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This study investigated how the administration (acute and chronic) of the antidepressants citalopram and desmethylimipramine (DMI)

influences somatostatin (somatotropin release inhibitory factor, SRIF) levels and SRIF receptor density (sst1–5) in rat brain. Animals

received either of the following treatments: (1) saline for 21 days (control group), (2) saline for 20 days and citalopram or DMI for 1 day

(citalopram or DMI acute groups), (3) citalopram or DMI for 21 days (citalopram or DMI chronic groups). Somatostatin levels were

determined by radioimmunoassay. [125I]LTT SRIF-28 binding in the absence (labeling of sst1–5) or presence of 3 nM MK678 (labeling of

sst1/4) and [125I]Tyr3 octreotide (labeling of sst2/5) binding with subsequent autoradiography was performed in brains of rats treated with

both antidepressants. Somatostatin levels were increased after citalopram, but not DMI administration, in the caudate-putamen,

hippocampus, nucleus accumbens, and prefrontal cortex. Autoradiography studies illustrated a significant decrease in receptor density in

the superficial and deep layers of frontal cortex (sst2), as well as a significant increase in the CA1 (sst1/4) hippocampal field in brains of

chronically citalopram-treated animals. DMI administration increased sst1/4 receptors levels in the CA1 hippocampal region. These results

suggest that citalopram and to a lesser extent DMI influence the function of the somatostatin system in brain regions involved in the

emotional, motivational, and cognitive aspects of behavior.
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INTRODUCTION

A significant number of studies conducted in the past
several years have provided considerable information on
the neurobiology of mood disorders. Although these
investigations have advanced the field considerably, more
studies are essential to aid our understanding of the
pathophysiology of depression. Tricyclic antidepressants,
developed several decades ago triggered the formulation of
the monoamine hypothesis that now appears insufficient to
explain the biology of depression. Although drugs that
increase the availability of neurotransmitters in the brain

represent the primary medical treatment of depression,
such approaches remain inadequate therapies in terms of
safety, efficacy, and onset of effect. The search for new
molecules and targets, which may be complementary rather
than competing therapies for the symptomatology of
depression, represents a challenge on both scientific and
therapeutic fronts (Skolnick et al, 2001). A wide array of
antidepressant drugs with different mechanisms of action
have been developed (Berton and Nestler, 2006; Wong and
Licinio, 2004). Recently, the focus turned onto neuropeptide
systems such as substance P and CRH (Bissette et al, 2003;
Zobel et al, 2000; Kramer et al, 1998), as new therapeutic
targets. We have focused our research interest over the past
several years on the study of the involvement of somato-
statin in the mechanism of antidepressant drugs and the
biology of depression.
Somatotropin release inhibitory factor (SRIF) is synthe-

sized in nuclei of the basal ganglia, eg caudate-putamen
(CPu) and nucleus accumbens (NAc), implicated in motor
and affective disorders (Brownstein et al, 1975; Vincent and
Johansson, 1983), although cortical and subcortical SRIF
has been implicated in the pathophysiology of psychiatric
disorders (Rubinow, 1986). SRIF mediates a variety of
physiological and behavioral actions by interacting with fiveReceived 20 March 2008; revised 17 July 2008; accepted 17 July 2008
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somatostatin receptor subtypes (sst1–5; Hoyer et al, 1995).
In the NAc, the sst1 receptor has been reported to be an
autoreceptor for SRIF (Vasilaki et al, 2004; Thermos et al,
2006), whereas the sst2 receptor appears to be responsible
for the actions of SRIF on dopamine release and dopamine-
mediated behaviors (Raynor et al, 1993; Thermos et al,
1996; Hathway et al, 1999).
A limited number of studies have linked depression or the

effect of antidepressants with the activity of the SRIF
system. Cerebrospinal fluid (CSF) SRIF-like immuno-
reactivity (SRIF-LI) levels have been shown consistently to
be reduced in patients with major depression and to be
normalized during recovery (Bissette et al, 1986; Rubinow,
1986; Pazzaglia et al, 1995). Interestingly, Gerner and
Yamada (1982) reported significant reductions in SRIF
levels in the CSF of depressed patients, whereas increased
levels were observed in patients with mania, a finding that
was not observed by others (Rubinow et al, 1983). However,
a lack of alterations in SRIF-LI in post-mortem cortical
tissue of depressed patients was also reported (Charlton
et al, 1988).
Animal studies have also implicated SRIF in the

