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Abstract:

We have previously reported that chronic imipramine and electroconvulsive treatments increase the �1A-adrenoceptor (but not the

�1B subtype) mRNAlevel and the receptor density in the rat cerebral cortex. Furthermore, we have also shown that chronic treatment

with citalopram does not affect the expression of either the �1A- or the �1B-adrenoceptor, indicating that the previously observed

up-regulation of �1A-adrenoceptor may depend on the noradrenergic component of the pharmacological mechanism of action of

these antidepressants. Here, we report that previous noradrenergic depletion with DSP-4 (50 mg/kg) (a neurotoxin selective for the

noradrenergic nerve terminals) significantly attenuated the increase of �1A-adrenoceptor mRNA induced by a 14-day treatment with

imipramine (IMI, 20 mg/kg, ip) and abolished the effect of electroconvulsive shock (ECS, 150 mA, 0.5 s) in the prefrontal cortex of

the rat brain. The changes in the receptor protein expression (as reflected by its density) that were induced by IMI and ECS treat-

ments were differently modulated by DSP-4 lesioning, and only the ECS-induced increase in �1A-adrenoceptor level was abolished.

This study provides further evidence corroborating our initial hypothesis that the noradrenergic component of the action of antide-

pressant agents plays an essential role in the modulation of �1A-adrenoceptor in the rat cerebral cortex.
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Abbreviations: 5-HT – serotonin, ��-AR – ��-adrenoceptors,
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– N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine, ECS – electro-

convulsive shock, EtBr – ethidium bromide, HPLC – high-

performance liquid chromatography, IMI – imipramine, NA –

noradrenergic/noradrenaline, SAL – saline, WB4101 – 2-([2,6-

dimethoxyphenoxy-ethyl]aminomethyl)-1,4-benzodioxane

Introduction

Chronic antidepressant treatments cause adaptive re-

ceptor changes in the noradrenergic (NA) system. The

NA system is regarded as one of the central systems in

which pathologies may be involved in number of psy-

chiatric disorders, including depression (reviewed by

[35]). There is a considerable amount of clinical evi-

dence indicating a close relationship between the NA

system and depression [16]. Noradrenaline also plays

an important role in mediating acute behavioral and

neurochemical actions of many antidepressants in ani-

mal models. For example, Cryan et al. reported that ge-

netically modified and noradrenaline-deficient mice,

DBH(–/–), did not respond to various antidepressant

drugs (including the NE reuptake inhibitors) in forced

swimming and tail suspension tests [5].

The ��-adrenergic receptors (��-adrenoceptors,

��-AR) and their signaling systems are important tar-
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gets of antidepressant drugs [24–26]. The ��-ARs,

a class of G protein-coupled receptors that act through

the G�q/11 signaling pathway, are key modulators of

NA transmission. There are three cloned subtypes of

��-AR: 1A (���-AR), 1B (���-AR), and 1D (���-AR).

Each subtype displays distinct pharmacological prop-

erties and tissue distribution [39]. The putative fourth

subtype, ���-AR, which has been identified in vascu-

lar tissues, most likely represents a functional pheno-

type of the ���-AR in an alternative conformational

state of this subtype [8]. The ��-ARs are involved in

physiological processes mediated by noradrenaline

and adrenaline, and their regulatory role has been well

studied in the cardiovascular system. However, de-

spite more than a decade of intensive study, there is

relatively little information about the distinctive

physiological function of the ��-AR subtypes in the

central nervous system due to the lack of highly

subtype-selective drugs (reviewed by [28]). Although

initially, it was thought that calcium influx response

was dependant mainly on ���-AR, recent data have

shown that all three subtypes can activate calcium sig-

naling and phosphoinositol turnover [28]. Heterodi-

merization of ��-AR subtypes, which has been shown

to be important for their cell surface expression, sig-

naling and internalization, may help to elucidate the

functional role of a particular subtype [3].

We have previously reported that chronic imi-

pramine (IMI) and electroconvulsive (ECS) treatments

increase ���-AR but not ���-AR mRNA levels in the

rat cortex [22]. Furthermore, we have also shown that

chronic treatment with citalopram, a selective serotonin

reuptake inhibitor, does not affect the expression of ei-

ther ���-AR or ���-AR [20]. These results suggest that

the observed up-regulation of ���-AR after IMI and

ECS might depend mainly on the NA component of

pharmacological action of these antidepressants. Here,

we report that NA depletion with neurotoxin DSP-4

(N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine) abo-

lished the ECS effect and diminished the IMI-induced

increase in the ���-AR mRNA level in the rat prefron-

tal cortex. The effect of DSP-4 was more disputable in

the case of the receptor protein.

