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-HYDROXYTRYPTAMINE1A-LIKE RECEPTOR ACTIVATION IN THE
ED NUCLEUS OF THE STRIA TERMINALIS:

LECTROPHYSIOLOGICAL AND BEHAVIORAL STUDIES
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epartment of Psychiatry and Behavioral Neuroscience, Emory Uni-
ersity, Yerkes Neuroscience Building, 954 Gatewood Drive, Room
220, Atlanta, GA 30322, USA

bstract —The anteriorlateral bed nucleus of the stria termina-
is (BNSTAL) and the serotonergic system are believed to mod-
late behavioral responses to stressful and/or anxiogenic stim-
li. However, although the BNSTAL receives heavy serotonergic

nnervation, the functional significance of this input is not
nown. Data obtained from in vitro whole-cell patch clamp re-
ording in the rat BNST slice show that exogenous application
f 5-hydroxytryptamine (5-HT) evoked a heterogeneous re-
ponse in BNSTAL neurons. The principal action of 5-HT in this
egion was inhibitory, evoking a membrane hyperpolarization
5-HTHyp) and a concomitant reduction in input resistance in the
ajority of neurons tested. The broad-spectrum 5-HT1 agonist,

-carboxamindotryptamine (5-CT), but not R(�)8-hydroxydipro-
ylaminotetralin hydrobromide (8-OH-DPAT), mimicked the
-HTHyp response in the BNST. Moreover, the outward current
ediating 5-HTHyp was inwardly rectifying and sensitive to the

protein activated inwardly rectifying K� (GIRK) channel
locker, tertiapin-Q. In the CNS 5-HT1A receptors are thought to
ouple to GIRK channels, suggesting that 5-HTHyp in BNSTAL

eurons was mediated by activation of 5-HT1A-like receptors.
his was confirmed by the blockade of both 5-HTHyp and
-CTHyp by the specific 5-HT1A receptor antagonist N-[2-[4-(2-
ethoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyridinylcyclohexan-

carboxamide maleate salt (WAY100635 200nM). Furthermore,
n in vivo examination of the functional consequences of
-HT1A-like induced inhibition of BNST neurons revealed that

nfusion of 5-CT into the BNST significantly reduced the acous-
ic startle response, without affecting the general motor activity
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eurobiology and Behavior, Columbia University, 1051 Riverside
rive, Room 668, New York, NY 10032, USA.
Present address: Department of Psychiatry, 151A, Boston VA Health
are System, Harvard Medical School, Brockton, MA 02301, USA.
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bbreviations: ACSF, artificial cerebrospinal fluid; BNST, bed nucleus
f the stria terminalis; BNSTAL, anteriorlateral bed nucleus of the stria

erminalis; CGP 52432, 3-[[3,4-dichlorophenyl)methyl]amino]propyl]
iethoxymethyl)phosphinic acid; DAB, 3,3=-diaminobenzidine; E5-HT,
eversal potential of 5-HT; GIRK, G protein-activated inwardly rectifying
� channels; ISI, interstimulus interval; LTDg, lateral tegmental nu-
leus; PnC, nucleus reticularis pontis caudalis; PPTg, pedunculopon-
ine tegmental nucleus; Rm, input resistance; TTX, tetrodotoxin;

AY100635, N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyr-
dinylcyclohexanecarboxamide maleate salt; 5-CT, 5-carboxamido-
ryptamine; 5-CTHyp, 5-CT-evoked membrane hyperpolarization; 5-HT,
-hydroxytryptamine; 5-HTDep, 5-HT-evoked membrane depolariza-

ion; 5-HTHyp, 5-HT-evoked membrane hyperpolarization; 5-HTHyp-Dep,
-HT-evoked membrane hyperpolarization followed by depolarization;
1-OH-DPAT, R(�)8-hydroxydipropylaminotetralin hydrobromide.
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f the animals. These data point to the possibility that 5-HT1A

ediated inhibition of the BNSTAL could contribute to an anxi-
lytic action. Hence, we propose that in response to stressful
timuli, enhanced levels of 5-HT in the BNSTAL plays a critical
omeostatic role in feedback inhibition of the anxiogenic re-
ponse to these stimuli. © 2004 IBRO. Published by Elsevier
td. All rights reserved.

ey words: serotonin, inhibition, extended amygdala, anxi-
ty, patch clamp, acoustic startle.

he bed nucleus of the stria terminalis (BNST) is thought to
lay a key role in modulating an organism’s adaptive re-
ponse to unpredictable stressful events. Thus, electrical
timulation of the BNST evokes cardiovascular and behav-

oral responses similar to those initiated by stressful stimuli
Casada and Dafny, 1991; Dunn and Williams, 1995;
haikh et al., 1986). Similarly, exposure to a stressor

ncreases neuronal activation in the BNST (Chung et al.,
000; Duncan et al., 1993; Lino-de-Oliveira et al., 2001;
artinez et al., 1998). In contrast, pharmacological inhibi-

ion or lesions of the BNST reduce behavioral indices of
nxiety (Brutus et al., 1988; Crown et al., 2000; Fendt et
l., 2003; Hammack et al., 2004; Henke, 1984; Schulz and
anbeyli, 1999; Walker and Davis, 1997b).

Stressful stimuli that activate neurons of the BNST also
ctivate serotonergic (5-HT) neurons of the midbrain raphé
Casada and Dafny, 1991; Dilts and Boadle-Biber, 1995;
rahn et al., 1999; Lowry, 2002). Significantly, these two

egions are reciprocally connected (Petit et al., 1995;
ertes et al., 1994), and serotonergic axons from the dor-
al raphe nucleus preferentially target neurons of the an-
erior BNST (Commons et al., 2003; Phelix et al., 1992a,b).
oreover, 5-HT levels increase in forebrain regions in

esponse to stress (Amat et al., 1998; Fujino et al., 2002;
unada and Hara 2001; Umriukhin et al., 2002). Conse-
uently, stress-induced activation of the dorsal raphé could
ignificantly elevate 5-HT levels in the BNST. However,
here is little consensus regarding the role of 5-HT in
odulating BNST function. Thus, c-fos expression in the
NST is increased by in vivo manipulations that either
nhance, or deplete, 5-HT levels (Chung et al., 1999; Li
nd Rowland, 1996; Morelli and Pinna, 1999). One expla-
ation for this apparent contradiction would be that 5-HT
as differential effects in the BNST depending on the type
f 5-HT receptor subtypes involved. Indeed, at least four
-HT receptor subtypes are expressed in the BNST (Cor-
ea-Hebert et al., 1999; Heidmann et al., 1998; Sari et al.,

999; Waeber and Moskowitz, 1997). In a preliminary

ved.
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tudy, we demonstrated that exogenous 5-HT application
vokes a heterogeneous response profile in neurons of the
nterior BNST (Rainnie, 1999a). The majority of neurons
ere inhibited by 5-HT, although a small population of
eurons was excited by 5-HT. However, the anterior BNST

s comprised of several functionally distinct subregions
De-Olmos et al., 1985; Ju and Swanson, 1989). Conse-
uently, in the present study we restricted our recording to
he anteriorlateral BNST subdivision (BNSTAL), as this
egion is thought to be critical for modulating the response
o stressful stimuli (Alheid, 2003; Commons et al., 2003;
unn and Williams, 1995; Ju et al., 1989). If the majority of
NSTAL neurons are inhibited by 5-HT, this action could be
nxiolytic, based on the finding that manipulations that

nhibit BNST function have been shown to block anxiety-
nduced enhancement of the acoustic startle response
Gewirtz et al., 1998; Lee and Davis, 1997; Walker and
avis, 1997b). In the CNS, 5-HT induced inhibition is often
ssociated with activation of 5-HT1A receptors (Craven et
l., 2001; Kelly et al., 1991; Stein et al., 2000), and it is

hought that forebrain activation of 5-HT1A receptors may
ontribute to the clinical profile of many anxiolytic agents
Gross et al., 2002). However, the precise region/s in
hich they exert their effect is not known. We have previ-
usly suggested that 5-HT1A receptor activation might me-
iate the inhibitory response of BNST neurons to 5-HT
Rainnie, 1999a).

