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1 The e�ects of desipramine (3 mg kg71 i.p.) and clorgyline (1 mg kg71 i.p.) on extracellular
noradrenaline (NA) in the locus coeruleus (LC) and cingulate cortex were assessed in freely-moving
rats by dual-probe microdialysis. Functional activities of a2-adrenoceptors regulating NA release in
the LC and cingulate cortex were determined by systemic (0.3 mg kg71 i.p.) or local (0.1 ± 100 mM)
clonidine administration.

2 Extracellular NA was increased in the LC and cingulate cortex following acute desipramine but
not clorgyline treatment. Systemic clonidine decreased NA similarly in desipramine-, clorgyline-, and
saline-treated animals, in both brain areas.

3 Long-term (twice daily, 14 days) but not short-term (twice daily, 7 days) desipramine, and long-
term clorgyline (once daily, 21 days) treatments increased NA (3 fold) in cingulate cortex but not in
the LC. Following long-term treatments, responses of NA to systemic clonidine were attenuated in
the LC and cingulate cortex.

4 Clonidine perfusion by reverse dialysis into the cingulate cortex decreased local NA (755+9%).
The e�ect was attenuated by long-term desipramine (731+9%) and clorgyline (710+2%)
treatments.

5 Clonidine perfusion by reverse dialysis into the LC decreased NA in the LC (789+2%) and in
cingulate cortex (752+12%). This e�ect was attenuated in the LC following long-term desipramine
(772+4%) and clorgyline (762+12%) treatments but it was not modi®ed in the cingulate cortex
(757+10% and 768+6%, respectively).

6 These ®ndings demonstrate that chronic desipramine or clorgyline treatments increase NA in
noradrenergic terminal areas and desensitize a2-adrenoceptors modulating local NA release at
somatodendritic and terminal levels. However, somatodendritic a2-adrenoceptors that control LC
®ring activity are not desensitized.
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Introduction

One of the pathophysiological hypotheses of major depres-

sion relates to a decreased activity of central monoaminergic
systems and more speci®cally of noradrenergic transmission
(for reviews see Leonard, 1997; Charney, 1998; Ressler &

Nemero�, 1999).
The locus coeruleus (LC) is the main source of noradre-

nergic innervation to the brain and coeruleofugal noradre-

nergic ®bres have been implicated in the pathophysiology of
depressive disorders (Mongeau et al., 1997; Ressler &
Nemero�, 1999). The contribution of inhibitory a2-adreno-
ceptors located on noradrenergic terminals to the in vivo
regulation of NA synthesis and release has been extensively
evaluated (Pi & GarcõÂ a-Sevilla, 1992; van Veldhuizen et al.,
1993; Dalley & Stanford, 1995; Meana et al., 1997).

Somatodendritic a2-adrenoceptors also play an important
role in the control of ®ring activity of LC neurones
(Cedarbaum & Aghajanian, 1976) and, consequently, in NA

release from noradrenergic ®bres in terminal areas (van

Gaalen et al., 1997; Mateo et al., 1998). Furthermore, it has
been demonstrated that a2-adrenoceptors regulate the
somatodendritic release of NA in the LC area (Jorm &

Stamford, 1993; Mateo et al., 1998; Callado & Stamford,
1999; 2000; Singewald et al., 1999).

Several studies have demonstrated that a2-adrenoceptor
density is enhanced in post mortem brains of depressed
suicide victims (Meana & GarcõÂ a-Sevilla, 1987; Meana et al.,
1992; GonzaÂ lez et al., 1994; Ordway et al., 1994; de

Paermentier et al., 1997; Callado et al., 1998; GarcõÂ a-Sevilla
et al., 1999). Down-regulation of a2-adrenoceptor density and
desensitization of a2-adrenoceptor-mediated responses in the
CNS are common responses to the chronic treatment with

antidepressant drugs that increase synaptic NA concentration
(Giralt & GarcõÂ a-Sevilla, 1989; Menargues et al., 1990; Heal
et al., 1991a, b; Barturen & GarcõÂ a-Sevilla, 1992; Mongeau et

al., 1994; Esteban et al., 1999).
The sustained increase of extracellular NA concentrations

following administration of antidepressant drugs has been
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proposed as the mechanism mediating down-regulation and
desensitization of a2-adrenoceptors (LinneÂ r et al., 1999).
However, acute administration of the NA reuptake inhibitor

desipramine enhances NA concentrations in the rat LC but
decreases extracellular NA concentrations in terminal areas,
re¯ecting an important in vivo tonic activation of auto-
inhibitory a2-adrenoceptors located on LC neurones (Mateo

et al., 1998). Therefore, it seems that the in vivo
antidepressant e�ects on extracellular NA concentrations in
terminal areas exhibit important di�erences between acute