Materials and Methods

Animal treatment

The experiments were performed on male Wistar rats

(200–250 g). The experimental procedure consisted of

two parts, and the analyses concerning IMI and ECS

were carried out independently. In the first part of ex-

periment, the animals were divided into four groups.

The rats belonging to the SAL/SAL and SAL/IMI

groups were injected with saline, while the two other

groups, DSP-4/SAL and DSP-4/IMI, received the

noradrenergic neurotoxin, DSP-4, (50 mg/kg, ip, one

dose). To protect 5-HT neurons, rats receiving DSP-4

were additionally pretreated with citalopram (5 mg/

kg, 60 min before DSP-4 injection) as previously de-

scribed [32]. Four days after DSP-4 injection, the ani-

mals received either imipramine (10 mg/kg, twice

daily, ip; groups SAL/IMI, DSP-4/IMI) or saline

(groups SAL/SAL, DSP-4/SAL) for 14 days.

The second series of experiments was performed

analogously, but IMI was substituted with ECS. ECS

(150 mA, 0.5 s, once daily, 14 days) was generated

with the GE-01 apparatus (COTM, Bia³ystok, Poland)

and was administered through ear clips. Control ani-

mals received a sham treatment (clips were placed on

the ears without applying an electric current).

All experiments were carried out in accordance

with the National Institutes of Health Guide for the

Care and Use of Laboratory Animals and with approval

of the Bioethics Commission according to Polish law

regulations.

Tissues

Animals were decapitated 24 h after the last injection

of saline or IMI and ECS treatment; their brains were

excised, and selected structures were dissected on ice.

The tissues (cerebral cortex and its selected regions,

the parietal and prefrontal cortices) were deep frozen

until membrane preparation, HPLC assay and extrac-

tion of total RNA.

Evaluation of DSP-4 lesion efficacy

To assess the efficacy and selectivity of the DSP-4 ac-

tion, the levels of noradrenaline (NA) and serotonin

(5-HT) in the parietal cortex were assessed by high-

performance liquid chromatography (HPLC) with elec-

trochemical detection. The chromatograph HP 1050

(Hewlett-Packard, USA) was equipped with Hypersil

columns BDS-C18 (4 × 100 mm, 3 µm). The tissue

samples were weighed and homogenized in ice-cold

0.1 M perchloroacetic acid containing 0.05 mM as-

corbic acid. After centrifugation (10,000 × g, 5 min),

the supernatants were filtered through RC58 cellulose
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membranes with a pore diameter of 0.2 µm (Bioana-

lytical Systems, West Lafayette, IN, USA). The mo-

bile phase consisted of 0.05 M citrate-phosphate

buffer, pH 3.5, 0.1 mM EDTA, 1 mM sodium octyl

sulfonate and 3.5% methanol. The flow rate was

maintained at 1 ml/min [1].

RNA isolation

Total cellular RNA was isolated from the prefrontal

cortex and purified by the method described by

Chomczynski [4] utilizing TRIzol reagent (Gibco).

RNA quantity and purity were determined spectro-

photometrically.

Analysis of mRNA expression by northern blot

Expression of�1A-AR mRNA was analyzed by north-

ern blot hybridization as described previously by Na-

lepa et al. [22]. Briefly, samples of total RNA were

denatured at 55°C for 15 min. Each sample of total

RNA was loaded (20 µg/well) and separated by elec-

trophoresis (1% agarose/2.2 M formaldehyde denatur-

ing gel and 1x northern running buffer, 90 V for 3.5 h),

transferred to the Hybond N+ membrane (Amersham/

Pharmacia) in 10x saline-sodium citrate buffer (SSC,

Amresco). The blots were baked for 10 min at 80°C

and cross-linked with UV light. Filters were prehy-

bridized for 20 min at 65°C in Rapid-hyb buffer (Am-

ersham/Pharmacia), hybridized with the �1A-AR

cDNA probe (6 × 106 cpm/ml of buffer, prepared as

described by Nalepa et al. [22]) at 65°C for 2.5 h and

washed as follows: 1 × 20 min (2 × SSC/0.1% sodium do-

decyl sulfate, SDS) at room temperature and 2 × 15 min

(0.1 × SSC/0.1% SDS) at 65°C. Blots were exposed

to an autoradiographic screen and analyzed quantita-

tively on a phosphoimager (Fuji BAS 5000, Japan)

using Science Lab 4.0 software. Ethidium bromide

(EtBr) fluorescence of 28S ribosomal RNA was used

as an internal standard as described by Duhl et al.