pathophysiology of depression. Kakigi et al (1992) reported
reduced SRIF content in brain regions following a 10-day
treatment with the specific serotonin uptake inhibitors
clomipramine and zimelidine, but not with imipramine.
Similarly, acute and chronic treatments with citalopram, a
widely used selective serotonin reuptake inhibitor (SSRI),
led to reduced SRIF levels and mRNA in the striatum
(Prosperini et al, 1997). A gradual increase of the expression
of SRIF was observed in the rat dentate gyrus and piriform
cortex following multiple electroconvulsive stimulation,
which mimics antidepressant treatment (Mikkelsen and
Woldbye, 2006).
We have reported structural (Gheorvassaki et al, 1992)

and functional (Pallis et al, 2001) evidence for selective
increased SRIFergic activity in the NAc, following chronic
desmethylimipramine (DMI) treatment. More recently, we
have shown that both chronic citalopram and DMI
treatments increased the extracellular levels of SRIF in the
NAc, in vivo, with citalopram having a larger effect on the
SRIF system (Pallis et al, 2006).
It is apparent from the above-mentioned experimental

studies that antidepressants that selectively target the
serotoninergic system have a more profound effect on the
alterations produced at the SRIF system. To pursue this
further, the present investigation focused on the effects of
acute and chronic administration of two antidepressants,
namely DMI (a tricyclic antidepressant) and citalopram (an
SSRI) on SRIF levels and SRIF receptor regulation in
different brain regions of the rat.

MATERIALS AND METHODS

Animals

Male Sprague–Dawley rats (270–330 g; Charles Rivers, Italy)
were used in all experiments. Rats were group-housed (2–3
per cage) in a temperature-controlled room (21±11C) with
a 12 h light–dark cycle. Food and water were provided ad
libitum. All procedures were performed in accordance with

the guidelines for care and use of experimental animals
(EEC Council 86/609; 27/01/1992, No 116).

Antidepressant Treatment

The chronic antidepressant-treated groups received for 21
days, citalopram (20mg/2ml/kg; i.p., once daily) or DMI
(5mg/2ml/kg; i.p., twice daily), respectively. The acute
antidepressant-treated groups received saline (2ml/kg, i.p.,
once or twice daily) for 20 days and for 1 day citalopram
(20mg/2ml/kg, i.p., once daily) or for 1 day DMI (5mg/
2ml/kg, i.p., twice daily). Finally, the citalopram and DMI
control groups received saline for 21 days 2ml/kg, i.p., once
or twice daily, respectively. All animals were killed 24 h after
the last injection.
DMI-HCl was obtained from RBI, Natick, MA, USA and

citalopram-HBr was kindly provided from H Lundbeck A/S,
Copenhagen, Denmark. Both drugs were dissolved in saline
just before use.

Tissue Preparation for Measurement of SRIF Levels

Prefrontal cortex (PFCx), CPu, Nac, and hippocampus were
dissected from 1mm thick sections according to Palkovits
and Brownstein (1988). Samples (3mg of wet tissue per ml)
were boiled for 10min in 2N acetic acid, sonicated for 2min
and kept at �801C for 24–48 h. Subsequently, samples were
centrifuged (12 000 r.p.m., 20min, 41C) and the super-
natants were removed, lyophilized and stored at �801C
until they were analyzed for SRIF levels using radio-
immunoassay (RIA).

Radioimmunoassay

The samples were diluted in RIA buffer containing, 0.10M
sodium phosphate (pH 7.4), 0.1% Triton X-100, 0.5%
bovine serum albumin (BSA), and 0.1% sodium azide. For
the determination of SRIF levels, a rabbit antiserum raised
against SRIF (Barbar) was used at a final concentration of
1 : 9000 (kindly provided by Dr J Epelbaum). Synthetic SRIF
(Tocris; Cookson Inc., USA) at a range of 0.78–100 pg and
[125I]Tyr11-SRIF (20 000 c.p.m.; 2000 Ci/mmol; Amersham,
Vienna, Austria) were used as standard and radiolabeled
tracer, respectively. Synthetic SRIF 54.95±7.35 pg displaced
50% of the radioactive tracer. The mixture was incubated at
41C for 24 h. Bound and free SRIF were separated by
addition of 1ml ethanol and subsequent centrifugation at
4000 r.p.m., 41C for 20min. The precipitates of the
centrifugation were counted in a gamma counter (LKB-
Wallac, Turku, Finland; 75% efficiency).
Total tissue protein concentration was calculated accord-

ing to Bradford (1976). Data were expressed in pg of SRIF
per mg of total tissue protein. All samples were found to be
within the range of the assay (0.78–100 pg/mg of total
protein). SRIF tissue levels for each brain area studied were
analyzed using two-tailed t-test analysis and one-way
analysis of variance (ANOVA) followed by the post-test
for linear trend to test whether there is a trend such that the
values increase or decrease as the exposure to the
antidepressants is increased. The statistical software
GraphPad Prism version 4.00 for Windows (GraphPad
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Software, San Diego, CA, USA) was used for the statistical
analysis. po0.05 was considered statistically significant.