and chronic treatments. Accordingly, it has been recently
postulated that the time necessary to observe therapeutic
e�cacy of antidepressants re¯ects the time somatodendritic

inhibitory a2-adrenoceptors need to become desensitized
leading to a decrease in the inhibition of neurotransmitter
release by nerve terminals (LinneÂ r et al., 1999). In addition,

desensitization of a2-adrenoceptors on noradrenergic term-
inals might contribute to increase NA availability in the area.
In the present study, the e�ects on noradrenergic

transmission of two antidepressant drugs were investigated

using in vivo microdialysis. The changes induced by acute
and chronic administration of the NA reuptake inhibitor
desipramine or the MAO inhibitor clorgyline on extra-

cellular NA concentrations were monitored simultaneously
in the LC and in the cingulate cortex, a projection area
arising from the LC (van Gaalen et al., 1997; Mateo et al.,

1998). Dialysate NA concentrations re¯ect a balance
between LC discharge rates a�ecting neurotransmitter
release (Berridge & Abercrombie, 1999), inhibition of its

reuptake and activation of inhibitory autoreceptors (Mateo
et al., 1998). Therefore, the main objective of the study was
to elucidate whether the putative a2-adrenoceptor desensi-
tization induced by long-term antidepressant treatment

contributes to modulate extracellular NA concentrations
in the LC and in the cingulate cortex. For this purpose, the
functional responses to systemic and local administration of

the a2-adrenoceptor agonist drug clonidine were evaluated
following saline, desipramine and clorgyline treatments.
This approach allows us to examine separately the

contribution of somatodendritic and terminal a2-adrenocep-
tors to extracellular NA concentrations under basal
conditions.

Methods

Animals and treatment protocols

Experiments were performed on male Sprague-Dawley rats

(University of the Basque Country, UPV/EHU, Spain).
Animals were housed 4/5 per cage in a 12 h light-dark cycle
at room temperature (228C) with food and water available ad

libitum. Animal care and all experimental protocols were
performed in agreement with European Union regulations
(O.J. of E.C. L 358/1 18/12/1986).
Animals were chronically treated with desipramine

(3 mg kg71 i.p., every 12 h for 7 or 14 days) or clorgyline
(1 mg kg71 i.p., every 24 h for 21 days). Control groups
received 0.9% saline vehicle under similar conditions.

Animals weighed 150 ± 175 g at the start of treatment and
280 ± 315 g at the time microdialysis experiments were carried
out. Microdialysis probes were implanted under chloral

hydrate anaesthesia (400 mg kg71 i.p.) on day 8 or 15 for
desipramine-treated groups and on day 22 for clorgyline-
treated groups. Sample collection started 20 ± 24 h later, to

allow 36 and 48 h washout periods for desipramine and
clorgyline treatments, respectively. Acute e�ects of desipra-
mine (3 mg kg71 i.p.) and clorgyline (1 mg kg71 i.p.) were
also tested by administration of a single injection of the drug.

In these cases, drugs were given 2 h before the beginning of
the collection period (Sato et al., 1994). For assessment of the
functional status of a2-adrenoceptors following chronic or

acute treatments, systemic (0.3 mg kg71 i.p.) or local (0.1 ±
100 mM) clonidine was administered during the collection
period of dialysate samples.

Microdialysis procedures

Concentric dialysis probes were constructed as previously
described (Adell & Artigas, 1991) using Cuprophan hollow
®bers (Enka AG, Wuppertal, Germany). Rats were anaes-
thetized and placed in a David Kopf stereotaxic frame.

Two microdialysis probes were implanted as previously
described (Mateo et al., 1998). One probe (exposed tip
2.0 mm60.25 mm) was implanted in the vicinity of the right

LC (AP 73.7, L+1.3, V 78.2, taken from the l suture point
and the incisor bar lowered to a 158 angle) and the other one
(exposed tip 4.0 mm60.25 mm) in the ipsilateral cingulate

cortex (AP +2.8, L+1.0, V 75.0, taken from bregma). The
coordinates were chosen using the atlas of Paxinos & Watson
(1986). Rats were allowed to recover from surgery overnight,

one per cage, with food and water ad libitum.
Around 20 h after probe implantation, rats were placed

individually in a CMA/120 system (CMA/Microdialysis AB,
Sweden) for freely moving animals. The dialysis probes

were connected to the system and then perfused with a
modi®ed CSF solution (mM): 148 NaCl, 2.7 KCl, 1.2 CaCl2
and 0.85 MgCl2, pH 7.4 at 1.0 ml min71 ¯ow rate (CMA/

102 pump, CMA/Microdialysis AB). Dialysates were
collected every 35 min into vials containing 5 ml perchloric
acid 0.1 M. Following 1 h for stabilization, two or three

consecutive samples were collected before clonidine admin-
istration and were considered as basal values. When
administered locally, clonidine was dissolved in the arti®cial
CSF and perfused by reverse dialysis through the probe in

increasing concentrations 0.1 mM, 10 mM and 100 mM). Each
concentration was perfused for two sampling periods of
35 min each. This period has been shown as a suitable time

to produce a steady-state e�ect of a given dose of clonidine
on extracellular NA concentrations (Mateo & Meana,
1999).

