Casada and Dafny, 1993). However, most of the
studies of in vivo regulation of NE release have been
performed in the hippocampus and hypothalamus (Aber-
crombie et al., 1988; Routledge and Marsden, 1987;
Tilders and Berkenbosch, 1986; Thomas and Holman,
1991), regions with a low density of noradrenergic nerve
terminals.

In vitro studies conducted in BNST containing
slices using fast cyclic voltammetry (Palij and Stamford,
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1992, 1993) or high-performance liquid chromatography
coupled with electrochemical detection (HPLC-EC)
(Aliaga et al., 1995; Forray et al., 1995a) suggest that the
release of NE in the BNST is regulated bya2-adrenergic
receptors andN-methyl-D-aspartate (NMDA) receptors.
Only recently, Pacak et al. (1995) have studied in vivo the
release of NE in the BNST and have shown that stress by
immobilization induced the release of NE in this brain
region in conscious animals. In view of the above, it
seems of interest to study the in vivo regulation of NE in
the BNST. For this purpose, microdialysis probes were
used to infuse drugs and to study extracellular levels of
NE in the BNST of anesthetized rats. NE was measured
by HPLC-EC. NE uptake blockers, such as desipramine;
a2-adrenergic receptor ligands, such as clonidine, yohim-
bine, and RX821002; and sodium channel blockers, such
as tetrodotoxin (TTX), in the BNST or in the medial
forebrain bundle (MFB) were studied with regard to their
effects upon NE extracellular levels. Preliminary ac-
counts of this work have been reported elsewhere (Forray
et al., 1995b; Gysling et al., 1996).

MATERIALS AND METHODS
Animal Preparation

Male Sprague-Dawley rats weighing 270–300 g
were anesthetized with chloral hydrate (400 mg/kg, ip)
and placed in a stereotaxic apparatus (Stoelting, Wood
Dale, IL). The skull was exposed and a small hole was
drilled in the area overlying the BNST. A concentric
microdialysis probe (2 mm length, 0.24 mm outer diam-
eter, cutoff value 6000 Da, CMA11 Carnegie Medicine;
Acton, MA) was lowered into the BNST using the
following coordinates: 0.5 mm posterior to bregma, 1.5
mm lateral and 7.8 mm below dura, according to the atlas
of Paxinos and Watson (1982). Body temperature was
maintained between 37.3° and 37.6°C by a thermostati-
cally controlled electric heating pad. Supplemental choral
hydrate was given as needed to maintain anesthesia. Fol-
lowing each experiment, animals were killed and brains
were removed and stored in formalin. Brain sections were
stained with cresyl violet to verify the probe location.
Placement of the probes was examined microscopically.
All experiments were conducted according to theNIH
Guide for the Care and Use of Laboratory Animals.

Microdialysis
During implantation, the probe was continuously

perfused at a rate of 2 µl/min with a Krebs-Ringer-
phosphate (KRP) buffer using a Harvard infusion pump
(model 22; Dover, MA). The composition of the KRP
solution was 120 mM NaCl, 2.4 mM KCl, 1.2 mM CaCl2,
0.9 mM NaH2PO4, and 1.4 mM Na2HPO4 (pH 7.4) with
or without desipramine. After a stabilization period

(60–90 min), perfusion samples were collected every 5
min in 3 µl of perchloric acid (0.2 N). To stimulate NE
release, high K1-KRP (55 and 70 mM) was perfused for 5
min through the probe. For this purpose, equimolar
amounts of NaCl were replaced by KCl to maintain an
isosmotic condition. The in vitro recovery for K1 was
measured as an index of probe permeability to K1.
Percentage recovery rates for the different K1 concentra-
tions were similar (27.616 0.62%). In some cases, two 5
min stimulation periods were performed (S1 and S2),
separated by a 30 min perfusion period with KRP.
Perfusion samples were maintained on ice andsubjected
to HPLC-EC for determination of NE. In vitro recovery for
NE under these conditions was 6.876 0.28%.

To study the effect of TTX in the MFB upon
extracellular levels of NE in the BNST, a second probe
(CMA11) was implanted in the MFB with the following
coordinates: 4.3 mm posterior to bregma, 1.5 mm lateral
and 7.6 mm below dura, according to the atlas of Paxinos
and Watson (1982). KRP was perfused through the probe
after implantation of the probe and throughout the
experimental protocol. TTX (50 µM) was introduced
during the 20 min interval between both stimulation
periods (S1 and S2) and maintained until the end of the
experiment.