Consequently, this study was designed to 1) examine
he channel properties mediating the inhibitory response to
-HT in neurons of the BNSTAL, 2) establish an agonist
rofile for the receptor subtype mediating this response,
nd 3) use local BNSTAL application of a receptor-specific
gonist to probe the behavioral consequences of activation
f this receptor.

EXPERIMENTAL PROCEDURES

n vitro experiments

Slice preparation and patch clamp recording. Slices used
or whole-cell patch clamp recording, containing the BNSTAL,
ere obtained from anesthetized 24–40-day old male Sprague–
awley (Charles River, Raleigh, NC, USA) rats. Under deep

soflurane (Fisher Scientific, Hanoverpark, IL, USA) anaesthesia
ats were decapitated and the brain exposed. A section of the
orebrain containing the BNST was blocked and mounted on the
tage of a Leica VTS-1000 vibratome (Leica Microsystems, Heer-
rugg, Switzerland), bathed with ice-cold artificial cerebrospinal
uid (ACSF) of the following composition: (in mM) NaCl 130; KCl
.5; KH2PO4 1.10; MgCl2 1.3; CaCl2 2.5; NaHCO3 30; and glu-
ose 5; and gassed with a 95%–5% oxygen/carbon dioxide. Coro-
al sections (350 �m) containing the BNST were kept in oxygen-
ted ACSF at room temperature for a minimum period of 1 h
efore recording. Individual slices were transferred to a Warner
eries 20 recording chamber (0.5 ml volume; Warner Instruments,
amden, CT, USA) mounted on the fixed stage of a Leica DM-
FS microscope (Leica Microsystems). The slices were main-
ained fully submerged and continuously perfused with ACSF
eated to 32 °C, and gassed with a 95%–5% oxygen/carbon
ioxide mixture. In this study, our recording site was restricted to
he BNSTAL. Whole-cell recordings were obtained as previously
escribed (Rainnie, 1999b). Patch-clamp recording pipettes were
abricated from borosilicate glass (resistance 6–9 M�) and filled X
ith a recording solution of the following composition (in mM): 130
-gluconate, 2 KCl, 10 HEPES, 3 MgCl2, 2 K-ATP, 0.2 NaGTP,
nd 5 phosphocreatine. Data acquisition and analysis were per-
ormed using an Axpoatch-1D amplifier (Axon Instruments, Union
ity, CA, USA) in conjunction with pClamp 8.0 software and a
igiData 1322A interface (Axon Instruments).

Drug application. Drugs were applied in the ACSF using a
ontinuous gravity fed bath application. Active drug concentrations
pplied to the tissue were from (1) Sigma (St. Louis, MO, USA), 5-HT
2.5–160 �M); baclofen (10, 30 �M); bicuculline methiodide (30 �M);
etrodotoxin (TTX, 1 �M); N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]
thyl]-N-2-pyridinylcyclohexanecarboxamide maleate salt
WAY100635, 200nM), and (2) Tocris (Ellisville, MO, USA), 5-car-
oxamidotryptamine (5-CT, 10 �M); R(�)8-hydroxydipropylaminote-
ralin hydrobromide (8-OH-DPAT; 1–50 �M); 3-[[(3,4-dichlorophenyl)
ethyl]amino]propyl]diethoxymethyl)phosphinic acid (CGP 52432; 1
M); and tertiapin-Q (0.1 �M). All drugs were made as concentrated
tock solutions in distilled H2O, except baclofen and TTX that were
ade in 0.05M HCl, and 30% acetic acid, respectively. Stock solu-

ions were kept as frozen aliquots at �20 °C until required. Stock
olution of tertiapin-Q also contained 0.1% bovine serum albumin
Sigma) as a carrier protein. Tertiapin-Q was bath applied for be-
ween 10 and 40 min before testing the effects of agonist application.
xperiments in the presence of TTX commenced only after a com-
lete block of current-evoked action potentials was observed.

Electrophysiological recording techniques. Junction poten-
ials were balanced at the start of each experiment to ensure accu-
ate measurement of the membrane potential. Whole cell patch
lamp configuration was established in current clamp mode, and all
est protocols were performed at a holding potential of �60 mV to
llow a direct comparison of voltage responses between different
eurons. Only those BNST neurons that had a stable membrane
otential more negative than �55 mV, and an action potential that
vershot 0 by �5 mV were considered for further analysis. In current
lamp, the firing properties of each neuron were examined by injec-
ion of transient (750 ms) depolarizing current steps of increasing
mplitude. Voltage-dependent input resistance (Rm) and time con-
tant of membrane charging (�) were examined by injection of five
ncrementally increasing hyperpolarizing current steps, 750 ms in
uration. The Rm of each neuron was calculated from the largest
oltage excursion in the linear portion of the current-voltage relation-
hip. In voltage clamp, voltage-dependent steady state conductance
as determined using a “ramp” protocol before, during, and after
rug application. Here, the command potential applied to BNST
eurons was “ramped” from �100 to �40 mV at a rate of approxi-
ately 10 mV/s. Any drug-induced conductance changes could then
e determined by subtraction of the ramp protocol run in control
CSF from that obtained during the drug application. To examine

ong-duration drug effects, neural responses were recorded on a
hart recorder (Kipp and Zonen, Bohemia, NY, USA) for the duration
f each experiment. All current and voltage clamp paradigms were
omputer controlled using the pClamp 8.0 data acquisition program
Axon Instruments). Data were low pass filtered at 5 kHz during
urrent clamp acquisition and at 1 kHz during voltage clamp analysis,
nd sampled at a frequency determined by the speed of the re-
ponse that was to be measured.

Histochemical visualization of recorded neurons. Biocytin
0.3%) was included in the recording solution to confirm the local-
zation of recorded neurons in the BNSTAL and to determine their

orphological characteristics. After recording, slices were re-
oved from the recording chamber and placed in 4% paraformal-
ehyde overnight. The following day the slices were washed with
.05 M phosphate buffer/0.15 M NaCl solution (PBS, 3�10 min),
nd re-sectioned to 70 �M using the OTS 4000 vibratome. The
issue sections were then placed in 0.6% H2O2 and 0.5% Triton

-100 in PBS for 1 h to quench endogenous peroxidase activity,
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ashed in PBS (3�10 min) before being incubated in an avidin–
iotin peroxidase complex for 2 h (ABC Vectorstain Elite kit;
ector Laboratories, Inc., Burlingame, CA, USA). Slices were then
ashed in PBS (3�10 min), and visualized using 3,3=-diamino-
enzidine (DAB; Sigma) as the chromogen (DAB 0.7 mg/ml and
2O2 0.2 mg/ml in 0.06 M Tris buffer). The sections were placed

n DAB until adequate staining had developed, and the reaction
as stopped by transferring the sections to PBS. After two more
ashes in PBS the sections were mounted onto gelatinized slides,
ir dried, then dehydrated in an ascending series of alcohols,
leared in histoclear (2�3 min), and cover-slipped with Permount
ounting medium (Fisher Scientific).