At the conclusion of the experiment, animals were killed
with an overdose of chloral hydrate and brains were dissected
out for histological examination to verify that microdialysis

probes were correctly implanted. Only animals with correct
microdialysis probe placement were considered. In vitro
recovery for NA was in 10 ± 16% range.

Analytical procedures

Immediately after collection, dialysate samples were assayed

for NA by h.p.l.c. with electrochemical detection (injection
volume 37 ml). Chromatographic analysis was made as
previously reported (Mateo et al., 1998). The mobile phase
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composition was 12 mM citric acid, 1 mM EDTA, 1.2 mM

octyl sodium sulphate (pH 5.0) and 12% (v v)71 methanol,
and was delivered at a ¯ow rate of 0.8 ml min71 by a

Hewlett-Packard 1050 pump. NA was separated at room
temperature (258C) on a Chrospher 100RP-18, 5 mm (particle
size), 12564 mm column. Electrochemical detection of NA
was achieved with an amperometric detector (Hewlett-

Packard 1049A) at an oxidizing potential of+0.650 V. The
limit of detection was 20 ± 25 fmol per sample.

Statistical analysis

The mean values of the two or three dialysate samples

obtained before clonidine or vehicle administration were
considered as the 100% basal value. Extracellular NA
concentrations of dialysate samples collected during an

experiment were normalized as percentage of basal values.
Values were not corrected for in vitro recovery.
The functional status of the a2-adrenoceptors evaluated as

the time-course response of NA concentrations to clonidine

administration was analysed. The modulation induced by
desipramine and clorgyline treatments on extracellular NA
concentrations and on e�ects induced by clonidine were

assessed. One-way or two-way analysis of variance (ANOVA)
for repeated measures, with treatment as between-subject
factor and time as within-subject factor, were performed on

normalized values. 2-tailed Student's t-test was used to
evaluate di�erences between mean values. Results are
expressed as mean+s.e.mean values. All statistical proce-

dures were performed using the SYSTAT 8.0 software for
Windows. Values of P less than 0.05 were considered
statistically signi®cant.

Drugs and reagents

Clonidine HCl, clorgyline HCl, desipramine HCl and NA

bitartrate salt, were purchased from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). Chloral hydrate was provided by Fluka
Chemie AG (Buchs, Switzerland). Reagents for h.p.l.c.

analysis were of the highest purity available and were
obtained from Merck (Darmstadt, Germany), Sigma Chemi-
cal Co. and SDS (Peypin, France). When applied, doses of
the drugs are referenced as the salt forms.

Results

Effect of systemic clonidine administration on
extracellular concentrations of NA in rats treated with a
single dose of saline, desipramine or clorgyline

A preliminary set of dose-response experiments was under-

taken to determine a dose of the a2-adrenoceptor agonist
clonidine that would elicit a submaximal response on the
regulation of extracellular NA concentrations. Thus, admin-

istration of di�erent doses of clonidine (0.1, 0.3, 0.6 and
1.2 mg kg71 i.p.) caused a dose-dependent decrease of
extracellular NA in the cingulate cortex of control rats,

with maximal observed decreases of 716%, 745%, 784%
and 780%, respectively. The dose of 0.3 mg kg71 i.p.
clonidine was chosen for further experiments. Basal

extracellular NA concentrations measured in the LC and
in the cingulate cortex of control groups were in the range
3 ± 6 nM (Table 1). In a saline-pretreated control group
(1 ml kg71 i.p., saline 2 h before the beginning of the sample

collection) extracellular NA signi®cantly decreased
(F7,40=2.36, P50.05) in the LC following systemic admin-
istration of clonidine (0.3 mg kg71 i.p.), with a maximal

observed e�ect of 750+10% (Figure 1a), and also in the
cingulate cortex (F7,42=6.09, P50.0001) with a maximal
e�ect of 761+8% (Figure 1b). No signi®cant e�ect of

clonidine vehicle (saline) was observed in the LC
(F7,16=0.82, P=0.59) and the cingulate cortex (F7,16=0.81,
P=0.59) (Figure 1a,b).

In order to evaluate the acute e�ect of a single dose of
desipramine (3 mg kg71 i.p.) on the clonidine-induced
decrease of NA, the drug was administered 2 h before the
beginning of the collection period. There was a signi®cant

increase of basal extracellular NA concentrations in the LC
(t=2.70, P50.05) and in the cingulate cortex (t=3.38,
P50.05) when compared with the saline group (Table 1).