Analysis of Dialysate
Five microliters of the dialysate were injected by

means of a rheodyne injector valve into an HPLC system
with the following configuration: a one piston pump
(Shimadzu LC-6A; Kyoto, Japan), a Sepstik microbore
column (Byoanalytical Systems, [BAS]), and an ampero-
metric detector (LC4C, West Lafayette, IN). The mobile
phase contained 0.1 M NaH2PO4, 1.0 mM sodium
1-decanesulfonate, and 1 mM ethylenediaminetetraacetic
acid (EDTA) at pH 3.0 and was pumped at a flow rate of
70 µl/min. The potential of the amperometric detector
was set at 650 mV. Under these experimental conditions, the
retention time for NE was 10 min. The routine limit of
detection was 0.3 fmol.

Calculations and Statistical Analysis
Data were analyzed statistically by a one-way

analysis of variance (ANOVA) followed by a post hoc
test (Newman-Keuls) or by a Mann-Whitney U-test. Data
are presented as femtomoles per microliter without
recovery correction or as a percentage of basal levels. In
the last case, 100% basal level was defined as the mean of
two or three points before K1 or drug perfusion. When
two stimulation periods were carried out, data are ex-
pressed as the ratio between the net release in each
stimulation (S2/S1).
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Materials
NE, clonidine, yohimbine, desipramine, and TTX

were purchased from Sigma (St. Louis, MO), and
RX821002 was from Research Biochemicals (Natick,
MA). All other reagents were of analytical grade.

RESULTS
Extracellular Levels of NE

KRP was perfused through a microdialysis probe
located in the BNST, and following a stabilization period,
5 min samples were collected to obtain NE extracellular
levels. As shown in Table I, perfusion of 2 or 10 µM
desipramine through the microdialysis probe produced a
concentration-dependent increase in NE extracellular levels.

Potassium-Induced Release of NE
Stimulation of the BNST for a 5 min period with 55

or 70 mM K1 in the presence of 10 µM desipramine
evoked net NE release rates of 1.976 0.25 fmol/µl
(n 5 4) and 6.096 1.38 fmol/µl (n5 4), respectively.
Unexpectedly, stimulation with 70 mM K1 in the pres-
ence of 2 µM desipramine evoked a higher increase of NE
release when compared with that performed in the
presence of 10 µM desipramine (Fig. 1). Moreover, in the
presence of 2, but not 10, µM desipramine, the NE
released during S2 was similar in magnitude to that
observed in S1. S2/S1 ratios were 1.086 0.02 in the
presence of 2 µM desipramine and 0.556 0.09 in the
presence of 10 µM desipramine (P , 0.01). All experi-
ments described in the following sections were carried
out in the presence of 2 µM desipramine.

Effects of a2-Adrenergic Receptor Ligands on
Extracellular Basal Levels of NE

The following experiments were conducted to test
whether basal levels of NE in the BNST could be
modulated bya2-adrenergic drugs in vivo. For this
purpose, 5 min samples were collected after the stabiliza-
tion period to obtain extracellular NE basal levels. Drugs
were perfused through the microdialysis probe for 20
min, and during two periods of 5 min each sample was
collected to quantify NE extracellular levels in the
presence of the drugs. Perfusion with 50 µM clonidine, an
a2-adrenergic receptor agonist, produced a significant
decrease of 31.46 9.6% NE extracellular levels (Fig. 2).
Clonidine (300 µM) produced a further decrease
(50.96 3.6%) in NE levels (P , 0.01). The effect of
perfusion witha2-adrenergic antagonists such as yohim-
bine and RX821002 also was tested (Fig. 2). Perfusion
through the microdialysis probe with 50 µM yohimbine
resulted in a significant increase of 201.06 9.1% in NE

extracellular levels. Perfusion with 1 µM RX821002
produced a significant increase of 143.56 15.3% in NE
extracellular levels (Fig. 2). A similar increase was
observed with 20 µM yohimbine (145.86 2.3%,
P , 0.001).

Effect of a2-Adrenergic Receptor Ligands on
Potassium-Induced Release of NE

To study the effects ofa2-adrenergic receptor
ligands under depolarization conditions, two stimulation
periods of 5 min with 70 mM K1 were performed (S1 and
S2). Receptor ligands were perfused through the microdi-
alysis probe 30 min before and during S2. Perfusion with

Fig. 1. Time course of extracellular BNST levels of NE in
response to dialysis perfusion with 70 mM K1-KRP in the
presence of 2 (S) or 10 (U) µM desipramine. K1-KRP (70
mM) was perfused for 5 min as indicated (horizontal bars).
Perfusion in the presence of 10 µM desipramine produced a
significant decrease of K1-induced release of NE in both
stimulation periods (S1 and S2) as compared to the release
induced in the presence of 2 µM desipramine. Data are
expressed as percentage of NE extracellular levels; each point
represents the mean6 SEM of four independent experiments.
*P , 0.01 and **P , 0.05 by Mann-Whitney U-test.