Receptor Autoradiography Studies

Receptor autoradiography studies were performed in all
animal groups (three animals per group). Brains were cut at
10 mm sections. Receptor autoradiography was performed
according to the following procedure (Fehlmann et al,
2000): after 20min of preincubation in buffer containing
50mM Tris-HCl, 2mM EGTA, 5mM MgCl2, 0.1mM
bacitracin, and 0.2% BSA (pH 7.4), at room temperature
(RT), the sections were incubated for 2 h at RT in the same
medium supplemented with 50 pM [125I]LTT SRIF-28 in the
absence (to label all SRIF receptors) or the presence of 3 nM
MK678 (to label sst1 and sst4 receptors) or 50 pM [125I]Tyr3

octreotide (to label sst2 and sst5 receptors). Nonspecific
binding was determined in a set of adjacent slides by
incubation in the presence of 1mM SRIF-28 (Tocris;
Cookson Inc.). The washing of labeled sections was carried
out as follows: brief dipping into ice-cold ddH2O followed
by two 10min washes in the former buffer (without
radioligand) and a brief dipping in ice-cold ddH2O to
remove salts. Finally, the sections were dried under a stream
of cold air. The aforementioned radioligands (Siehler et al,
1999) were custom synthesized to a specific activity of
2175 Ci/mmol by ANAWA (Wangen, Switzerland).
Autoradiograms were generated by apposing the labeled

tissues to BioMax Films (Kodak) at 41C for 1 day. Brain area
coordinates were taken according to Paxinos and Watson
(1998). Photomicrographs of BioMax Film were generated
and analyzed using the computerized image analysis system
MCID (Imaging Research, ON, Canada). The background
OD value of the films was set through the program to 0.035.
During data acquisition, background values were also taken
from each individual picture to ensure that our results were
not influenced by the background differences in the various
film areas. In our experiments, the average background OD
values for the three radioligands were: [125I]LLT SRIF-28,
0.033±0.005 (n¼ 181 pictures); [125I]LLT SRIF-28 + 3 nM
MK678, 0.035±0.006 (n¼ 192); [125I]Tyr11 octreotide,
0.035±0.005 (n¼ 180); Mean±SD.
To convert the OD values to nCi/mg of tissue, [125I]-

microscales (0.046–23.7 kBq/mg, 1.25–640 nCi/mg; Amer-
sham) were used. Specific binding was calculated as nCi/mg
assessed in total minus nonspecific binding sections. Data
were expressed as means±SEM and the statistical compar-
ison between groups was performed using, for each of the
radioligands: (1) two-way ANOVA to locate the source of
variance (brain area and/or drug treatment) between the
animal groups, (2) one-way ANOVA followed by the
Dunnett’s multiple comparison post-test for each brain
area to compare acutely and chronically treated animals to
control animals, and (3) one-way ANOVA followed by the
post-test for linear trend for each brain area to test whether
there is a trend such that the values increase or decrease as
the exposure to the antidepressants is increased. Further-
more, a two-way ANOVA for randomized-block data
followed by the Bonferroni post-test was performed to
locate the source of variation (radioligand and/or treat-
ment) in each brain area. For the statistical analysis of the
data, the GraphPad Prism version 4.00 for Windows

(GraphPad Software) was used and p-values o0.05 were
considered statistically significant.