Administration of clonidine (0.3 mg kg71 i.p.) in this acutely
desipramine-treated group decreased NA concentrations in
the LC (F6,27=3.707, P50.05) with a maximal e�ect of

763+13% (n=4) (Figure 1a). In the cingulate cortex,
clonidine also decreased NA concentrations (F6,25=7.10,
P50.001) in the desipramine-treated group with an observed
maximal response of 767+11% (n=4) (Figure 1b). No

Table 1 Basal extracellular noradrenaline (NA) concentrations in locus coeruleus and cingulate cortex of rats treated with saline
(control), desipramine or clorgyline

Locus coeruleus Cingulate cortex
(nM) n (nM) n

Acute saline (1 ml kg71, i.p., 2 h before) 3.84+0.58 4 2.92+0.49 4
Acute desipramine (3 mg kg71, i.p., 2 h before) 9.86+2.15* 4 14.83+3.49* 4
Acute clorgyline (1 mg kg71, i.p., 2 h before) 7.27+1.01* 6 4.79+0.58* 4
Saline (7 days) (1 ml kg71, i.p., twice daily) 3.56+0.26 3 3.52+0.54 3
Desipramine (7 days) (3 mg kg71, i.p., twice daily) 2.97+0.40 4 2.57+0.48 4
Saline (14 days) (1 ml kg71, i.p., twice daily) 6.07+2.36 4 5.59+1.53 4
Desipramine (14 days) (3 mg kg71, i.p., twice daily) 7.01+0.95 10 14.63+1.67* 14
Saline (21 days) (1 ml kg71, i.p., once daily) 6.61+0.23 4 4.28+0.34 5
Clorgyline (21 days) (1 mg kg71, i.p., once daily) 6.99+0.70 9 10.79+1.68* 14

The day after probe implantation, animals were places in a microdialysis system and following 1 h for stabilization two or three
consecutive samples were collected and their values assumed to be basal NA concentrations. Collection of samples in chronic treatments
were carried out 36 and 48 h after the last desipramine or clorgyline administration, respectively. Values represent mean+s.e.mean
values of n separate animals. *P50.05, compared with control values.
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di�erences in the e�ects of clonidine were found between
saline-, and desipramine-treated groups either in the LC

(F1,8=0.09, P=0.77) or in the cingulate cortex (F1,8=0.31,
P=0.59).
The acute e�ect of a single dose of clorgyline

(1 mg kg71 i.p., 2 h before the beginning of the collection
period) on the clonidine-induced decrease of extracellular
NA was also evaluated. In this clorgyline-treated group,

basal NA concentrations in the LC (t=2.55, P50.05) and
the cingulate cortex (t=2.45, P50.05) were signi®cantly
higher than values in the saline-treated group (Table 1).

Following administration of clonidine (0.3 mg kg71 i.p.) a
decrease of NA concentration in the LC (F7,30=3.25,
P50.05) (Figure 1a) was observed, with a maximal e�ect
of 740+17% (n=4). In the cingulate cortex, clonidine

also decreased NA concentrations (F6,19=3.19, P50.05)
(Figure 1b) with a maximal response of 764+11% (n=4).
There were no di�erences in the e�ects of clonidine

between saline-, and clorgyline-treated groups both in the
LC (F1,7=1.02, P=0.35) and the cingulate cortex
(F1,7=1.66, P=0.24).

Effect of systemic clonidine administration on
extracellular concentrations of NA in rats chronically
treated with saline, desipramine or clorgyline

Basal extracellular concentrations of NA in the LC following
chronic treatment with desipramine (3 mg kg71 i.p., every
12 h, for 7 days) did not signi®cantly di�er from values

observed in the respective saline group (t=1.13, P=0.30 in
the LC; t=1.30, P=0.24 in cingulate cortex) (Table 1).
Following administration of clonidine (0.3 mg kg71 i.p.),

approximately 36 h after the last desipramine injection, a
decrease of NA was observed both in the LC (F6,53=4.04,
P50.001) with a maximal e�ect of 753+3% (n=4) (Figure

2a) and in the cingulate cortex (F6,54=4.92, P50.0001) with
a maximal e�ect of 750+6% (n=4) (Figure 2b). No
signi®cant di�erences in the e�ects of clonidine were found

between saline-, and desipramine-treated groups in the LC

Figure 1 E�ects of systemic clonidine administration (0.3 mg kg71,
i.p.) on extracellular NA concentrations simultaneously evaluated in
the LC (a) and cingulate cortex (b). Rats were treated with a single
dose of desipramine (3 mg kg71, i.p.), clorgyline (1 mg kg71, i.p.) or
saline (1 ml kg71, i.p.) 2 h before the beginning of the sample
collection. Arrows represent administration of clonidine or vehicle.
Data are mean+s.e.mean values from four separate animals for each
group and are expressed as percentages of the corresponding basal
values.