TABLE I. Effect of Desipramine on Extracellular Levels of NE in
the BNST†

Condition n NE extracellular levels (fmol/µl)

Control 13 2.346 0.25
Desipramine (2 µM) 52 3.326 0.13*
Desipramine (10 µM) 23 3.606 0.27*

†A microdialysis probe was implanted in the BNST, and KRP with or
without desipramine was perfused at a flow rate of 2 µl/min. After the
stabilization period, two or three samples from each rat were collected
and basal NE levels measured. Values represent the mean6 SEM. n
corresponds to the total amount of basal NE levels analyzed for each
condition.
*P , 0.05 compared to control, by ANOVA followed by Newman-
Keuls.
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50 µM clonidine significantly decreased 70 mM K1-
induced release of NE in the BNST (Table II). Under the
same experimental conditions, perfusion with 50 µM
yohimbine or with 1 µM RX821002 produced a signifi-
cant reduction of 70 mM K1-induced NE release (Table II).

Effects of Perfusion With TTX in the BNST on
Extracellular Levels of NE

Under the experimental conditions described above,
perfusion with 10 µM TTX, a sodium channel blocker,
through the microdialysis probe located in the BNST,
produced a significant decrease upon extracellular basal

levels of NE (Fig. 2), as well as upon NE release induced
by 70 mM K1 (Table II).

Effects of Perfusion With TTX in the MFB on
Extracellular Levels of NE

The following experiments were conducted to test
whether impulse flow through NE afferences to the BNST
might play a role in the maintenance of basal extracellular
levels of NE in the BNST. For this purpose, a microdialy-
sis probe was located in the MFB, and KRP with or
without TTX was perfused with this probe throughout the
experimental protocol. Perfusion of 50 µM TTX pro-
duced a significant decrease of extracellular basal levels
of NE in the BNST when compared with extracellular
basal levels observed in this brain region when KRP
alone was perfused (Fig. 3). The effect of TTX perfusion
in the MFB upon K1-induced release of NE in the BNST
was also studied, and no significant changes were ob-
served.

DISCUSSION
The results in anesthetized rats described in this

paper show that there is a tonic release of NE from nerve
terminals located in the BNST. In addition, the results
show that extracellular levels of NE in the BNST are
regulated by NE uptake anda2-adrenergic receptors.
Basal levels of NE detected in the conditions of this study
are higher than the values reported by Pacak et al. (1995)
in the BNST for conscious animals. The fourfold differ-
ence in the extracellular levels of NE could be due to
differences in the experimental protocols or the different
probes used. Alternatively, this increase may be a conse-
quence of the anesthetic used in this study. However, the
high levels of extracellular NE reported here correlate
well with the high density of NE nerve terminals in the
BNST.

To induce NE release in the BNST, high K1

medium was infused through the probe. Under the
conditions of the present study, at least 55 mM K1 was
necessary to induce a significant increase in NE extracel-
lular levels. In vitro measurement of K1 recovery indi-
cated that the use of 55 mM K1 through the probe
corresponds to a mild depolarization condition triggered
by an actual 15 mM K1 in the surrounding area of the
probe. All experiments described in this work were
performed with 70 mM K1, which corresponds to an
actual concentration of about 20 mM K1 in the probe
vicinity.

Effect of TTX on Basal and K1-Induced Release of NE
Basal extracellular levels of NE in the BNST were

significantly decreased when TTX was perfused through

Fig. 2. Effect ofa2-noradrenergic receptor ligands and TTX on
extracellular basal levels of NE. After 60 min of implantation of
a microdialysis probe in the BNST, two samples of 5 min each
were collected to measure the control basal level of NE. To
study the effect of the ligands, they were perfused for a period
of 20 min, then two samples of 5 min were collected. The basal
level of NE was 2.966 0.15 fmol/µl. Data are expressed as
percentage of NE extracellular levels; each value represents the
mean6 SEM of three or four independent experiments. F5 39.
*P , 0.001 and **P , 0.05 compared to control by ANOVA
followed by Newman-Keuls test.

