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Abstract

Several reports have investigated the possibility that chronic antidepressant treatment alters dopamine autoreceptors. Since radioligand
binding studies do not differentiate between presynaptic and postsynaptic dopamine D, receptors in the rat forebrain, we used the in situ
hybridization technique to measure the amount of mRNA coding for dopamine D, autoreceptors in the dopaminergic cell bodies. The
amount of mMRNA coding for dopamine D, autoreceptors in the rat mesencephalon was analyzed following acute and repeated treatment
with imipramine, the most widely used antidepressant drug. No significant changes in the amount of mMRNA were observed in the
substantia nigra of the rat, after acute or repeated treatment with imipramine. In the ventral tegmental area repeated treatment with
imipramine (14 days, twice a day) increased the amount of dopamine D, autoreceptor mRNA in the lateral part of this brain region
(containing nucleus paranigralis and n. parabrachialis pigmentosus), without there being any significant changes in the more medial part
(n. interfascicularis and n. linearis). The increase in the amount of dopamine D, autoreceptor mRNA in the ventral tegmental area started
to be significant 72 h after acute imipramine. Moreover, this increase was also observed after 14 drug-free days following the acute
administration of the drug. The results indicate the different sensitivity of neurons synthesizing dopamine autoreceptors for imipramine.
Another interesting finding is the observation that acute treatment with imipramine seems to be sufficient to trigger changes as a function
of time regardless of whether imipramine is again administered, providing a possible explanation for the delayed therapeutic effect of the

drug. © 1997 Elsevier Science B.V.
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1. Introduction

The involvement of dopamine in depression and in the
action of antidepressant drugs was first suggested by Ran-
drup et al. (1975). Repeated administration of antidepres-
sant drugs increases dopamine stimulant-induced locomo-
tor activity (Maj, 1984). The hypothesis of supersensitivity
of postsynaptic dopamine receptors, athough well docu-
mented in behavioral studies, contrasted with the results of
dopamine receptor binding studies which showed that after
repeated administration of antidepressant drugs dopamine
D, receptor density, as measured by [*H]spiperone bind-
ing, was unchanged, whereas that of D, receptors, mea
sured by [*HISCH 23390 (7-chloro-8-hydroxy-3-methyl-
1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine) binding,
was decreased (Martin-lverson et al., 1983; Klimek and
Nielsen, 1987; De Montis et al., 1989). However, in the
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further studies of Klimek and Magj (1989) it was demon-
strated that antidepressants given repeatedly increase the
affinity of dopamine D, receptors, evaluated by the dis-
placement of [*H]spiperone by quinpirole. Recently we
have shown that imipramine, amitriptyline, fluoxetine and
mianserin increase the affinity and the density of dopamine
D, receptors, measured by the binding of the dopamine D,
receptor agonist, [*’HIN0437 (Mg et a., 1996). We have
also shown that imipramine and citalopram increase the
amount of MRNA coding for dopamine D, receptorsin the
rat caudate putamen and nucleus accumbens (Dziedzicka
Wasylewska et al., 1997).

Severa other reports have investigated the possibility
that chronic antidepressant treatment alters dopamine au-
toreceptors (Serra et al., 1979, 1980; Waldmeier, 1984;
Nielsen, 1986). Subsensitivity of dopamine autoreceptors
has been proposed on the basis of the observation that
repeated antidepressants not only potentiated the motor
stimulant effect of apomorphine but also prevented the
hypomotility and the inhibition of dopamine synthesis
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produced by small doses of the drug. Further support for
this hypothesis was provided by Chiodo and Antelman
(1980a,b), who observed that repeated treatment with typi-
cal and atypical antidepressants or electroconvulsive shock
prevented the inhibitory effect of apomorphine on the
firing rate of dopaminergic neurons in the substantia nigra.
This effect was found to depend on the passage of time
after the treatment rather than on daily drug administration.

The clinical effects of antidepressant drugs are gener-
ally observed only after prolonged treatment, thus the
biochemical changes requiring such prolonged administra-
tion of a drug probably involve alterations at the genomic
level. Until recently, however, little has been known about
transcriptional and post-transcriptional factors regulated by
chronic drug treatment, athough long-term changes in
neuronal synaptic function are known to depend upon
selective regulation of gene expression.

The finding of mRNA coding for dopamine D, recep-
tors in some dopamine-containing cell groups, i.e., the
substantia nigra pars compacta and the ventral tegmental
area (Mengod et al., 1989; Weiner and Brann, 1989;
Najlerahim et al., 1989; Meador-Woodruff et al., 1991),
suggests that dopamine D, receptors may have an autore-
ceptor function. Meador-Woodruff and Mansour (1991)
have demonstrated additionally that cells in the substantia
nigra and ventral tegmental area that express dopamine D,
receptor mRNA are also positive for the presence of
tyrosine hydroxylase, a biochemical marker for cate-
cholamine synthesis. Since radioligand binding studies do
not differentiate between presynaptic and postsynaptic
dopamine D, receptors in the rat forebrain, we used the in
situ hybridization technique to measure mRNA coding for
dopamine D, autoreceptors in dopaminergic cell bodies.
However, one should be aware that changes at the level of
mRNA might not accurately reflect changes in receptor
sensitivity.