Figure 2 E�ects of systemic clonidine administration (0.3 mg kg71,
i.p.) on extracellular NA concentrations simultaneously evaluated in
the LC (a) and cingulate cortex (b). Rats received short-term
desipramine (3 mg kg71, i.p., twice a day for 7 days), long-term
desipramine (3 mg kg71, i.p., twice a day for 14 days), long-term
clorgyline (1 mg kg71, i.p., once a day for 21 days) or saline
(1 ml kg71, i.p., 14-, and 21-days treatment represented as a single
pool) treatment. Treatment was ®nished 36 h (desipramine) or 48 h
(clorgyline) before the beginning of the sample collection. Arrows
represent administration of clonidine. Data are mean+s.e.mean
values from 4 ± 7 separate animals for each treatment group and are
expressed as percentages of the corresponding basal values. Data
from clonidine vehicle are not included for clari®cation (see Figure 1
for details).

British Journal of Pharmacology vol 133 (8)

a2-adrenoceptors during antidepressant treatmentsY. Mateo et al 1365



(F1,8=0.53, P=0.49) and in the cingulate cortex (F1,8=2.04,
P=0.19).
When treatment with desipramine was prolonged for 14

days, basal NA concentrations in the LC were not
signi®cantly di�erent respect to values in the respective saline
group (t=0.45, P=0.65). In contrast, NA concentrations in
the cingulate cortex were signi®cantly higher than values in

the saline group (t=2.75, P50.05) (Table 1). Administration
of a single dose of clonidine induced a decrease of
extracellular NA in the LC (F6,66=2.25 P50.05) with a

maximal e�ect of 727+11% (n=6) (Figure 2a). In the
cingulate cortex, clonidine also induced a decrease in NA
concentrations (F6,52=5.70, P50.0001), with a maximal

response of 727+16% (n=4) (Figure 2b). Signi®cant
di�erences in the e�ects of clonidine were observed between
saline-, and desipramine-treated groups both in the LC

(F1,10=10.29, P50.01) and the cingulate cortex (F1,10=7.44,
P50.05).
A new group of animals was treated with clorgyline

(1 mg kg71 i.p., every 24 h, for 21 days). Following 48 h after

the last clorgyline injection, basal concentrations of NA did
not di�er from the corresponding saline group values in the
LC (t=0.34, P=0.73) but were signi®cantly higher (t=2.26,

P50.05) in the cingulate cortex (Table 1). Extracellular NA
was signi®cantly decreased by systemic clonidine administra-
tion in the LC (F6,67=2.68, P50.05) with a maximal e�ect of

740+17% (n=7) (Figure 2a) and in the cingulate cortex
(F6,61=2,82, P50.05) with a maximal e�ect of 738+11%
(n=5) (Figure 2b). Signi®cant di�erences in the e�ects of

clonidine were also found between saline-, and clorgyline-
treated groups in the LC (F1,11=11.05, P50.01) and the
cingulate cortex (F1,10=12.12, P50.01).

Effect of local clonidine administration into the cingulate
cortex on extracellular concentrations of NA in rats
chronically treated with saline, desipramine or clorgyline

In order to discriminate whether observed e�ects of clonidine
on NA in cingulate cortex were due to modulation of

terminal autoreceptors, somatodendritic receptors controlling
the LC ®ring activity, or both, further experiments with local
clonidine administration were performed.
The e�ect of local administration of clonidine (0.1 ±

100 mM), perfused through the dialysis probe located in the
cingulate cortex, on extracellular concentrations of NA in the
same brain area was evaluated. Clonidine locally applied

caused a signi®cant decrease in extracellular NA (F9,36=3.32,
P50.01) with a maximal observed e�ect of 755+9% (n=4)
(Figure 3). When animals were treated with desipramine

(3 mg kg71 i.p., every 12 h, for 14 days), the local
administration (approximately 36 h after the last desipramine
dose) of clonidine through the dialysis probe did not

produced a signi®cant decrease of extracellular NA concen-
trations (F9,68=1.23, P=0.29) with a maximal e�ect of
731+9% (n=5) (Figure 3). A signi®cant di�erence in the
e�ects of clonidine was found between saline-, and

desipramine-treated groups (F1,7=7.33, P50.05). Following
chronic treatment with clorgyline (1 mg kg71 i.p., every 24 h,
for 21 days), clonidine locally applied (approximately 48 h

after the last clorgyline dose) in the cingulate cortex did not
produced a signi®cant decrease of extracellular NA concen-
trations (F9,65=0.60, P=0.78), the maximal e�ect being

710+2% (n=5) (Figure 3). Signi®cant di�erences in the
e�ects of clonidine were also found between saline-, and
chronic clorgyline-treated groups (F1,7=11.66, P50.05).