Statistical analysis. Statistical analysis was performed us-
ng SPSS Version 11 (SPSS, Chicago, IL, USA). Data are pre-
ented as means�S.E.M, and were analyzed using either a t-test
or paired or unpaired observations or the Kruskal-Wallis one-way
NOVA. For all comparisons, the criterion for significance was
	0.05.

n vivo behavioral experiments

Subjects. Male Sprague–Dawley rats (n
12; Charles
iver) weighing 310–360 g at the start of the experiments were
sed. The rats were housed in groups of four for a minimum of 1
eek before the start of the experimental procedure. The rats
ere tested during the light phase of a 12-h light/dark cycle

artificial white light on at 7:30 a.m.). The rats had unrestricted
ccess to food and water and all experiments were performed in
ccordance with the National Institutes of Health Guide for Care
nd Use of Laboratory Animals. Experimental procedures were
esigned to minimize animal numbers and discomfort, and all
rotocols were approved by Emory University IACUC.

Surgical procedure. Rats were anesthetized with Avertin
10 g of 99% 2,2,2-tribromoethanol, 5 g of tertiary amyl alcohol, 40
l absolute alcohol in 450 ml phosphate-buffered saline; 1.5
l/100 g body weight i.p.), and placed in a flat skull position in a

tereotaxic frame (David Kopf Instruments, Tujunga, CA, USA).
he incisor bar was set at �3.3 mm relative to the interaural line.
mid-line incision was made along the scalp to expose the skull

urface and using a handheld drill four small holes were made for
lacement of bone screws. Two additional holes were drilled
hrough the skull to expose the dura at the implantation points of
he guide cannula (22-gauge, Model C313G; PlasticOne,
oanoke, VA, USA). To avoid the ventricles, guide cannulas were

mplanted bilaterally at a 20o angle to the vertical axis of the target
mplantation sites, according to the following stereotaxic coordi-
ates (from bregma in mm): �0.26 AP, �3.82 ML and �4.6 DV

rom dura. Dura was pierced with the tip of a 25 G syringe needle
nd the guide cannula lowered to its target depth, 2 mm above the
nal injection site. Dental cement was placed around the guide-
ost over and under the screws until a secure mount was formed.

Apparatus. Rats were tested in four identical Plexiglas and
ire mesh cages (8 cm long, 15 cm wide, 15 cm high). The floor
f each cage consisted of four 6-mm diameter stainless steel bars
paced 18 mm apart. Each cage was suspended between com-
ression springs within a steel frame and located within a custom-
esigned, ventilated, sound-attenuating chamber (internal dimen-
ions
81 cm long, 41 cm wide, 48 cm high). Background noise
60 dB wideband) was provided by a General Radio Type 1390-B
oise generator (Concord, MA, USA) and delivered through high-
requency speakers (Radio Shack Supertweeter; Tandy, Fort

orth, TX, USA) located 5 cm from the front of each cage. Sound
evel measurements were made with a Brüel and Kjaer (Marlbor-
ugh, MA, USA) Model 2235 sound-level meter with the micro-
hone located 7cm from the center of the speaker, which approx-

mates the distance of the rat’s ear from the speaker during

esting. w
Startle responses were evoked by 50 ms white-noise bursts
5 ms rise-decay). Noise bursts were generated by a Macintosh
3 computer sound file (0–22 kHz), amplified by a Radio Shack
mplifier (100 W; Model MPA-200), and delivered through the
ame speakers as those used to provide background noise. Star-
le response amplitudes were quantified with an accelerometer
Model U321AO2; PCB Piezotronics, Depew, NY, USA) affixed to
he bottom of each cage. Thus, cage movement produced by the
ats’ startle response resulted in displacement of the accelerom-
ter, which after being integrated, produced a voltage output
roportional to the velocity of cage movement. This output was
mplified (Model 483B21; PCB Piezotronics) and digitized on a
cale of 0–2,500 units by an InstruNET device (Model 100B; GW
nstruments, Somerville, MA, USA) interfaced to the Macintosh
omputer. Startle amplitude was defined as the maximal peak-to-
eak voltage that occurred during the first 200 ms after onset of
he startle-eliciting stimulus. The presentation and sequencing of
ll stimuli were controlled by a computer with custom-designed
oftware (The Experimenter; Glassbeads, Newton, CT, USA).
uring the test sessions the cage displacements produced by the
pontaneous activity of the animals 10 s prior to presentation of
ach startle stimulus were also recorded. This provided a mea-
ure of the activity of the animals during both the pre- and post
rug infusion periods.

Test procedure and drug administration. Post-surgery
atching: One week after surgery, the rats were placed in the

tartle chambers and given a matching session that consisted of
5-min acclimatization period, after which the animals were pre-

ented with 30 startle-eliciting noise bursts at 105 dB (duration 50
s; interstimulus interval (ISI)
30 s). The animals were subse-
uently divided into two groups of six rats each that had similar
ean startle amplitudes across the 30 startle stimuli presented
uring this matching session. This test was used to make sure that
ats assigned in a counterbalanced manner would begin testing
ith equivalent baseline startle amplitudes, which we have found

o be useful, even under conditions where the same animals are
ested under both drug conditions.

Testing and drug administration: The test procedure was run
ver 2 days, starting the day after the matching session. On day
, six rats in one group received bilateral intra-BNST infusions of
-CT (10 mM), and the other six rats were infused with ACSF
vehicle). On day 2, these infusions were reversed in each group.
ach test session consisted of a 20-min pre-infusion baseline test,
uring which a 5-min acclimatization period was followed by pre-
entations of startle-eliciting stimuli (30 noise bursts, 105 dB;
SI
30 s). Immediately after this test session the rats were re-
oved from the startle cages and infused with either the vehicle

ACSF) or drug. The infusions (0.5 �l) were made at a flow rate of
.25 �l/min through a 28-gauge internal cannula that extended 2
m from the end of the guide cannula. The injectors were con-
ected to a 2-�l micro-syringe mounted on a Harvard PHD 2000

nfusion pump (Harvard Apparatus, Inc. Holliston, MA, USA), us-
ng PE tubing (i.d, 0.012 inches). Following the infusions, the
njectors were left in place for a further 2 min, to restrict diffusion
long the needle tract. Animals were then placed back in the
tartle chambers for the post-infusion test session consisting of 80
tartle-eliciting noise bursts (105 dB, 50 ms, ISI
30 s). We have
sed this procedure frequently to evaluate either excitatory or

nhibitory effects of various treatments on acoustic startle ampli-
ude using a pre-post, crossover, within-subjects design because
t has proven to be a sensitive way to evaluate treatment effects on
tartle amplitude in the face of large individual differences in
tartle amplitude between rats. The vehicle used was ACSF con-
aining 0.1% bovine serum albumin. The drug, 5-CT was dissolved
n this vehicle, and infused at a dose of 10 mM, which is equivalent
o 1.6 ng/0.5�l, respectively. Aliquots of the drug and the vehicle

ere kept at �20 °C, until immediately before use.
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Histological verification of cannula placement. Rats were
nesthetized with chloral hydrate (i.p., 1 ml/100 g) and perfused

ntracardially with 0.9% (wt/vol) saline (4 min), followed by 10%
wt/vol) formalin (4 min). The brains were removed and post-fixed
or 2 h, before immersion overnight in 30% (wt/vol) sucrose solu-
ion made in phosphate buffered saline for cryoprotection. The
ollowing day 60 �m coronal sections were cut through the area of
nterest using a freezing microtome. Every second section was

ounted onto gelatinized slides, and allowed to dry overnight, and
hen stained with Cresyl Violet. The sections were then dehy-
rated in a series of alcohols, cleared in Histoclear (2�3 min;
igma), and cover-slipped with Permount mounting medium

Fisher Scientific).