TABLE II. In Vivo K 1-Evoked NE Release From the BNST:
Effect of a2-Noradrenergic Receptor Ligands and TTX†

Condition S2/S1

Control/control 1.0836 0.02
Control/50 µM clonidine 0.5466 0.02*
Control/50 µM yohimbine 0.5746 0.04*
Control/1 µM RX821002 0.5616 0.04*
Control/10 µM TTX 0.6206 0.13*

†The BNST was perfused with KRP in the presence of 2 µM
desipramine. Two stimulation periods of 5 min with 70 mM K1 were
performed (S1 and S2). The different drugs were added through the
probe 30 min before and during S2. Values are expressed as mean6
SEM of three or four independent experiments.
*P , 0.01 compared to control, by ANOVA followed by Newman-
Keuls.
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the microdialysis probe located in the BNST, an indica-
tion that the extracellular NE measured originated from
neuronal structures (Westerink et al., 1978). Basal extra-
cellular levels of NE were also decreased when TTX was
perfused in the MFB, strongly suggesting that there is a
tonic NE release in the BNST which is dependent on
impulse flow. In agreement with these observations, it has
been shown that noradrenergic cells located in the locus
coeruleus and in the brainstem present spontaneous
activity (Aghajanian et al., 1983; Fortin and Champagnat,
1993; Kannan et al., 1986). TTX infusion in the BNST,
but not the MFB, significantly decreased the K1-induced
release of NE. A possible explanation for this last
observation is that TTX in the BNST could prevent the
spreading of K1-induced depolarization and, therefore,
the recruitment of noradrenergic varicosities involved in
the release process (Stja¨rne, 1978).

Participation of NE Uptake in the Regulation of
Extracellular Levels of NE

The use of desipramine, a specific NE reuptake
blocker, in the perfusion medium significantly increased
basal extracellular levels of NE, as reported in other brain
areas (Itoh et al., 1990; Li et al., 1996; Morris et al.,
1994). The weak effect of desipramine upon basal NE
levels observed in the present experimental conditions
suggests that NE uptake plays a minor role in the
maintenance of NE extracellular levels in the BNST. This
weak influence of NE uptake on extracellular levels of

NE was also observed in the hippocampus, and an
explanation based on some anatomical facts was given
(Abercrombie et al., 1988). Thus, the hippocampus has a
low density of NE nerve terminals that generate a relative
absence of high-affinity uptake sites, which in turn would
allow a high diffusion of NE into the extracellular space.
In contrast, a brain structure such as the striatum exhibits
a high effect of dopamine (DA) uptake upon DA extracel-
lular levels, and this may be due to the high density of
DA-containing nerve terminals in this structure (Strecker
et al., 1987; Wightman et al., 1988). The fact that the
BNST presents a high density of noradrenergic nerve
terminals but low efficiency of the NE uptake system
raises the possibility that the minor role of the uptake
system in the control of extracellular levels of NE is a
special characteristic of NE nerve terminals in the central
nervous system, independent of nerve terminal density.
This alternative is further supported by kinetic analysis of
NE uptake in the thalamus, which exhibits a less efficient
NE reuptake system compared to the efficiency of DA
uptake in the striatum (Capella et al., 1993). Another
comparative study performed in the nucleus accumbens
(Li et al., 1996) has shown that NE uptake is less efficient
than DA uptake in maintaining the respective extracellu-
lar levels in this structure.

In the case of NE release induced by K1 depolariza-
tion, the magnitude of NE release was significantly higher
in the presence of 2 µM than in the presence of 10 µM
desipramine in the infusion media. In addition, in the
presence of 2, but not 10, µM desipramine, it was possible
to elicit a striking NE release following a second stimula-
tion with high K1. The different responses to K1 depolar-
ization observed in the presence of these two desipramine
concentrations cannot be explained solely by a higher
degree of NE reuptake blockade with the higher concen-
tration because both desipramine concentrations induced
similar changes in basal extracellular NE levels. Similar
results have been reported when studying the release of
NE in the hypothalamic paraventricular nucleus (Morris
et al., 1994). These results are consistent with the
hypothesis that in the presence of a mild depolarization
condition, such as the one used in this study, the induced
release of NE in the BNST is highly dependent on the NE
that is being taken up by the NE nerve terminals.