[10]. The signal density was expressed as a percent of

the mean signal density for all appropriate controls.

Analysis of mRNA expression by competitive

PCR

Expression of �1B-AR mRNA was analyzed by the

competitive PCR method as described previously

[20]. The primer sequences (sense primer: 5’-GTA

GCC CAG CCA GAA CAC CA -3’; antisense primer:

5’-GGA AAA GAA AGC AGC CAA AAC CT-3’)

were selected from the sequence of rat mRNA for

�1B-AR to generate the 151-base pair (bp) segment of

�1B-AR cDNA. Briefly, isolated total RNA was

reverse transcribed (RT) into cDNA in a 20 µl reac-

tion mixture containing 1x AMV RT Buffer, 1 mM

dNTP, 1 µM antisense primer, 2 µg RNA and 10 units

of AMV reverse transcriptase (Amresco). Then,

cDNA for the �1B-AR was co-amplified with prepared

248 bp internal standard in a 25 µl PCR reaction con-

taining 1x PCR buffer, 0.625 units of Taq polymerase

(Finnzymes), 1.5 mM dNTP, 0.4 µM sense and an-

tisense primers, 1 µl of RT mix (containing �1B-AR

cDNA) and 1 µl of a chosen concentration of internal

standard. The PCR was performed as follows: one ini-

tial denaturation cycle (94°C/5 min); 34 cycles of

(i) 94°C/1 min (denaturation), (ii) 64°C/1 min (an-

nealing), and (iii) 72°C/1 min (extension); and a final

elongation cycle (72°C/7 min). The relative fluores-

cence of cDNA PCR product versus internal standard

fragment was measured in an EtBr-stained 3% aga-

rose SFR (Amresco) gel using the FluoroImager sys-

tem (Fuji LAS-1000). The signal density was ex-

pressed as a percent of the mean signal density for all

appropriate controls.

Analysis of receptor protein ([
3
H]prazosin

binding)

The membrane preparation (P2 fraction) from the

cerebral cortex of the rat was performed as previously

described [22, 25]. To discriminate the �1A-AR and

�1B-AR densities, the procedure described by Hay-

akawa et al. [13] was used. Following this concept,

�1A-AR can be masked by a low concentration of

WB4101, and the relative densities of these subtypes

can be assessed from the difference between [3H]pra-

zosin binding in the presence of low and high concen-

trations of WB4101. The procedure was performed as

described by Nalepa et al. [22]. Briefly, six concentra-

tions of [3H]prazosin, ranging from 0.09–3.63 nM,

were used to characterize �1-AR binding sites. Total

�1-AR binding (including both �1A-AR and �1B-AR

subtypes) was assessed by subtracting baseline bind-

ing, in the presence of 10 µM WB4101 as a displacer,

from the total binding in the absence of WB4101. The

�1A-AR sites were determined by [3H]prazosin bind-

ing in the presence of 2 nM WB4101, and the density

of �1B-AR was assessed by subtraction the �1A-AR
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binding from the total �1-AR binding. The final incu-

bation mixture in all cases contained 450 µl of mem-

brane suspension, 50 µl of the radioligand solution

and 50 µl of the Tris-HCl buffer or of solution of dis-

placers. The incubations were carried out at 25°C for

30 min in a water bath shaker and were terminated by

vacuum-assisted filtration (Brandel Harvester) through

Whatman GF/C filters. Afterwards, the filters were

rinsed twice with 5-ml portions of ice-cold Tris-HCl

buffer, placed in polyethylene mini-vials in 3 ml of

scintillation liquid, and counted for radioactivity in

a liquid scintillation counter. The Bmax and KD values

were calculated from binding isotherm using Graph-

Pad Prism software.

Drugs and chemicals

Citalopram was a gift from H. Lundbeck A/S. Imi-

pramine hydrochloride was obtained from Polfa,

Kraków, Poland. [3H]Prazosin (S.A. 24 Ci/mmol) was

purchased from Radioactive Center, Amersham,

WB4101 and DSP-4 from Sigma, St. Louis, MO. For-

mamide, ethidium bromide and agarose SFR were

purchased from Amresco, Solon, OH.