Statistical analysis. For each animal the 110 acoustic star-
le responses, 30 acquired during the baseline test session and 80
cquired during the post-infusion test session (drug or vehicle),
ere collapsed into 11 5-min blocks. The mean score of each
-min block was designated as the raw startle score, on which all
tatistical analyses were performed. For data presentation the raw
tartle scores were converted into percentage scores with respect
o the mean of the last 5-min pre-infusion baseline startle because
y this time period startle generally has habituated to a stable
symptotic level (see Walker and Davis, 2002). All statistical
nalyses were performed using SPSS Version 11 (SPSS). Post
oc tests were performed where appropriate, using GB-Stat for
indows (Dynamic Microsystems, Silver Spring, MD, USA). The
coustic startle data were analyzed using a repeated measures
NOVA, run separately for the pre-infusion, and post infusion test
essions. Subsequent paired t-tests compared startle amplitude
uring the last block of the pre-infusion baseline test with the first
lock post-infusion separately for both the ACSF and 5-CT con-
itions. For all comparisons, the criterion for significance was
	0.05.

RESULTS

n vitro characterization of the effect of 5-HT on
NSTAL neurons

Neuron location and morphology. The BNSTAL is
asily distinguishable from the adjacent medial subdivision

ig. 1. Anatomical localization and morphology of neurons in the BNS
isualized with post hoc histochemistry in a coronal section through th
nterior commissure; AL, BNSTAL; MED, medial BNST. Scale bar
50
sing low power (4�) stereomicroscope, allowing accurate 1
argeting of neurons in this region in our in vitro slice
reparation. Moreover, we confirmed that recorded neu-
ons were confined to the BNSTAL by including biocytin in
he patch recording solution in many experiments. All of
he 21 biocytin-filled neurons successfully recovered were
ocated in the BNSTAL, dorsal to the anterior commissure
etween 0.0 and �0.6 mm to bregma. A schematic dia-
ram of the position of recorded neurons and a typical
xample of a filled neuron are shown in Fig. 1. In agree-
ent with McDonald (1983), neurons of the BNSTAL had a

haracteristic oval soma (approximately 22�15 �m) from
hich emanated two to four primary spine-sparse den-
rites. The length of the primary dendrites ranged from 126
o 501 �m. Unfortunately, full morphometric reconstruction
n several of the recovered cells was not possible due to
he loss of some of the dendritic arbor during tissue pro-
essing. Consequently, the sample of fully reconstructed
eurons is too small at present to make any definitive
tatements about the possible correlation between BN-
TAL neuronal morphology and a particular 5-HT

esponse.

Response of BNSTAL neurons to exogenous applica-
ion of 5-HT. Here we confirm and expand on our previ-
us observations (Rainnie, 1999a), and show that 5-HT
voked a heterogeneous response in neurons of the BN-
TAL (see Fig. 2A), similar to that found when recording

rom the entirety of the anterior BNST. For a direct com-
arison with our previous study, we initially examined the
esponse of BNSTAL neurons to exogenous application of
0 �M 5-HT. The response profile of BNSTAL neurons
n
175) is illustrated in Fig. 2A. 5-HT evoked a membrane
yperpolarization (5-HTHyp) in 37% of neurons tested, a
yperpolarization followed by a depolarization (5-HTHyp-Dep)

n 19%, a depolarization (5-HTDep) in 25%, and had no
ffect on the resting membrane potential in the remaining

Schematic diagram showing the location of biocytin labeled neurons
r BNST. (B) Photomicrograph of a typical neuron in the BNSTAL. ac,
TAL. (A)
e anterio
�m.
9% of neurons. The response profile of BNSTAL neurons
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o 5-HT was insensitive to pretreatment with TTX (1 �M,

24) supporting a direct post-synaptic action of 5-HT on
hese neurons.

In agreement with our earlier observation, both the
-HTHyp and 5-HTDep were associated with a decrease in
m (37�2.4%), and a concomitant increase in conduc-

ance. The mean change in Rm, the amplitude of the
esponse, and the reversal potential associated with each
esponse are summarized in Table 1. Further analysis of
his data revealed no correlation between the response to
-HT and the passive membrane properties of BNSTAL

eurones (�2
2.7, 3.3, 4.5 analysis of RMP, Rm and �,
espectively, df
3; Kruskal-Wallis one-way ANOVA).

It should be noted that the predominant response was
embrane hyperpolarization, irrespective of the 5-HT con-

entration applied. Hence, even in those neurons that
howed a biphasic response to 5-HT, in which an initial
yperpolarizing response was followed by a depolariza-

ion, the depolarization was rarely of sufficient magnitude
o overcome the preceding inhibition. Indeed, in only four
f 34 neurons did the depolarizing component of the
-HTHyp-Dep overshoot the resting membrane potential.
ence, for most BNSTAL neurons the net effect of 5-HT
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35%
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19%19%
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40

Hyp

Hyp-Dep
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None

ig. 2. Exogenous 5-HT evokes a heterogeneous response profile in
embrane hyperpolarization (Hyp), a biphasic hyperpolarization follo

Dep), or had no effect on the resting membrane potential of BNSTAL n
he response profile. (B) Dose-response curve for 5-HT evoke
xperiments�S.E.M. All responses were normalized to the peak resp

able 1. Physiological response profile of BNSTAL neurons to exogen

Membrane
response N �RMP

Hyp 64 �5.2�0.3 mV
�14.6�3.2 pA

-HT
0 �M1

Hyp/Dep 34

�12.2�1.9/�7.1�2.6 pA
Dep 44 �5.3�0.6 mV

�13.7�2.7 pA
None 33 �

5-HT application in ACSF and TTX.
This resting membrane potential reflects the membrane potential at
rotocols were run was �60 mV. RMP, resting membrane potential; �

onstant of membrane charging; Hyp, hyperpolarization; Hyp-Dep, hyperpolari
eceptor activation was a reduction of membrane
xcitability.

The majority of 5-HT receptor subtypes expressed in
he BNST are G-protein-coupled receptors, activation of
hich could result in desensitization, and or internalization

Albert and Tiberi, 2001; Marchese et al., 2003; Sadja et
l., 2003). Consequently, the delayed depolarization ob-
erved in BNSTAL neurons in which 5-HT evoked a bipha-
ic response (5-HTHyp-Dep) could result from a delayed
esensitization of the 5-HTHyp response. Desensitization
f the 5-HTHyp response would be expected to significantly
ttenuate the response of these neurons to subsequent
gonist exposure. However, no significant alteration in
ither the magnitude (t
0.51, df
11) or the pattern of
esponse (Hyp, Hyp-Dep, or Dep) was observed between
he first and second applications of 5-HT (n
12). These
ata suggest that the 5-HTHyp-Dep response observed in
NSTAL neurons did not result from desensitization of the

eceptors mediating 5-HTHyp response, but more likely
eflected a delayed activation of an independent depolar-
zing conductance.