Effect of local clonidine administration into the LC on
extracellular concentrations of NA evaluated
simultaneously in the locus coeruleus and in the cingulate
cortex of rats chronically treated with saline, desipramine
or clorgyline

The e�ects of local administration of clonidine (0.1 ± 100 mM),
perfused through the dialysis probe located in the vicinity of
the LC, on extracellular concentrations of NA in the LC and

in the cingulate cortex were assessed simultaneously. In
animals chronically treated with saline, administration of
clonidine into the LC, signi®cantly decreased extracellular

NA in the LC (F9,39=2.48, P50.05) with a maximal e�ect of
789+2% (n=4) (Figure 4a). Simultaneously, extracellular
concentrations of NA evaluated in the cingulate cortex

decreased signi®cantly (F4,14=4.17, P50.05) following local
administration of clonidine into the LC, with a maximal
decrease of 752+12% (n=4) (Figure 4b). Continuous
perfusion of clonidine vehicle (arti®cial CSF) did not modify

NA concentrations in the LC (F9,25=0.49, P=0.86) (Figure
4a) or the cingulate cortex (F9,23=0.88, P=0.55) (Figure 4b).
In animals chronically treated with desipramine (3 mg kg71

i.p., every 12 h, for 14 days), local administration of clonidine
into the LC (approximately 36 h after the last desipramine
injection) signi®cantly decreased extracellular NA concentra-

Figure 3 E�ects of local clonidine administration (0.1 ± 100 mM) by
reverse dialysis on extracellular NA concentrations in cingulate
cortex. Rats received long-term desipramine (3 mg kg71, i.p., twice a
day for 14 days), long-term clorgyline (1 mg kg71, i.p., once a day
for 21 days) or saline (1 ml kg71, i.p., 14-, and 21-days treatment
represented as a single pool) treatment. Treatment was ®nished 36 h
(desipramine) or 48 h (clorgyline) before the beginning of the sample
collection. Arrows represent administration of clonidine. Data are
mean+s.e.mean values from 4 ± 5 separate animals for each
treatment group and are expressed as percentages of the correspond-
ing basal values. Data from clonidine vehicle are not included for
clari®cation (see Figure 4b for details).
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tions in the LC (F9,57=16.46, P50.0001) with a maximal
e�ect of 772+4% (n=4) (Figure 4b). In the same animals,
extracellular NA concentrations in the cingulate cortex were

signi®cantly decreased in response to clonidine perfusion into
the LC (F9,42=5.89, P50.0001), with a maximal e�ect of
757+10% (n=4) (Figure 4b). The results in the LC

displayed a signi®cant di�erence in this e�ect of clonidine
administered into the LC between the saline-, and the
desipramine-treated groups (F1,6=7.63, P50.05). A signi®-
cant di�erence in the e�ect of clonidine between the same

groups could not be observed in the cingulate cortex
(F1,6=0.15, P=0.72). When animals were treated with
clorgyline (1 mg kg71 i.p., every 24 h, for 21 days), local

administration of clonidine into the LC (approximately 48 h
after the last clorgyline injection) signi®cantly decreased
extracellular NA concentrations in the LC (F9,50=3.13,

P50.001) with a maximal e�ect of 762+12% (n=4)
(Figure 4a). When extracellular concentrations of NA in the
same rats were analysed in the cingulate cortex, there was a

signi®cant decrease (F9,49=23.54, P50.0001) induced by
clonidine with a maximal e�ect of 768+6% (n=4) (Figure
4b). Similarly to results with desipramine treatment, the
response of NA concentrations in the LC to clonidine was

signi®cantly di�erent between saline-, and clorgyline-treated
groups (F1,6=11.91, P50.05). However, such a response
evaluated in the cingulate cortex did not exhibit di�erences

between saline-, and clorgyline-treated groups (F1,6=3.33,
P=0.12).

Discussion

The present study demonstrates that in vivo modulation of
central noradrenergic neurotransmission following chronic
administration of desipramine or clorgyline, two drugs with
di�erent mechanisms of action, involves desensitization of

inhibitory a2-adrenoceptors located on terminal areas. Under
the same conditions, evidence was obtained that somatoden-
dritic a2-adrenoceptors that modulate NA concentration in

the cingulate cortex probably through the regulation of the
®ring activity of LC neurones are not desensitized. The dual-
probe microdialysis technique makes possible the simulta-

neous investigation of extracellular NA concentration in the
somatodendritic area of the LC and in projection areas
arising from the LC, like the cingulate cortex (van Gaalen et