The present studies were designed to obtain information
about whether acute or repeated treatment with imipramine,
the most widely used antidepressant drug, affects the
amount of mRNA coding for dopamine D, autoreceptors
in the rat substantia nigra and ventral tegmental area.

2. Materials and methods
2.1. Animals treatment

Mae Wistar rats (180-220 g) were treated with
imipramine (Polfa, Poland; 10 mg/kg p.o. twice daily at 8
am. and 5 p.m.) for 14 days. Apart from the control group
that received saline (p.o.), some groups of animas were
treated acutely with imipramine (10 mg/kg p.o. twice a
day for 1 day). These groups of rats received two doses of
imipramine followed by 2, 12, 24 and 72 h, or 14 days
without drug. When not receiving imipramine, al rats
were treated with saline p.o. All groups of animals, treated

acutely or repeatedly with imipramine, were decapitated at
the same time. So the animals were killed 2, 12, 24 and 72
h after acute and 2 or 72 h after repeated treatment with
imipramine. For the in situ hybridization studies the brains
of rats were rapidly removed and frozen on dry ice.

Experimental protocols were approved by the Ethics
Committee and meet the guidelines of the responsible
governmental agency.

2.2. In situ hybridization

Coronal sections (12 um thick) were cut on a cryostat
through the substantia nigra and ventral tegmental area at
the level P 5700—P 6000, according to Palkovits and
Brownstein (1988). The sections were thaw-mounted onto
chrome alum-pretreated dlides, postfixed in 4% para-
formaldehyde for 10 min and processed for in situ hy-
bridization by a method previously described (Dziedzicka-
Wasylewska and Rogoz, 1995). Briefly, a mixture of
48-mer synthetic deoxyoligonucleotides complementary to
bases 4-51, 766—813 and 901-948 of the rat dopamine D,
receptor (Bunzow et al., 1988) was labelled using
[®SJdATP (1,200 Ci /mmol, NEN DuPont, UK) to obtain
a specific activity of about 4 X 10° cpm/ ul. The sections
were hybridized with the labelled oligonuclectide for 20 h
at 37°C in a humidified incubator. After being washed at
40°C, the sections were dried in a cool-air stream and
exposed to a film (Amersham MP) for 20 days at —20°C.
The different patterns of hybridization, found in the brain
regions, fully agreed with the well known distribution of
dopamine D, receptor mRNA, and provided support for
the specificity of the probe under the present experimental
conditions. The specificity of the probe was additionally
assessed by pretreatment of some tissue sections with
RNAase A (20 ug/ml) for 40 min at 30°C, which com-
pletely eliminated the hybridization signal with the cDNA
probe.

The optical density of the autoradiograms correspond-
ing to sections of the substantia nigra and ventral tegmen-
tal area was measured by using an image analyzing system
(MCID, Imaging Research). In the densitometric applica-
tion MCID computes optical density from the grey level
values (256 grey levels) of all the pixels contained in the
region of interest. Thisiscalled ‘ integrated optical density’.
The system makes it possible to create and save a user-de-
fined template to define the regions of interest. MCID
integrates the pixel density values within the outline to
report a single density value for each region. In the present
study the same templates were used for all brain sections
in order to ensure that the same regions were compared
between experimental and control groups. For the purpose
of the present study the option called Spatial Image Align-
ment, provided by the MCID system, was used in order to
ascertain that the same areas were compared when compar-
ing the sections from different brains. The average optical
density values were calculated after subtraction of the film
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Fig. 1. Example photomicrograph of a brain section hybridized with probes against dopamine D, receptor mRNA. SN, Substantia nigra; ventral tegmental
areawas divided into more lateral (A) and more media (B) regions. These areas were used for optical density analysis of the amount of mRNA coding for

dopamine D, autoreceptors.

background density. The mean optical density values were
obtained by averaging measurements from autoradiograms
of 3—4 sections per brain obtained from 6—8 animals per

group.
2.3. Satistics

The results were statistically assessed by a one-way
anaysis of variance (ANOVA) and inter-group differences
were analyzed by Duncan’s multiple range test.