Statistical analysis

Statistical analysis of the results were preformed with

Statistica 6.0 software using one way analysis of vari-

ance followed by the Fisher’s LSD (Least Significant

Difference) test; p value less than 0.05 was considered

to be statistically significant.

Results

The effect of noradrenergic lesion on

neurotransmitter levels

Efficacy and selectivity of the NA depletion after

DSP-4 lesioning were quantified by HPLC. Admin-

istration of DSP-4 produced a significant decrease of

noradrenaline content in the samples of the parietal

cortex to approximately 44%, 27%, 27% and 18% of

appropriate control levels (SHAM or SAL treated) in

the DSP-4/SHAM, DSP-4/ECS, DSP-4/SAL and

DSP-4/IMI groups, respectively, while the 5-HT level

was unchanged (Tab. 1)

Noradrenergic lesion and antidepressant-

induced changes in the expression of

�1-adrenoceptor subtype mRNAs

DSP-4 neurotoxin did not change the mRNA expres-

sion of any of the investigated subtypes (�1A and �1B)

of �1-AR in the prefrontal cortex (Fig. 1 and 2).

Northern blot hybridization revealed that the ECS-

induced up-regulation of the mRNA encoding for

�1A-AR was completely abolished when ECS was ap-

plied to the rats that underwent NA lesion (Fig. 1A).

The IMI induced enhancement of �1A-AR expression

was attenuated when IMI was administered after the

DSP-4 injection. Though the up-regulation of �1A-AR

was still present compared to the saline-treated con-

trols, there was no statistically significant difference

between the animals receiving DSP-4/SAL and

DSP-4/IMI (Fig. 1B).

The level of expression of ���-AR mRNA was not

changed by any treatment, as assessed by competitive

RT-PCR (Fig. 2A, B).

Noradrenergic lesion and antidepressant-

induced changes in the density of [
3
H]prazosin

binding sites of �1-adrenoceptor subtypes

DSP-4 increased the density (Bmax, by approximately

17% and 28% vs. appropriate controls receiving sham

or saline injections, respectively) and reduced the af-

finity (approximately 2-fold increase of KD value) of
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Tab. 1. Levels of noradrenaline and serotonin in the parietal cortex
after DSP-4 treatment

Group (n) [ng/g tissue]

NA 5-HT

SAL/SHAM (14)

SAL/ECS (10)

406 ± 49

418 ± 62

325 ± 30

301 ± 25

DSP-4/SHAM (14)

DSP-4/ECS (11)

179 ± 33**

108 ± 57**

342 ± 22

304 ± 25

SAL/SAL (10)

SAL/IMI (8)

213 ± 15

255 ± 42

230 ± 36

210 ± 40

DSP-4/SAL (10)

DSP-4/IMI (8)

58 ± 21**

39 ± 13**

245 ± 49

192 ± 39

SAL – saline, ECS – electroconvulsive treatment, IMI – imipramine,
NA – noradrenaline, 5-HT – serotonin; �� p < 0.01 vs. appropriate
controls (SAL/SHAM or SAL/SAL)
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Fig. 1. The effect chronic treatment with electroconvulsive shock (A) or imipramine (B) administered after DSP-4 on steady-state level of
�
�%

-AR mRNA in the rat prefrontal cortex determined by northern blot analysis. Samples of 20 µg of total RNA were loaded in duplicates, and
mRNA levels were analyzed as described under Materials and Methods. The results are expressed as a percent of controls treated with saline
and are the means ± SEM of values from at least five individuals. Bottom panels show the representative northern blot analyses of �

�%
-AR

mRNA. Arrows show location of �
�%

-AR (~3000 base pairs) and of residual 28S and 18S ribosomal RNA; SAL – saline, ECS – electroconvulsive
shock, IMI – imipramine; ** p < 0.01, * p < 0.05 vs. appropriate controls (SAL/SHAM or SAL/SAL)
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Fig. 2. The lack of effects of DSP-4 and chronic treatment with electroconvulsive shock (A) or imipramine (B) on steady-state level of �
�'

-AR
mRNA in the rat prefrontal cortex determined by competitive RT-PCR. Competitive RT-PCR analysis was conducted as described in the Materi-
als and Methods. The results are expressed as a percent of controls treated with saline and are the means ± SEM of values from at least six indi-
viduals. SAL – saline, ECS – electroconvulsive shock, IMI – imipramine



total �1-AR considerably in the rat cerebral cortex

(Tab. 2).