al., 1997, Mateo et al., 1998). Moreover, this approach allows
us the evaluation of a2-adrenoceptor function di�erentiating
between e�ects of local perfusion by reverse dialysis of the a2-
adrenoceptor agonist clonidine into the LC and e�ects of

similar perfusion into the cingulate cortex. Applying this
methodology, the separate contribution of somatodendritic
and terminal a2-adrenoceptors to the attenuation of clonidine

e�ects induced by desipramine and clorgyline chronic
administrations was clearly elucidated.
In agreement with earlier studies, acute desipramine

administration (3 mg kg71 i.p.) increased extracellular NA
in the frontal cortex (L'Heureux et al., 1986; Dennis et al.,
1987; Tanda et al., 1996; Mateo et al., 1998; Seo et al., 1999)
and in the LC (Mateo et al., 1998) (Table 1). Similarly, other

NA re-uptake inhibitors augment extracellular NA concen-
trations in di�erent brain regions following acute adminis-
tration (Rowley et al., 1998; LinneÂ r et al., 1999; Sacchetti et

al., 1999; Wortley et al., 1999). Acute administration of
desipramine or clorgyline does not a�ect a2-adrenoceptor
sensitivity. Thus, the decrease of extracellular NA induced by

clonidine exhibited curves in saline-, desipramine-, and
clorgyline-treated animals that did not di�er from each other
and reached similar maximal e�ects (Figure 1). From these

acute ®ndings and given the enhancement of NA induced by
acute desipramine treatment, it can be concluded that the
presence of elevated extracellular NA concentrations in the
LC and in the cingulate cortex does not disturb the

evaluation of a2-adrenoceptor-mediated responses to systemic
clonidine. That is, the attenuation of NA responsiveness to
clonidine following long-term administration of desipramine

or clorgyline does not represent a competition phenomenon
between the synthetic agonist and the endogenous neuro-
transmitter for bind a2-adrenoceptors.

Figure 4 E�ects of local clonidine administration (0.1 ± 100 mM) by
reverse dialysis into the LC area on extracellular NA concentrations
simultaneously evaluated in the LC (a) and cingulate cortex (b). Rats
received long-term desipramine (3 mg kg71, i.p., twice a day for 14
days), long-term clorgyline (1 mg kg71, i.p., once a day for 21 days)
or saline (1 ml kg71, i.p., 14-, and 21-days treatment represented as a
single pool) treatment. Treatment was ®nished 36 h (desipramine) or
48 h (clorgyline) before the beginning of the sample collection.
Arrows represent administration of clonidine or vehicle into the LC
area. Data are mean+s.e.mean values from four separate animals for
each treatment group and are expressed as percentages of the
corresponding basal values.
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Overall, the results suggest that chronic desipramine (14
days) or clorgyline (21 days) treatments lead to an increased
availability of NA at cortical level in the synaptic cleft which

in turn induces desensitization of presynaptic a2-adrenocep-
tors regulating NA release by nerve terminals. This ®nding
extends and, in general, agrees well with previously reported
data about antidepressant and electroconvulsive shock e�ects

on a2-adrenoceptor functional activity at presynaptic (Heal et
al., 1991b; Thomas et al., 1992; Mongeau et al., 1994;
Yoshioka et al., 1995; Esteban et al., 1999; Invernizzi et al.,

2001; Sacchetti et al., 2001) and postsynaptic (Bill et al., 1989;
Menargues et al., 1990; Heal et al., 1991a, b) levels in the
CNS. On the other hand, long-term treatment with NA

reuptake or MAO inhibitors has been shown to reduce the
density of brain a2-adrenoceptors (Smith et al., 1981; Cohen
et al., 1982; Giralt & GarcõÂ a-Sevilla, 1989; Barturen &

GarcõÂ a-Sevilla, 1992; Ribas et al., 1993). Therefore, the
observed desensitization of clonidine-induced inhibition of
NA release in cortex following these treatments appears to be
the functional expression of a decrease in the density of a2-
adrenoceptors at this speci®c brain level. The lack of
signi®cant modulations of cortical NA concentrations and
a2-adrenoceptor sensitivity following short-term (7 days)

treatment with desipramine (Table 1; Figure 2b) should be
interpreted in the context of a longer time requirement,
together with a maintained presence of antidepressant levels,

as conditions needed to observe changes in noradrenergic
transmission (Daniel & Melzacka, 1992); otherwise adaptive
modulations are not observed (Sacchetti et al., 1999). Recent

results with reboxetine have strengthened the idea that
prolonged availability of high NA concentrations is necessary
to induce a2-adrenoceptor desensitization (Invernizzi et al.,
2001).