3. Results

Fig. 1 represents a typical autoradiogram of mRNA
coding for dopamine D, autoreceptors in the pars com-
pacta of substantia nigra and the ventral tegmental area of
the rat brain. In this latter brain area two regions were
discriminated on the basis of different density of dopamine
D, autoreceptors mMRNA: a more lateral region containing
the nucleus paranigralis and n. parabrachialis pigmentosus
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Fig. 2. The effect of imipramine on the amount of mMRNA coding for
dopamine D, autoreceptors in the rat substantia nigra pars compacta.
Imipramine was administered for one day (10 mg/kg, p.o.; acute) or for
14 days (10 mg/kg, p.o., twice daily; repeated). Rats were killed at the
indicated times after the last dose of the drug. Vaues are expressed as
mean+ S.E.M. from autoradiograms of the sections obtained from 6-8
animals per group. Statistical significance was determined by ANOVA
followed by Duncan’s test. P < 0.05.

(A) and a more medial region, containing the n. interfasci-

cularis and n. linearis (B) (Oades and Halliday, 1987).
The amount of mMRNA coding for dopamine D, autore-

ceptors in the substantia nigra of the rat is presented in Fig.
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Fig. 3. The effect of imipramine on the amount of mMRNA coding for
dopamine D, autoreceptors in the rat ventral tegmental area. Imipramine
was administered for one day (10 mg/kg, p.o.; acute) or for 14 days (10
mg,/kg, p.o., twice daily; repeated). Rats were killed at the indicated
times after the last dose of the drug. Values are expressed as mean+
S.E.M. from autoradiograms of the sections obtained from 6—8 animals
per group. (A) Lateral and (B) medial region of the ventral tegmental area
Statistical significance was determined by ANOVA followed by Duncan’s
test. “P < 0.05.
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2. No datisticaly significant changes in the amount of
dopamine D, autoreceptor mMRNA were observed in this
brain region after imipramine administration.

The amount of MRNA coding for dopamine D, autore-
ceptorsin the rat ventral tegmental areais presented in Fig.
3. Both acute and repeated administration of imipramine
increased the amount of this mRNA in the more lateral
region of the ventra tegmental area (Fig. 3A). Acute
treatment with imipramine produced a statistically signifi-
cant increase in the amount of mMRNA coding for dopamine
D, autoreceptors 72 h after drug administration and this
increase was also observed after 14 drug-free days follow-
ing the acute administration of imipramine. Repeated ad-
ministration of imipramine also increased the amount of
MRNA coding for dopamine D, autoreceptors in the lat-
eral region of the ventral tegmental area and the effect was
quantitatively similar at 14 days after the acute treatment
with the drug.

In the medial region of the ventral tegmental area no
statisticaly significant changes in the amount of mMRNA
coding for dopamine D, autoreceptors were observed fol-
lowing acute or prolonged treatment with imipramine (Fig.
3B).

4, Discussion

In 1979, Serraet a. proposed the hypothesis that chronic
antidepressant treatment potentiates dopaminergic trans-
mission by inducing subsensitivity of dopamine autorecep-
tors. This hypothesis was based on the observation that
chronic antidepressant treatment prevented the hypomotil-
ity and the inhibition of dopamine synthesis produced by
small doses of apomorphine.

The recent successful cloning of the genes coding for
dopamine receptors (Bunzow et a., 1988; Zhou et 4.,
1990; Civelli et al., 1991) has provided the opportunity to
study the modulation of the dopaminergic system at the
level of receptor gene expression. It has become apparent
that receptor activity may be coupled to receptor biosyn-
thesis, thus maintaining dopaminergic homeostasis in the
brain. We have recently shown that prolonged treatment
with lithium (Dziedzicka-Wasylewska et a., 1996) as well
as imipramine and citalopram (Dziedzicka-Wasylewska et
al., 1997) increases the amount of mRNA coding for
dopamine D, receptors in the rat striatum and the nucleus
accumbens septi.

In the present study we observed an increase in the
amount of mRNA coding for dopamine D, receptors
following imipramine administration in the ventral tegmen-
tal area of the rat, but the effect was statistically significant
only in the lateral part of this brain region. This finding
indicates that dopaminergic neurons located within the
nucleus paranigralis and nucleus parabrachialis pigmento-
sus display a sensitivity to imipramine different from that
of neurons located in the more medial sector of the ventral
tegmenta area.