NA lesion counteracted the ECS-induced elevation

of the total ��-AR density and the ��� receptor sub-

type as well. Moreover, in the DSP-4/ECS group, the

B��� value of the ���-AR dropped below that of the

control level (by 28% vs. SAL/SHAM), and a reduc-

tion in the ���-AR (by 22% vs. SAL/SHAM) ap-

peared in the cerebral cortex of these animals.

The effect induced by chronic treatment with IMI

was not influenced by NA lesion; the increase in the

density of total ��-AR and ���-AR was still observed

in the DSP-4/IMI group. Moreover, the affinity of the

receptors (the total ��-AR and its ��� subtype) in this

group was diminished as indicated by K� values that

were similar to those of the DSP-4/SAL-treated ani-

mals (Tab. 2).

Discussion

Research into the mechanisms of action of antidepres-

sant therapies suggests that as a result of long-term

use, a wide selection of adaptive changes at various

membrane receptors and intracellular signal transduc-

tion occur, including modulation of transcriptional

gene activity [23, 35]. The noradrenergic system is

one target for antidepressant action, and the present

study extends our previous research on the modula-

tion of the subtypes of �1-AR by antidepressant treat-

ments. We have already shown that among the �1-AR

subtypes, the �1A-AR underwent adaptive changes

after repeated administration of ECS and IMI, while

the �1B receptor was unchanged [22]. This observa-

tion was also confirmed by the current study. The fact

that only �1A-AR is affected by antidepressant treat-

ment, while �1B-AR is not, may be explained by a dif-

ference in susceptibility of the �1-AR subtypes to

their regulation by noradrenaline. Thus, �1A-AR is

positively regulated by adrenergic agonists that regu-

late negatively �1B-AR [31, 38].

Our previous findings show that both ECS and IMI

antidepressant therapies increased the density of

���-AR and enhanced its mRNA expression in the rat

prefrontal cortex, which was not caused by chronic

administration of a selective 5-HT reuptake inhibitor,

citalopram [20]. These results prompted us to hy-

pothesize that the phenomenon is associated specifi-
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Tab. 2. The effect of a 14-day treatment with electroconvulsive shock or imipramine administered after DSP-4 lesioning on [�H]prazosin bind-
ing sites in the cerebral cortex

Group (n) total �1-AR �1A-AR �1B-AR

Bmax

[fm/mg protein]
KD

[nM]
Bmax

[fm/mg protein]
KD

[nM]
Bmax

[fm/mg protein]
KD

[nM]

SAL/SHAM (6)

SAL/ECS (6)

114.0 ± 6.5

134.9 ± 2.8*

0.19 ± 0.02

0.19 ± 0.02

89.2 ± 8.9

110.9 ± 6.4*

0.10 ± 0.02

0.17 ± 0.04

64.0 ± 5.0

63.4 ± 6.1

1.13 ± 0.36

1.17 ± 0.29

DSP-4/SHAM (7)

DSP-4/ECS (6)

133.1 ± 3.8*

109.9 ± 8.3

0.39 ± 0.07**

0.28 ± 0.02

87.2 ± 3.1

64.9 ± 10.7*

0.21 ± 0.03**

0.11 ± 0.03

59.7 ± 4.3

50.0 ± 1.6*

0.91 ± 0.12

0.73 ± 0.05

SAL/SAL (6)

SAL/IMI (5)

108.1 ± 2.4

131.1 ± 9.1**

0.23 ± 0.02

0.23 ± 0.02

79.8 ± 4.3

101.7 ± 8.9**

0.13 ± 0.03

0.11 ± 0.01

61.4 ± 7.5

61.6 ± 4.7

0.85 ± 0.18

1.01 ± 0.15

DSP-4/SAL (4)

DSP-4/IMI (4)