The reproducibility of the 5-HT response allowed us to
onstruct a dose-response relationship to 5-HT in the

-9 -8 -7 -6 -5 -4 -3

0

0

0

log[5-HT, µM]

5-HT EC50  ~6 µ M

5-HT 50 µ M

neurons. (A) Application of 50 �M 5-HT evoked either a monophasic
depolarization (Hyp-Dep), a monophasic membrane depolarization

one). A five-fold reduction in 5-HT concentration (10 �M) did not alter
rane hyperpolarization, each point shows the average of four
ivated by 160 �M 5-HT.

application

ase in
% E5-HT RMP2 Rm M� �

0�3.0 �77�1 �61�0.9 453�36 38�3.7

0�4.0 �71�2 �61�1.0 359�25 30.5�2.5

0�4.0 �44�2 �63�1.0 413�38 32.5�3.1

� �60�1.0 382�41 27.5�2.5

of the experiment. Note that the membrane potential at which all test
ange in resting membrane potential; �Rm, change in the Rm; �, time
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ame neuron (Fig. 2B). As 5-HTHyp was the most fre-
uently occurring response of BNSTAL neurons, we exam-

ned the 5-HT dose-response relationship in a subgroup of
eurons where an initial application of 5-HT evoked a clear
onophasic 5-HTHyp. In these experiments, four concen-

rations of 5-HT (2.5, 10, 40 and 160 �M) were applied in
rder of increasing concentration. A sigmoidal best-fit
urve (GraphPad Prism, version 3.03; San Diego, CA,
SA) of the dose-response data revealed an EC50 for
-HT of 6 �M, with a correlation of coefficient, 0.99. More-
ver, the dose-response relationship revealed that our test
oncentration of 50 �M was close to a maximal response
or 5-HTHyp (approximately 95%). It was possible, there-
ore, that the heterogeneous response of BNSTAL neurons
o 5-HT was biased in favor of a 5-HTHyp response due to
he high test concentration of 5-HT. Consequently, we next
xamined the effects of a 5-HT concentration close to the
C50, 10 �M.

As shown in Fig. 2A, exogenous application of 10 �M
-HT evoked a heterogeneous response profile in BNST
eurons that was qualitatively similar to that observed at
he higher concentration. Thus, 10 �M 5-HT evoked a
-HTHyp in 35% of neurons tested, a 5-HTHyp-Dep in 24%,
-HTDep in 22%, and had no effect in the remaining 19% of

he neurons tested. No difference was observed in the
-HT response of BNSTAL neurons in control ACSF when
ompared with ACSF containing TTX, and hence the data
resented were combined from experiments run in ACSF
n
35), or in TTX (n
11).

Cellular mechanisms underlying 5-HTHyp. Analysis
f the 5-HT reversal potential (E5-HT) in BNSTAL neurons
howing only a 5-HTHyp response, revealed two distinct
ubpopulations. The majority of neurons (75%) showed a

5-HT of �74�0.8 mV (n
35). This reversal potential was
lose to that predicted by the Nernst equation for a GABAA

eceptor-mediated increase in chloride conductance and
ence, the 5-HTHyp in these BNSTAL neurons may have
esulted from an indirect action of 5-HT via an increase in
TX-resistant GABA release. An indirect action of 5-HT is
ossible as neurons of the anterior BNST are primarily
ABAergic (Sun and Cassell, 1993), and we have shown

hat 5-HT excites approximately 23% of BNSTAL neurons.
owever, pretreatment with a cocktail of the GABAA re-
eptor antagonist, bicuculline methiodide (30 �M), and the
ABAB receptor antagonist, CGP 52432 (1 �M), failed to
lock the 5-HTHyp response and did not alter E5-HT (data
ot shown). If the 5-HTHyp response was due to indirect
elease of GABA and subsequent activation of postsynap-
ic GABAA/B receptors, this response should have been
locked by the addition of the GABA receptor antagonists,
hich was clearly not the case.

These data suggest that even in those BNSTAL neu-
ons that exhibit a 5-HTHyp response, exogenous 5-HT
ay activate more than one 5-HT receptor subtype. Con-

equently, bidirectional modulation of BNSTAL neurons
ould occur in the majority of 5-HTHyp neurons and not only
n neurons that show a 5-HTHyp-Dep response. o
The remaining 25% of 5-HTHyp neurons (12/47)
howed an E5-HT of �89�1.1 mV. This reversal potential
as identical to that predicted by the Nernst equation for
� (EK) using intracellular and extracellular K� concentra-

ions derived from our ACSF and patch recording solu-
ions. Hence, an increase in K� conductance mediates the
onophasic outward current underlying the 5-HTHyp in this

ubgroup of BNSTAL neurons.
Data from our preliminary study suggested that the

-HTHyp observed in BNST neurons might be mediated by
ctivation of a K� current that showed inward rectification
Rainnie, 1999a). Here we confirm this observation and
how that the 5-HTHyp in BNSTAL neurons is mediated by
K� conductance carried by G protein-activated inwardly

ectifying K� (GIRK) channels. Firstly, the 5-HT-induced
urrent-voltage relationship was determined in voltage
lamp by subtraction of the control steady-state current
rom the 5-HT-induced steady state current over the volt-
ge range �100 to �40 mV. The 5-HT-induced chord
onductance was then calculated using the following equa-
ion: g5-HT
I5-HT/(E�E5-HT); where I5-HT is the residual
-HT-induced current, E is the holding potential, and E5-HT

s the 5-HT reversal potential (approximately �89 mV). A
ypical plot showing the inwardly rectifying property of the
-HT chord conductance is illustrated in Fig. 3A. Secondly,
he activation of GIRK channels by 5-HT was confirmed by
xamining the sensitivity of the 5-HT response to tertia-
in-Q, a specific inhibitor of GIRK channels (Jin et al., 1999;
in and Lu, 1999). Only neurons in which 5-HT evoked a
-HTHyp response were used to test the effect of tertia-
in-Q. Here, the initial response to 5-HT was determined
nd the slice was then perfused with tertiapin-Q (0.1 �M)
or 10–40 min, before 5-HT was re-applied. A 20 min
re-exposure to tertiapin-Q (n
3) attenuated the peak
-HTHyp response (50%), whereas a 40 min pre-exposure
o tertiapin-Q completely blocked the 5-HTHyp response
n
2). Incubation times of 10 min were ineffective in block-
ng the 5-HTHyp response (n
2).

Response of BNSTAL neurons to exogenous applica-
ion of 8-OH-DPAT and 5-CT. The 5-HT receptor sub-
ype that is most often associated with activation of GIRK

hannels is the 5-HT1A receptor (e.g. Luscher et al., 1997).
ence, we next examined the response of BNSTAL neu-

ons to exogenous application of the 5-HT1A/7 receptor
gonist, 8-OH-DPAT, and the more broad-spectrum 5-HT1

eceptor agonist, 5-CT. The aim of these experiments was
wo-fold: (1) to verify the 5-HT receptor subtype mediating
he 5HTHyp response, and (2) to find a relatively specific
gonist that would, ideally, mimic only the inhibitory re-
ponse to 5-HT, which we could then use to test the
unctional consequences of the inhibitory action of 5-HT in
ivo.

We first examined the response of BNSTAL neurons to
he active (R) enantiomer of 8-OH-DPAT (Cornfield et al.,
991; Hadrava et al., 1996). In these experiments, we first
ompared the response of neurons to 5-HT with that of
-OH-DPAT. Only those neurons showing 5-HTHyp (n
8),

r a 5-HTHyp-Dep (n
2) were used as comparators for the
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esponse to 8-OH-DPAT. Unexpectedly, 8-OH-DPAT
1–50 �M) failed to elicit a response in nine out of the 10
NSTAL neurons tested.