RESULTS

Acute and chronic administration of citalopram resulted in
statistically significant increases of SRIF levels in different
brain areas (Figure 1a). The levels of SRIF in the control
animals in the four areas examined were PFCx, 0.76±0.11;
NAc, 1.43±0.20; CPu, 0.57±0.06; and hippocampus
0.51±0.06 pg/mg of protein. A two-tailed t-test analysis
indicated an increase of 152.4±14.3% (po0.05) in the
PFCx, 167.4±22.8% (po0.05) in the Nac, and 160.3±25.0%
(po0.05) in the CPu of the acutely citalopram-treated
animals compared to the control group. Statistically
significant increases of SRIF tissue levels were also observed
after chronic citalopram treatment in the PFCx
(198.7±21.7%, po0.01), NAc (149.1±17.3%, po0.05),
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Figure 1 Effect of acute and chronic antidepressant treatment on
somatotropin release inhibitory factor (SRIF) tissue levels in rat brain. (a)
Percent changes of SRIF tissue levels after acute and chronic citalopram
treatment for each brain area. Basal tissue levels (Mean±SEM, pg/mg of
protein) for the brain areas studied were: PFCx 0.76±0.11, NAc
1.43±0.20, CPu 0.57±0.06, Hip 0.51±0.06, n¼ 7–10 animals per group.
The asterisk ‘*’ corresponds to statistically significant SRIF level changes in
the different brain areas after citalopram treatment compared with control
animals, and sharp ‘#’ indicates statistically significant differences between
groups using one-way analysis of variance (ANOVA) followed by the linear
trend post-test. The number of symbols’ repetition represents: 1, po0.05;
2, po0.01; 3, po0.001. (b) Percent changes of SRIF tissue levels after acute
and chronic desmethylimipramine (DMI) treatment for each brain area.
Basal tissue levels (Mean±SEM, pg/mg of protein) for the brain areas
studied were: PFCx 2.83±0.35, NAc 2.46±0.53, CPu 1.26±0.07, Hip
1.26±0.11, n¼ 5–10 animals per group. PFCx: prefrontal cortex, CPu:
caudate putamen, NAc: nucleus accumbens, Hip: hippocampus.
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and hippocampus (139.0±12.5%, po0.05). Analysis of the
data with one-way ANOVA followed by the post-test for
linear trend depicted a statistically significant trend of the
SRIF tissue levels to increase not only in the PFCx (po0.01)
but also in the NAc (po0.05) and hippocampus (po0.05),
as exposure to citalopram was increased.
Acute and chronic administration of DMI did not result

in statistically significant changes of SRIF levels in the four
brain areas studied (Figure 1b). The levels of SRIF in the
control animals in the four areas examined were as follows:
PFCx 2.83±0.35, NAc 2.46±0.53, CPu 1.26±0.07, and
hippocampus 1.26±0.11 pg/mg of protein.
To perform an in-depth analysis of the possible changes

of the SRIF receptors after antidepressant treatment,
radioligand binding studies with subsequent autoradiogra-
phy were performed. A typical example of autoradiograms
is depicted in Figure 2. The specific binding for the
radioligands in the different brain areas studied was as
follows: [125I]LTT SRIF-28: frontal cortex areas 85–94%,
NAc (core-C) 85%, NAc (shell-Sh) 60%, CPu 85%, olfactory
tubercle (Tu) 58%, hippocampal areas 83–93%; [125I]LTT

SRIF-28 + 3 nM MK678: frontal cortex areas 74–85%,
nucleus accumbens core (NAcC) 57%, NAcSh 30%, CPu
66%, Tu 43%, hippocampal areas 68–89%; and [125I]Tyr11

octreotide: frontal cortex areas 80–96%, NAcC 85%, NAcSh
61%, CPu 84%, Tu 63%, hippocampal areas 63–89%.
Two-way ANOVA used to locate the source of variation

(brain area and/or drug treatment) between animal groups
indicatedFas expectedFthat the binding of radioligands is
influenced by the brain area studied (po0.0001) whereas
drug treatment had a differential influence on the binding of
(1) [125I]LTT SRIF-28 (citalopram: po0.0001; DMI:
po0.0001), (2) [125I]LTT SRIF-28 in the presence of 3 nM
MK678 (citalopram: po0.0001; DMI: p40.0001), and (3)
[125I]Tyr3 octreotide (citalopram: po0.0001; DMI: p40.05).
Furthermore, a statistically significant interaction
(po0.001) between brain area and citalopram treatment
was observed only with [125I]LTT SRIF-28 binding.
One-way ANOVA followed by the Dunnett’s multiple