138.9 ± 4.0**

146.2 ± 0.4**

0.46 ± 0.12*

0.41 ± 0.04**

90.2 ± 2.5

99.0 ± 0.2*

0.23 ± 0.05*

0.25 ± 0.02**

66.6 ± 4.3

62.4 ± 2.6

1.00 ± 0.19

1.03 ± 0.05

Six concentrations of [�H]prazosin (range: 0.086–3.46 nM) were used. Total binding (including both ���-AR and ���-AR) was assessed by the
binding difference in the absence and presence of 10 µM WB4101. The ���-AR sites were assessed from the [�H]prazosin binding difference
in the absence and presence of 2 nM WB4101. The difference between total and ���-AR binding was assumed to be ���-AR binding. The data
are expressed as the mean ± SEM, the number of animals within each group is indicated in parentheses; SAL – saline, ECS – electroconvulsive
shock, IMI – imipramine. ** p < 0.01, * p < 0.05 vs. appropriate controls (SAL/SHAM or SAL/SAL)



cally with the stimulation of the NA transmission. To

investigate this hypothesis, we examined whether NA

depletion with the noradrenergic neurotoxin DSP-4

affects the up-regulation of the ��� subtype of the

��-AR observed after chronic ECS and IMI treatment.

Administration of DSP-4 led to a reduction (approxi-

mately 70%) of NA tissue concentration in the parie-

tal cortex, without altering the level of 5-HT, and cor-

roborating the data shown by other authors [11, 17,

30]. The influence of NA lesion on the expression of

��-ARs and their changes brought about by antide-

pressant treatment was studied in the cerebral cortex,

which is the brain structure that receives considerable

NA input from the locus coeruleus (LC) and where

both ��� and ��� receptors are the most abundant

among all three ��-AR subtypes with equal distribu-

tion [21].

We found that DSP-4 lesion by itself did not influ-

ence the mRNA expression of either ���-AR or

���-AR in the prefrontal cortex, but it did affect the

ECS and IMI-induced increase in ���-AR mRNA lev-

els in this brain structure. While the ECS effect was

abolished by previous noradrenergic depletion with

DSP-4, the IMI-induced increase in the ���-AR was

significantly attenuated. As ECS and IMI administra-

tion were shown to increase the NA release in the rat

frontal cortex [34, 36], our results indicate an involve-

ment of NA signaling in the modulation of transcrip-

tional activity of the ���-AR gene that occurred as

a result of these antidepressant treatments and was

disturbed with NA depletion. However, the data also

suggest that ECS and IMI efficacies may differ in this

respect.

In addition to investigation of the mRNA expres-

sion, binding studies were carried out. The DSP-4-

evoked NA lesion led to the increase in [�H]prazosin

binding sites, which corresponds to the total ��-AR

density. However, neither the ���-AR nor ���-AR

subtype densities were affected. The latter finding re-

mains difficult to explain. However, the increase in

the density was mostly reversely correlated with the

receptor affinity; thus, the eventual differences at the

level of a particular subtype may be masked. Moreo-

ver, it should be emphasized that the discrimination

between receptor subtypes is difficult due to the lack

of sufficiently specific ligands. The method used by

us (currently and previously [22]) and other authors

[13] employed the difference in affinity of WB4101 to

receptors subtypes. Using this method, one can semi-

quantitatively block the population of the ���-AR

subtype and can use the data from binding in the pres-

ence of low and high WB4101 concentrations to cal-

culate the relative proportion of ��-AR subtypes (of

different affinity to [�H]prazosin). However, this

method does not allow the ���-AR (not considered in

this study) to be discriminated, which may interfere

with the binding. The affinity of WB4101 to the

���-AR was shown to be similar to that of the ���-AR

[18]. Although the modulation of the ��� receptor

density by DSP-4 cannot be excluded and needs clari-

fication, it should be emphasized that this receptor

subtype is thought to be localized mainly intracellu-

larly [2, 29]. The lack of correlation between the ef-

fect of DSP-4 lesion on receptor density and mRNA

expression observed in this study may be explained

by enhanced turnover of receptor protein, which most

likely occurs in NA-depleted animals.

The results obtained after ECS administration to

the animals depleted of noradrenaline were consistent

on both mRNA and receptor protein levels. Similarly,

as for mRNA, DSP-4 pretreatment abolished the

ECS-induced enhancement of the total cortical popu-

lation density of ��-AR and the ���-AR subtype. On

the other hand, one cannot exclude that ECS treat-

ment normalized the receptor changes resulting from

the DSP-4 action. The interaction between DSP-4 and

ECS was especially marked at ���-AR, whose density

dropped below the saline control level, but an unex-

pected similar change appeared at the ���-AR level,

which is the receptor subtype that was not affected by

ECS alone.