Long-term treatment with desipramine or clorgyline had
little e�ect on NA concentrations in the LC whereas a2-
adrenoceptors-mediated modulation of NA release at this

level was markedly attenuated (Table 1; Figures 2a and 4a).
Although there is a good evidence that NA concentrations
in the LC are controlled by a population of a2-
adrenoceptors located at this level (Jorm & Stamford,
1993; Mateo et al., 1998; Callado & Stamford, 1999; 2000),
this functional response has not previously been employed
to evaluate adaptive changes of a2-adrenoceptors induced by

antidepressant treatments. The source of extracellular NA in
the LC area is controversial and includes release from
somatodendritic origin, release from nerve terminals of

recurrent collaterals, as well as release from terminals of
noradrenergic inputs arising from other cell groups (for a
review, see Singewald & Philippu, 1998). Extracellular NA

concentrations in the LC are sensitive to local reuptake or
MAO inhibition (Palij & Stamford, 1994; Thomas et al.,
1994; Mateo et al., 1998) but also to other multiple stimuli

(Singewald & Philippu, 1998; Kaehler et al., 1999;
Kawahara et al., 1999; Singewald et al., 1999) including
antidepressant modulation of local 5-HT concentrations
(Mateo et al., 2000). The present results show that the

antidepressant-induced desensitization of a2-adrenoceptors
located on noradrenergic terminals is mirrored by changes
in the a2-adrenoceptor population that controls NA release

in the LC area (Figures 2, 3 and 4a). Therefore, a2-
adrenoceptors modulating NA release in the LC area could
represent a local receptor population expressed on axon

terminals and/or collaterals of noradrenergic inputs to the
LC (Singewald & Philippu, 1998). Consistent with the
location, these a2-adrenoceptors are desensitized by chronic

antidepressant treatments. In contrast, a2-adrenoceptors also
located in the LC but involved in the control of
noradrenergic cell ®ring activity seem to represent a
separate receptor population. Thus, long-term desipramine

and clorgyline treatments did not attenuate the decrease of
cortical NA concentrations induced by local administration
of clonidine into the LC (Figure 4b). Since NA release in

the cingulate cortex represents the ®ring activity of LC
neurones (Florin-Lechner et al., 1996; Berridge & Aber-
crombie, 1999), the ®nding indicates that the susceptibilities

for desensitization of somatodendritic and terminal a2-
adrenoceptors are di�erent. This apparent lack of desensi-
tization is consistent with previous electrophysiological

evidence showing that chronic desipramine or clorgyline
treatments do not a�ect the sensitivity of a2-adrenoceptors
that inhibit the ®ring activity of LC neurones (Blier & De
Montigny, 1985; Lacroix et al., 1991). However, subsensi-

tivity of this functional response has also been described,
especially under short washout periods following chronic
antidepressant treatment (Svensson & Usdin, 1978; Valenti-

no et al., 1990). The ®nding is also in agreement with very
recent autoradiography data showing that chronic desipra-
mine treatment did not modify [3H]-RX821002 binding to

a2-adrenoceptors in the rat locus coeruleus (Sacchetti et al.,
2001). Whether the di�erential modulation of a2-adrenocep-
tors located in the LC following chronic antidepressant

treatment represents actually the presence of two separate
a2-adrenoceptor populations (terminal and somatodendritic
autoreceptors) is a question that should be raised in
subsequent studies.

A pharmacokinetic interaction between clonidine and
desipramine or clorgyline is unlikely to explain the sub-
sensitivity of NA responses to clonidine administration. First,

clonidine does not show an important metabolism and it is
cleared primarily by a renal mechanism, at least in humans
(Lowenthal et al., 1988). Second, the local administration by

reverse dialysis excludes clonidine from su�ering systemic
metabolism, and, therefore, from pharmacokinetic interac-
tions at this level.

In conclusion, long-term but not short-term antidepres-

sant treatment induces an in vivo desensitization of a2-
adrenoceptors regulating the local release of NA both in
the LC and in the cingulate cortex, whereas a2-adrenocep-
tors that modulate the ®ring activity of LC noradrenergic
neurones remains unaltered. The present results are
consistent with the delayed onset of action of antidepres-

sant drugs and provide neurochemical support for the
hypothesis that some of their clinical actions may be
exerted by down-regulation of a2-adrenoceptors, in agree-

ment with some previous evidence in brain of depressed
subjects (de Paermentier et al., 1997; GarcõÂ a-Sevilla et al.,
1999). Furthermore, the therapeutic activity of these
antidepressants seems to be more related to the down-

regulation of abnormally up-regulated a2-adrenoceptors in
noradrenergic terminal areas of human brain (Meana et al.,
1992; GonzaÂ lez et al., 1994; de Paermentier et al., 1997;

Callado et al., 1998; GarcõÂ a-Sevilla et al., 1999) than to
similar process on up-regulated a2-adrenoceptors in the LC
area (Ordway et al., 1994).
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