Hence, we next examined the response of BNSTAL

eurons to 5-CT (10 �M), a broad-spectrum 5-HT1 recep-
or agonist with a high affinity for 5-HT1A receptors (Pala-
ios et al., 1996; Thomas et al., 1999). Unlike 8-OH-DPAT,
-CT fully mimicked the inhibitory response to 5-HT in
NSTAL neurons (Fig. 3B and 3C). In 23 neurons exam-

ned, 5-CT evoked a hyperpolarization in 48%, a hyperpo-
arization followed by a depolarization in 26%, or had no
ffect on the resting membrane potential in the remaining
eurons tested (22%). Like the 5-HTHyp, the 5-CT induced
yperpolarization was associated with a decrease in mem-
rane Rm, and an outward current in voltage clamp. The
ean change in Rm, the amplitude of the response, and

he reversal potential associated with each response are
ummarized in Table 2. In one neuron, 5-CT evoked a

A. 

C. 

5-HT 

Em (mV) 
-90 -80 -70 -60 -50 -40 

5-CT 

-90 -80 -70 -60 -50 -40 

Em (mV) 

ig. 3. The 5-HT1 receptor ligand 5-CT activates GIRK channels and
onductance evoked by 5-HT (A) and 5-CT (C) show similar voltage
quation g5-HT
I5-HT/(E�E5-HT), where I5-HT was determined using vo
he response profile of BNSTAL neurons to exogenous 5-CT (10�M)

able 2. Physiological response profile of BNSTAL neurons to exogen

Membrane
response N �RMP

Hyp 11 �7.0�1.4 mV
�25�9pA

-CT
0 �M1

Hyp-Dep 6 �8.0/�3.5 mV

�15.0�3.5/�9.5�4.5 pA
Dep 1 �15.0 pA
None 5 �

5-CT application in ACSF and TTX.
This resting membrane potential reflects the membrane potential at
rotocols were run was �60 mV. RMP, resting membrane potential; �

onstant of membrane charging; Hyp, hyperpolarization; Hyp-Dep, hyperpolari
onophasic depolarizing response. Interestingly, this neu-
on exhibited a physiological phenotype resembling that of
n interneuron, as defined in brain regions such as the
asolateral amygdala (see Rainnie et al., 1993).

We then compared the response to 5-CT and 5-HT in
he same neuron (n
8); a typical example is illustrated in
ig. 4A. Here, 50 �M 5-HT evoked an outward current

ollowed by a delayed inward current in voltage clamp
ode, which is characteristic of the 5-HTHyp-Dep observed

n current clamp mode. Subsequent application of 10 �M
-CT in the same neuron evoked only an outward current.
ignificantly, the magnitude of the 5-CT response was
pproximately 43% greater than that evoked by 5-HT in
eurons that showed only a 5-HTHyp response, or an out-
ard current (n
4, t
10, P	0.05). The effects of 5-CT
ere longer lasting than those observed for 5-HT. Thus,

he response to 5-HT returned to pre-5-HT baseline within
–10 min of washout. In contrast, 5-CT response returned

%
 o

f 
n

e
u

r
o

n
s
 

. 5-CT response profile  

22%

4%

26%

48%

0

10

20

30

40

50

60

Hyp Hyp-

dep

Dep None

e inhibitory response of BNSTAL neurons to 5-HT. Plots of the chord
nt inward rectification. Chord conductance was calculated using the
ps from �100 mV to �40 mV before and during drug application. (B)
n largely mimicked the inhibitory effect of 5-HT in BNSTAL neurons.

application

ecease in
Rm% E5-CT RMP2 Rm M� �

34.6�6.1 �84�3 �61�1.8 589�73 36�5.4

�32�7.3 �71�2 �60�0.4 412�119 22�10.5

�45 �61 702 66
� �64�5.6 527�137 35�10

of the experiment. Note that the membrane potential at which all test
ange in resting membrane potential; �Rm, change in the Rm; �, time
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o baseline only after 30–40 min of washout. However,
espite the differences in the amplitude and duration of the
-CT response compared with the 5-HT response, the
eversal potential (E5-CT
�84�3 mV; n
11) and the
hord conductance were identical to that of 5-HT (Fig. 3C).
onsequently, these data suggest that the 5-CT response
as also mediated by activation of an inwardly rectifying
� conductance. Neurons that were unresponsive to 5-HT
ere also unresponsive to 5-CT (n
3).

5-HTHyp and 5-CT-evoked membrane hyperpolariza-
ion (5-CTHyp) are blocked by the 5-HT1A antagonist,

AY100635. The 5-HTHyp observed in our experiments
ad the hallmark characteristic of a 5-HT1A response, de-
pite the inability of 8-OH-DPAT to mimic it. Consequently,
e next examined the effect of prior application of
AY100635 (200nM), a specific 5-HT1A antagonist, on the

-HTHyp and 5-CTHyp evoked responses in BNSTAL neu-
ons. In these experiments, we first determined the re-
ponse to 5-HT (50 �M), or 5-CT (10 �M), and then, after
ashout, the slice was perfused with WAY100635 (200
M) for 10 min before reapplying the agonists. In agree-
ent with our hypothesis, prior incubation with
AY100635 fully blocked the outward current evoked by

ig. 4. In the same BNSTAL neuron, 5-CT mimics the outward current
he response of a BNSTAL neuron to sequential application of 5-HT a
nward current. After washout, 5-CT (10 �M) evoked only a mono
oncentration of 5-HT. (B) The ramp protocol used in voltage clamp ex
uperimposing the steady-state currents evoked before, and during
ontrast, superimposition of the steady-state currents evoked before, a
olding potential
�60 mV.
ither 5-HT (n
11) or 5-CT (n
6). Consequently, despite w
he insensitivity of BNSTAL neurons to 8-OH-DPAT, the
ata above supports the hypothesis that a direct postsyn-
ptic activation of 5-HT1A receptors mediates the inhibitory
esponse of BNSTAL neurons to both 5-HT and 5-CT.

n vivo behavioral experiment

revious in vivo studies had reported that systemic ad-
inistration of 5-HT receptor ligands have anxiolytic
ctions as measured with either the fear-potentiated
tartle test (Davis et al., 1986; Mansbach and Geyer,
988) or light-enhanced startle (Walker and Davis,
997a; de Jongh et al., 2002). However, because of the
oute of drug administration used in these experiments it
as impossible to determine the site of action of these
ompounds. Because non-specific activation of BNST
eurons by in vivo electrical stimulation is believed to be
nxiogenic (ibid), we hypothesized that the inhibitory
esponse of BNSTAL neurons to 5-HT would reduce
coustic startle amplitude under conditions where startle

ends to increase as a result of dishabituation following
andling. As a first test of this hypothesis, we examined

he effects of bilateral infusion of 5-CT into the BNST on
he acoustic startle response, using a paradigm where

y 5-HT but not the inward current. (A) Voltage clamp records showing
Here, 5-HT (50 �M) evoked a rapid outward current followed by an

utward current that was 37% larger than that evoked by a higher
ts to generate the steady-state current records shown in C and D. (C)
lication show a reversal potential of approximately �72 mV. (D) In
5-CT application show a reversal potential of approximately �81 mV.
evoked b
nd 5-CT.
phasic o
perimen
5-HT app
nd during
e normally see dishabituation of the startle reflex that
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ccurs with handling, following a modest amount of prior
abituation. 5-CT was chosen in preference to 5-HT as

t mimics the inhibitory action of 5-HT, has a long dura-
ion of response, and is not affected by local degradation
nd reuptake processes that could affect local 5-HT
oncentrations.