A different outcome was observed in the binding

study concerning IMI effects. The densities and affin-

ity of both the total ��-AR and the ���-AR remained

at a similar level when IMI was administered after

DSP-4. However, there was no significant difference

between the groups receiving DSP-4 and those treated

with IMI after DSP-4, which may suggest that this ef-

fect is connected to the up-regulation of the ��-AR

observed after the neurotoxin. Here, it should be men-

tioned that in this case, there was no significant differ-

ence between the DSP-4/SAL and DSP-4/IMI groups.

Overall, the results indicate that the NA component

of ECS and IMI pharmacological action are important

in modulating the expression of ��-AR and especially

the ��� subtype, though the pattern of changes in-

duced by these two agents differed in the condition of

the NA lesion. The data also raise questions about the

mechanisms leading to an increase in ��-AR that was
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similarly expressed in the case of DSP-4 action and

the two antidepressant treatments applied in our study.

DSP-4 has been considered an LC-selective nora-

drenergic neurotoxin that causes NA terminal loss (re-

viewed by [19]), but data exist suggesting that these

terminals are not reduced (for review, see [33]) and

that the amount of released NA into the synapse is not

altered [15, 17]. Although the DSP-4-evoked increase

in ��-AR density was previously described by other

authors who believed that it occurred due to a reduc-

tion in synaptic NA levels and postulated a compensa-

tory response to enervated NA neurotransmission [27,

37], it remains unclear why ��-AR binding sites

would be elevated in the brain after treatment with

DSP-4. The availability of synaptic NA, an important

agent for the regulation of postsynaptic ��-AR, will

depend on noradrenergic transporter (NET) activity

and on the amount of �	-ARs, which inhibit NA re-

lease. Recently, DSP-4 was shown to induce a rapid,

though transient, reduction in NET binding sites in

many brain regions receiving innervations from the

LC [33]. Thus, it is plausible that shortly after DSP-4

lesion, the availability of synaptic NA may be not di-

minished but instead increased enough to induce

��-AR up-regulation (observed in our study), and

paradoxically, the effect of up-regulation of ��-AR

density might be based on a similar mechanism as that

employed by ECS and IMI treatments.

Interestingly, the paradoxical antidepressant-like

effect of DSP-4 treatment observed in behavioral

paradigms was reported by some authors who also

postulated the role of ��-AR supersensitivity in this

phenomenon [7, 12]. Moreover, Cryan et al. [6] have

shown that antidepressant-like effect of reboxetine

(a selective noradrenaline reuptake inhibitor) was po-

tentiated by pretreatment with DSP-4. In our study,

DSP-4 only slightly (by 10%) enhanced the IMI-

induced increase in the total ��-AR binding.

IMI and ECS treatments both induce an increase in

synaptic NA availability but with different mecha-

nisms: IMI inhibits NET activity and NA reuptake

from a synapse, while ECS will release neurotrans-

mitters by depolarizing the nerve terminals. If synap-

tic NA is considered the main factor for regulation of

���-AR, then the question arises about the different

effects of ECS and IMI in DSP-4 pretreated animals

(this study). One possible explanation is an interac-

tion of DSP-4 and ECS at the level of �	-ARs. The

critical role, at least in the frontal cortex, of the

down-regulation of presynaptic �	-AR in a mecha-

nism leading to the increase in NA release that oc-

curred after chronic ECS was postulated [34]. How-

ever, a comprehensive analysis of the DSP-4 effects

in rats performed by Szot and colleagues [33] re-

vealed that despite a decrease in �	-AR reported by

some authors shortly after DSP-4 treatment [14], the

gradual up-regulation of these receptors in various

brain structures was observed later on. Thus, the

DSP-4 counteractive influence on ECS effects (this

study) may be partially related to changes in pre-

synaptic �	-AR.

The importance of the ���-AR role in the mecha-

nism of action of antidepressant therapy has been re-

cently suggested by a study on transgenic animals

showing that ���-AR and ���-AR differently modu-

late antidepressant-like behavior in mice [9]. The

authors reported that only ���-AR signaling promotes

antidepressant-like behavior in tail suspension and

forced swimming tests, indicating that these two sub-

types of ��-AR may have separate and distinct func-

tions in the central nervous system, even though over-

lapping of their distribution within many of brain re-

gions was observed.

In conclusion, the present results confirm our hy-

pothesis that the NA component of the action of anti-

depressants plays an important role in the modulation

of ���-AR in the cerebral cortex. However, the final

outcome of the modulation as reflected by ���-AR

changes will depend on various factors involved in

a complicated mechanism of regulation of the synap-

tic NA level.
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