Effect of a2-Adrenergic Receptor Ligands
Local perfusion in the BNST with clonidine, a

specifica2-adrenergic receptor agonist, and with yohim-
bine or RX821002, specifica2-adrenergic receptor antago-
nists, produced a significant decrease and increase of the
extracellular levels of NE, respectively. The present
results support the participation ofa2-adrenergic recep-
tors in the control of extracellular NE levels in the BNST.
Several studies have shown in vivo effects of clonidine
and yohimbine in other noradrenergic brain areas, but

Fig. 3. Time course of BNST extracellular levels of NE in
response to perfusion of KRP with or without TTX in the MFB.
For this purpose, two probes perfused with KRP were im-
planted, one in the BNST and a second in the MFB. TTX (50
µM) was added to the probe in the MFB 20 min before and
during S2. NE release was induced by perfusion of 70 mM K1

(horizontal bars) in the BNST. Perfusion with TTX in the MFB
significantly reduced the basal release of NE in the BNST
(P , 0.001 compared to control by Student’st-test). Each point
represents the mean6 SEM of four independent experiments.
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most of the studies have used systemic administration of
the drugs (Abercrombie et al., 1988; Itoh et al., 1990;
Meana et al., 1997). Local perfusion with yohimbine has
been reported to increase NE overflow in the pineal gland
(Drijfhout et al., 1996). However, Van Veldhuizen et al.
(1993) did not observe any effect of local perfusion of
yohimbine in the cerebral cortex.

The concentrations of thea2-adrenergic receptor
ligand drugs used in the present study are higher than
those normally used for in vitro studies. However, it must
be considered that only a fraction of the perfused drug
diffuses to the tissue surrounding the probe. It has been
shown that in vitro dialysis probe recoveries for clonidine
and yohimbine are even lower than the recovery for NE
(Van Veldhuizen et al., 1993). In the present experimental
conditions, the recovery for NE was 6–7%; thus, the
actual concentrations of clonidine and yohimbine in the
tissue surrounding the probe should be about 20 times
lower than the concentrations in the perfusion medium.
Moreover, it has been shown that a systemic administra-
tion of 0.4 mg/kg clonidine produces a 2 µM brain
concentration of the drug (Nazarali et al., 1986), similar
to the concentration obtained after 50 µM clonidine
through the probe. The fact that it was necessary to
perfuse with 300 µM clonidine, which correspond to
about 15 µM in the perfused area, to obtain a greater
decrease in NE basal levels is consistent with the high
tonic activity of NE-containing nerve terminals in the
BNST. A similar situation has been reported when
studying the effect of systemic administration of cloni-
dine on NE basal levels in the cerebral cortex (Meana et
al., 1997).

K1-evoked release of NE in the BNST was signifi-
cantly decreased in the presence of clonidine, yohimbine,
and RX821002. The effect of clonidine is similar to that
previously reported from in vitro studies (Forray et al.,
1995a; Palij and Stamford, 1993). However, the effect of
a2-adrenergic antagonists is opposite to that observed
with in vitro studies (Forray et al., 1995a). As discussed,
the presence ofa2-adrenergic antagonists, in addition to
the tonic activity of NE nerve terminals in BNST,
produces high NE extracellular levels. It is tempting to
suggest that such high levels of NE attenuate the ability of
a mild depolarization condition to induce NE release.

Concluding Remarks
The present study extends the available biochemi-

cal information regarding the regulation of NE extracellu-
lar levels in the BNST, which has originated mainly from
in vitro studies conducted in BNST slices (Aliaga et al.,
1995; Forray et al., 1995a; Palij and Stamford, 1992,
1993). The present studies conducted in vivo show that
the extracellular NE level in the BNST is maintained by
the tonic activity of noradrenergic projections to this
brain area. Also, the present findings suggest a role of the

NE uptake system and ofa2-adrenergic receptors in the in
vivo regulation of NE extracellular levels in the BNST.

Anatomical, behavioral, and electrophysiological
studies have suggested that the BNST plays a key role in
the integration of limbic and neurovegetative functions
(Casada and Dafny, 1993; Ciriello and Janssen, 1993; Ju
and Swanson, 1989). In relation to the present work, it has
been shown that changes in NE extracellular levels in the
BNST occur after immobilization stress (Pacak et al.,
1995). In addition,a2-adrenergic receptors and the NE
uptake system have been implicated in the pathophysiol-
ogy and pharmacological therapy of depression (MacKin-
non et al., 1994). In particular, it has been proposed that
the noradrenergic system is involved in the stress compo-
nent of depression more than in the mood aspects of the
disease. In view of the above, the possibility that the
BNST is a neurobiological substrate for the role of NE in
the stress components of depression should be considered
further.
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