Histology. To ensure that any behavioral response
bserved was due to activation of 5-HT receptors in the
NST, the position of the injection cannula was verified at

he end of the experimental procedure. From the original
ohort of 12 rats tested, data from six rats were excluded
ue to one or both injection sites being outside of the
NST (either in the lateral ventricles, or the septum). Fig.
shows a schematic of the cannula placements marking

df

ig. 5. A schematic representation of the placement of the injection
annula tip in the BNST. Tip placement in animals receiving 10 mM
-CT (n
6) infusions. Coronal sections are shown from �0.26 to �0.8
elative to bregma.
he final location of the injection site in the BNST. s
The effect intra-BNST 5-CT infusions on the acoustic
tartle response. As expected from the electrophysiol-
gy, local infusions of 5-CT (10 mM) into the BNST pro-
uced a decrease in the amplitude of the acoustic startle
esponse. The group data are illustrated in Fig. 6A. Here,
ocal infusion of 5-CT into BNST significantly reduced star-
le amplitudes, starting immediately at the onset of the
ost-infusion test session, which commenced approxi-
ately 4 min after the 5-CT infusion protocol, and lasting

or at least 15 min post-infusion. A repeated measures
NOVA of the data demonstrated a significant effect of
reatment (F1,10
4.8, P	0.05), and a significant
reatment�Time interaction (F7,70
3.9, P	0.05), with
ost hoc Tukey/Kramer tests revealing a significant differ-
nce in startle amplitudes in the first 15 min post-infusion.

Importantly, the difference in acoustic startle ampli-
udes following 5-CT infusion were dependent on the ma-
ipulation the rats received, and did not result from differ-
nces in their baseline acoustic startle response on the 2
ays in which this experiment was run. Thus, analysis of
he baseline acoustic startle response (before being nor-
alized to a percentage score) showed that there was no

ignificant difference between the two test groups in their
re-infusion baseline startle amplitudes across the 2 ex-
erimental days (F1,5
1.3), and that these animals
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ig. 6. In vivo infusion of 5-CT into the BNSTAL attenuates the acous-
ic startle response. (A) Startle amplitude was significantly reduced
hen rats received 5-CT 10 mM bilateral intra-BNST infusions. The
gure shows the percentage mean startle score (mean of 10 startle
timuli�S.E.M.) of rats receiving intra-BNST infusion of ACSF or 5-CT,
uring the pre-infusion (baseline) and post-infusion test sessions. In
ontrast, 5-CT had no effect on motor activity of the rats. (B) Mean
otor activity scores�S.E.M.
howed significant and yet equivalent levels of habituation
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f the startle response during the pre-infusion test ses-
ions (F1,5
4.1, P	0.5).

As often observed in this behavioral paradigm, cessa-
ion of the startle stimuli, removal of the rat from the test
age, and the handling that takes place during infusion of
CSF can lead to significant dishabituation of the startle

esponse (t(5)
3.4, P	0.05), comparing the last block of
he preinfusion baseline to the first block of the post-
nfusion test. In contrast, on the day the same rats received
-CT infusions there was no dishabituation. However, the
ffect of 5-CT could not be attributed entirely to a blockade
f dishabituation because the level of startle right after
-CT infusion was actually lower than that seen at the end
f habituation during the baseline period (see Fig. 6A).
hus, the amplitude of startle during the first block of 10
tartle stimuli in the 5-CT condition was significantly less
han that during the last block of the preinfusion baseline
t(5)
2.7, P	0.05).

Interestingly, rats in which only one cannula was cor-
ectly placed in the BNST showed a trend toward a reduc-
ion in startle amplitude, but the effect did not reach thresh-
ld for significance (n
3). Moreover, analysis of startle
mplitudes in those rats which were also excluded from the
tudy because both of the injection cannulas were mis-
laced, either in the lateral ventricle, or the septum (n
3),
howed that 5-CT infusions in these rats had no effect on
coustic startle amplitudes, supporting a discrete effect of
-CT within the BNST.

Motor activity. Because of its connection with areas
uch as the ventromedial caudate-putamen (Dong et al.,
000), the BNST is in a position to modulate somatomotor
utflow, and hence motor activity. Startle amplitude is neg-
tively correlated with the degree of motor activity preced-

ng the startle stimulus (Hoffman and Ison, 1980; Plappert
t al., 1993), and hence our 5-CT manipulations could
ave affected general motor activity and thus indirectly
ttenuated the acoustic startle response. Consequently,
e also examined the effect of local infusion of 5-CT into

he BNSTAL on motor activity. A repeated measures
NOVA demonstrated no significant effect on motor activ-

ty of 5-CT during the post-infusion period (F1,10
1.4, Fig.
B). Moreover, the motor activity of the animals also did
ot differ during the pre-infusion baseline session across

he two days (F1,10
0.6). Thus, the decrease in startle
mplitude as a consequence of 5-CT BNST infusion does
ot seem to be an indirect effect on motor activity.

DISCUSSION

e have used both in vitro and in vivo experimental par-
digms to examine the functional consequences of 5-HT
eceptor activation in the BNSTAL. Exogenous application
f 5-HT can both excite and inhibit BNSTAL neurons by a
irect action at postsynaptic 5-HT receptors. Nevertheless,
ur studies demonstrate that although 5-HT can activate
ore than one postsynaptic 5-HT receptor on BNSTAL

eurons, the net response to 5-HT release in this region
ould be inhibition, and this local inhibition might have an

nxiolytic behavioral effect. The inhibitory response to q
-HT was observed in approximately 56% of BNSTAL neu-
ons, had a reversal potential of approximately �89 mV,
as attenuated by the GIRK channel blocker, tertiapin-Q,
imicked by the broad-spectrum 5-HT1 receptor agonist,
-CT, but not by 8-OH-DPAT, and blocked by the 5-HT1A

eceptor antagonist WAY100635. Together, these data
uggest that the inhibitory response of BNSTAL neurons to
-HT was mediated by activation of 5-HT1A-like receptors
oupled to GIRK channels.

Moreover, we delineated 5-CT as a prototypical ago-
ist for the inhibitory response to 5-HT, mediated by acti-
ation of 5-HT1A receptors, because 5-CTHyp was fully
locked by WAY100635. Consequently, we then used
-CT as an in vivo tool to probe the behavioral conse-
uences of local inhibition of BNSTAL neurons. Here, local
ctivation of 5-HT1A-like receptors in the BNSTAL caused a
ignificant reduction in the acoustic startle response with-
ut affecting motor activity.

Data from previous in vivo single unit recording studies
ave suggested that 5-HT, noradrenaline and dopamine,
nd the endogenous opioid peptides all function to inhibit
euronal activity in the BNST (Casada and Dafny, 1993b;
alsass and Siegel, 1990; Matsui and Yamamoto, 1984;
awada and Yamamoto, 1981). In contrast, acetylcholine
as the only neurotransmitter reported to increase the
ring rate of BNST neurons (Casada and Dafny, 1993a,b).
hile our results partially confirm these early observa-

ions, it is clear that 5-HT plays a much more complex
odulatory role on the activity of BNST neurons, as would
e predicted by the expression of multiple 5-HT receptor
ubtypes in this region (Cornea-Hebert et al., 1999; Heid-
ann et al., 1998; Sari et al., 1999; Waeber and Mosko-
itz, 1997).