The results of most studies support generalizations about
the crude topographic gradient in the mediolateral dimen-
sion: cells distributed more laterally in the ventral tegmen-
tal area region tend to project to more lateral structures,
being the primary source of the mesolimbic afferents, and
the more medial sector of the ventral tegmental area is
thought to be the source of mesocortical innervation (Roth
et al., 1987). Autoreceptors exist on most parts of dopamine
cells, including soma, dendrites and nerve terminals (Roth,
1984). Stimulation of autoreceptors in the somatodendritic
region slows the firing rate of dopamine neurons, whereas
stimulation of autoreceptors located on dopamine nerve
terminals results in the inhibition of dopamine synthesis
and release (Wolf and Roth, 1990). Although the majority
of the ventral tegmental dopamine neurons appear to pos-
sess somatodendritic and synthesis-modulating autorecep-
tors, the dopamine cells that project to the prefrontal and
cingulate cortices appear either to have a greatly dimin-
ished number of these receptors or to lack them (Roth,
1984). The ventral tegmental area receives both serotoner-
gic and noradrenergic afferents from brainstem monoamine
neurons (Oades and Halliday, 1987). A number of reports
suggest that these monoaminergic inputs to the ventra
tegmental area may be of functional significance in regu-
lating dopaminergic neurons. For example, dopamine uti-
lization is relatively enhanced in the nucleus accumbens
but decreased in the prefrontal cortex following elec-
trolytic lesion of the median raphe (Herve et a., 1981).
Lesion of the dorsal raphe reduces dopaminergic utiliza-
tion in the prefrontal cortex but does not alter dopamine
parameters in the nucleus accumbens (Herve et al., 1979).
Furthermore, dopamine utilization is decreased in the pre-
frontal cortex but remains unaltered in the nucleus accum-
bens following 6-hydroxydopamine-induced degeneration
of the noradrenergic fibers projecting to the ventra
tegmental area (Herve et a., 1982). These results are
consistent with the selective modulation of activity of
mesolimbic and mesocortical dopamine neurons by sero-
tonergic and noradrenergic afferents to the ventral tegmen-
tal area. It therefore seems likely that distinct afferents to
different areas within the ventral tegmental area and sub-
stantia nigra may, in part, account for the selective re-
sponses of various dopamine systems to imipramine, the
drug which inhibits serotonin and noradrenaline reuptake,
rather than the presence or absence of somatodendritic and
synthesis-modulating nerve terminal autoreceptors. It is not
clear whether such regulation occurs at the level of the cell
bodies of origin of these dopaminergic pathways or at the
terminal field level. Clarification of this would require the
specific delineation of the precise origin of chemically
defined afferents innervating the ventral tegmental area,
ruling out interactive effects occurring either through other
afferent inputs or at the level of the terminal field.

The increase in the biosynthesis of dopamine D, au-
toreceptors following imipramine administration (mani-
fested by the increase in the amount of MRNA coding for
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dopamine D, autoreceptors) might be interpreted as an
adaptive change to the attenuated sensitivity of these re-
ceptors observed in behavioral studies after chronic treat-
ment with imipramine. This interpretation is further sup-
ported by the observation that the behavioral subsensitivity
of dopamine D, autoreceptors is not observed after acute
imipramine administration (Serra et al., 1979). However,
acute treatment with imipramine was able to increase the
amount of mRNA coding for dopamine D, autoreceptors,
but the effect started to be statistically significant at 72 h
after drug administration. It might well be that this time
lag is necessary for a sort of feedback loop to start to
operate between the nerve terminals and the cell nucleus.

Another interesting finding of our study is that acute
treatment with imipramine induced changes at the level of
the biosynthesis of dopamine D, receptors which persisted
for along period of time. In their pioneering work Antel-
man and coworkers (Chiodo and Antelman, 1980a,b; An-
telman et al., 1982) found that long-term administration of
several antidepressants attenuated the apomorphine-in-
duced decrease in firing of dopamine neurons located in
the zona compacta of the substantia nigra and that this
effect was found to depend on the passage of time rather
than on daily drug treatment. Our study also shows that
short-term drug treatment seems to be sufficient to trigger
changes as a function of time regardless of whether
imipramine is administered again. The same data aso
provide a possible explanation for the delayed therapeutic
effect of imipramine as well as other antidepressant drugs.
We do not know at present whether the increased biosyn-
thesis of dopamine autoreceptors is critical for the thera-
peutic efficacy of antidepressant drugs; however, it would
be interesting to know whether the changes in noradrena
line and serotonin receptors induced by antidepressant
drugs are also independent of repeated drug treatment. As
has been already discussed by others (e.g. Mansour et al.,
1990; Jongen-Rélo et al., 1994), a complex series of events
take place between receptor synthesis and availability of
the functional receptors in the neuronal membrane, namely
post-transcriptional, trandational and post-tranglational
processes, the subsequent incorporation of the receptor
protein into the cell membrane, coupling through G pro-
teins with the effector systems and eventually degradation
of the receptors. The precise relationships between the
aterations in gene transcription, mRNA stability, tranda-
tional processes and dopamine receptor binding remains to
be clarified. Nevertheless, it seems that alterations in the
expression of the genes coding for neurotransmitter recep-
tors are the level a which one should search for the
mechanism of action of drugs that are therapeutically
effective only after prolonged administration.
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