At opposite ends of the postsynaptic 5-HT response
pectrum are two subpopulations of BNSTAL neurons, one
hat was inhibited by 5-HT and the other that was excited
y 5-HT. The factors determining the relative expression of
hese two opposing responses in individual BNST neurons
emain unknown. Nevertheless, the majority of BNSTAL

eurons were inhibited by 5-HT and this action was mim-
cked by the broad-spectrum 5-HT1 receptor agonist, 5-CT.

oreover, 5-HT and 5-CT both activate 5-HT receptors
hat are coupled to inwardly rectifying potassium (GIRK)
hannels. As previously noted, the 5-HT receptor subtype
ost often associated with activation of GIRK channels is

he 5-HT1A receptor. It was somewhat surprising therefore
hat 8-OH-DPAT did not mimic the 5-HTHyp response.
owever, while 8-OH-DPAT acts a full agonist at presyn-
ptic 5-HT1A autoreceptors, it can display partial agonist
roperties in other systems (Varrault and Bockaert, 1992;
ueter et al., 1998), and it is possible that 8-OH-DPAT also
cts as a partial agonist at 5-HT1A receptors in the BN-
TAL. 5-HT and 5-CT also have a high affinity for 5-HT7

eceptors that are expressed at high levels in the BNST
Heidmann et al., 1998), and for which both are full ago-
ists. Although 8-OH-DPAT has a high affinity for 5-HT7

eceptors, it acts only as a partial agonist (Krobert et al.,
001; Thomas et al., 1999; Wood et al., 2000). Conse-

uently, this rank order of potency for 5-HT7 receptors
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ould explain the agonist profile for the 5-HTHyp response.
owever, two observations would argue against this con-
lusion: 1) the specific 5-HT1A receptor antagonist,
AY100635 (200 nM), fully blocked the outward currents

voked by both 5-HT and 5-CT, and 2) 5-HT7 receptor
ctivation in the thalamus elicits a membrane depolariza-
ion and not a hyperpolarization (Chapin and Andrade,
001). However, because of the inconsistency with the
-OH-DPAT data we have referred to the receptor medi-
ting the 5-HTHyp as a 5-HT1A-like receptor.

Neurons of the BNSTAL have a high Rm
Rm
416.0�20.0 M�, but see Egli and Winder, 2003)
hen compared with the medium spiny GABAergic neu-

ons of the adjacent dorsal striatum (Rm
59.1�2.1 M�;
elgado et al., 2000). Consequently, BNSTAL neurons are
ighly responsive to afferent input. Thus, the 5-HTHyp re-
ponse not only moves the membrane potential away from
he threshold for action potential generation, but by addi-
ionally reducing Rm by 35% would significantly dampen
he response of these neurons to afferent input. However,
he significance of the voltage-dependency of the 5-HTHyp

esponse should not be overlooked. At membrane poten-
ials close to rest (��60 mV) GIRK channels are function-
lly closed (for review see, Mark and Herlitze, 2000), and
ence excitatory afferent input could still activate BNSTAL

eurons, despite continued 5-HT1A receptor activation.
his property ensures that excitatory input of sufficient
agnitude to overcome a 5-HTHyp response could drive

he membrane potential to action potential threshold
nopposed.

Stimulation of the BNST mimics many of the behavioral
nd cardiovascular responses that are activated in re-
ponse to stressful/anxiogenic stimuli (ibid). In contrast,
NST lesions or pharmacological inactivation are reported

o have anxiolytic actions (Brutus et al., 1988; Fendt et al.,
003; Hammack et al., 2004; Walker and Davis, 1997b).
ur in vivo study shows that local infusions of 10 mM 5-CT

nto the BNST significantly reduced startle amplitude, with-
ut affecting the general motor activity, and recent evi-
ence suggests that such a reduction in baseline-startle
ay reflect a reduction in anxiety state (Baas et al., 2002;

or review see, Grillon, 2002). Consistent with these re-
ults, inactivation of the BNST following infusion of musci-
ol, a GABAA agonist, has no effect on general motor
ctivity while simultaneously blocking freezing to an aver-
ive predator odor (Fendt et al., 2003).

Activation of the serotonergic system is associated
ith the behavioral response to stress (Clement et al.,
993; Duncan et al., 1993; Summers et al., 2003), and
xtracellular levels of 5-HT increase in several forebrain
egions in response to stressful stimuli/conditions (Amat et
l., 1998; Fujino et al., 2002; Funada and Hara 2001).
onsequently, 5-HT release in the BNSTAL would result in
-HT1A-like receptor-mediated inhibition of the majority of
eurons, and as a result dampen stress-induced activation
f the BNST. We propose that, as the BNST and dorsal
aphé are reciprocally connected, this may represent a

eedback inhibitory loop, which acts as an essential part of w
he normal homeostatic mechanism that controls the inten-
ity and duration of stress-induced anxiety.

The precise neural circuitry by which inhibition of BN-
TAL activity could modulate anxiety and acoustic startle is
ot known. Neurons of the BNSTAL are primarily GABAer-
ic, with more than 75% of neurons expressing mRNA for
he GABA synthetic enzyme, GAD67 (Cullinan et al., 1993;
rlander et al., 1991). Hence, output neurons of the BN-
TAL would be expected to inhibit their target sites and, by
xtrapolation, 5-HT-induced inhibition of BNSTAL neurons
ould act to disinhibit these target sites. The startle re-
ponse is mediated by a pathway that can be traced from
he cochlear root neurons to neurons of the nucleus reticu-
aris pontis caudalis (PnC), whose fibers synapse onto
pinal motor neurons that mediate the startle reflex (Lee et
l., 1996). It is at the PnC that higher sensory and cognitive
rocesses are thought impact the reflex circuit (for review
ee, Koch and Schnitzler, 1997). A potential route by which
he BNST might influence startle amplitude is via its con-
ection with cholinergic neurons of the pedunculopontine
nd lateral tegmental areas (pedunculopontine tegmental
ucleus [PPTg] and lateral tegmental nucleus [LTDg];
emba and Fibiger, 1992). Activation of these cholinergic
eurons inhibits neurons of the PnC and attenuates the
coustic startle response (Fendt and Koch, 1999; Koch et
l., 1993). Hence, inhibition of BNST output neurons by
-HT could disinhibit the PPTg and LTDg, thereby enhanc-

ng acetylcholine release in the PnC and attenuating the
tartle response. It should be noted, however, that many
NST neurons co-localize peptide neurotransmitters and

hat the effects of peptide release at target sites has yet to
e established.

Furthermore, recent behavioral studies suggest that
he BNST is also a key structure involved in stress-induced
rug recidivism (Erb et al., 2001; Erb and Stewart, 1999;
eri et al., 2002; Koob and Le Moal, 2001; Macey et al.,
003), possibly through its direct connections with the
opaminergic system (Georges and Aston-Jones, 2001,
002). Co-morbidity of anxiety states and substance abuse
re well documented (Barlow, 1997; Marshall, 1997), and
any drugs of abuse increase brain serotonin levels

Weiss et al., 2001). Thus, individual vulnerability to drug
aking and subsequent recidivistic behavior might reflect
n underlying dysfunction of 5-HT-mediated feedback in-
ibition in the BNST.

Moreover, the BNST is a highly sexually dimorphic
egion (Stefanova and Ovtscharoff, 2000), and it is more
han likely that gender differences exist in the process of
-HT mediated feedback inhibition. Hence, in future stud-

es we will examine gender differences in the response of
NST neurons to 5-HT. Such studies could have signifi-
ant clinical import given the marked gender differences
hat are observed in the prevalence, phenotype and etiol-
gy of mood disorders, as well as in the response to
herapy and the comorbidity observed between psychiatric
nd substance abuse disorders (Palanza, 2001; Pigott,
999; Zilberman et al., 2003).

In summary, here we have suggested a mechanism by

hich 5-HT release in the BNST can adaptively modulate
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he response of an organism to anxiogenic events. We
ropose that a time-dependent enhancement of 5-HT lev-
ls in the BNST has a role in feedback inhibition of the
nxiogenic response to stressful stimuli. Importantly, a
europathology in this feedback circuit may underlie that
he phenotype and etiology of anxiety disorders and vul-
erability to drug abuse.
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