comparison post-test designated that after chronic citalo-
pram treatment, the binding of sst1–5 selective radioligand
[125I]LTT SRIF-28 was decreased in a statistically significant
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Figure 2 Representative autoradiograms of [125I]LTT SRIF-28 binding in rat brain of control (a1–d1), acutely (a2–d2), and chronically (a3–d3) citalopram-
treated animals. Sections presented here are from plate 5 (a1–a4), plate 8 (b1–b4), plate 13 (c1–c4), and plate 31 (figures d1–d4) according to Paxinos and
Watson (1998). (a4–d4) Corresponding to [125I]LTT SRIF-28 binding on the brain of control animals in the presence of 1 mM SRIF-28 (NS, nonspecific
binding). Abbreviations of brain areas: 1: FrCxs; superficial layers of frontal association and secondary motor cortex, 2: FrCxd; deep layers of frontal
association and secondary motor cortex, 3: AIs; superficial layers of agranular insular cortex, 4: AId; deep layers of agranular insular cortex, 5: CGs; superficial
layers of cingulate cortex, 6: CGd; deep layers of cingulate cortex, 7: NAcC; nucleus accumbens core, 8: NAcSh; nucleus accumbens shell, 9: CPu; caudate
putamen, 10: Tu; olfactory tubercle, 11: CA1; CA1 field of hippocampus, 12: CA2–3; CA2–3 field of hippocampus, 13: DGmol; molecular layer of dentate
gyrus, 14: DGgr + po; granular and polymorph layers of dentate gyrus.
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manner in the deep layers of frontal association and
secondary motor cortex (FrCxd (layers IV–VI):
�33.7±6.9%, po0.01) and the superficial (AIs:
�34.9±6.0%, po0.01) and deep (AId: �38.4±5.4%,
po0.01) layers of agranular insular cortex (AI), whereas it
increased in the CA1 field of hippocampus ( + 17.6±1.8%,
po0.05) as well as the molecular layer of dentate gyrus
(DGmol: + 24.5±5.8%, po0.05; Figure 3a; Table 1). No
changes were observed after chronic DMI treatment
(Table 2). In addition, no changes were observed in the
superficial and deep layers of cingulate cortex (CGs and
CGd), the core and shell of NAc (NAcC and NAcSh), the
CPu, the Tu, the CA2–3 field of hippocampus (CA2–3), and
the granular and polymorph layers of dentate gyrus (DGgr
+ po) of the citalopram or DMI-treated animals (Tables 1
and 2).

An increase of [125I]LTT SRIF-28 binding was also
observed in the CA1 hippocampal field ( + 13.8±3.9%,
po0.05) of acutely citalopram-treated animals (Figure 3a;
Table 1). No statistically significant changes were observed
in any other brain area studied of the acutely citalopram-
treated animals and in all brain areas studied of the acutely
DMI-treated animal (Tables 1 and 2). However, analysis of
the data with one-way ANOVA followed by the post-test for
linear trend depicted a statistically significant trend of the
binding to decrease in the FrCxs (po0.05), FrCxd (po0.01),
AIs (po0.01), and AId (po0.01) layers of the cortex and to
increase in the CA1 field of hippocampus (po0.01), and
DGmol (po0.05) layers of dentate gyrus of citalopram-
treated animals as the exposure to the antidepressant was
increased (Figure 3a; Table 1).
[125I]LTT SRIF-28 binding performed in the presence of

3 nM MK678Fthus labeling sst1 and sst4 receptorsFwas
statistically significantly increased the CA1 field of the
hippocampus of acutely citalopram-treated animals ( +
20.1±5.4%, po0.05; Figure 3b; Table 1). No statistically
significant changes were detected on [125I]LTT SRIF-28
binding in the presence of 3 nM MK678 in sections of
chronic citalopram-treated animals but one-way ANOVA
followed by the post-test for linear trend depicted a trend
(po0.05) of binding to increase in the CA1 hippocampal
field as exposure to citalopram was increased (Table 1).
DMI treatment influenced the binding of [125I]LTT SRIF-

28 binding to sst1/4 receptor(s) only in the CA1 hippocam-
pal field after both acute ( + 42.0±4.4%, po0.01) and
chronic ( + 29.5±1.1%, po0.01) administration while an
increase of binding was also observed in the FrCxs layers
( + 38.0±6.0%, po0.05) of acutely DMI-treated animals
(Table 2). Also, analysis of the data with one-way ANOVA
followed by the post-test for linear trend depicted a
statistically significant trend of the binding to decrease in
the AIs (po0.05) and AId (po0.05) layers of the cortex of
DMI-treated animals as the exposure to the antidepressant
was increased (Table 2).
To examine the involvement of the sst2 receptor directly,

binding studies with subsequent autoradiography were
conducted using [125I]Tyr3 octreotide. Statistically signifi-
cant decreases in binding were observed in the chronic
citalopram group in two areas; FrCxd (�39.8±6.6%,
po0.05) and AId (�43.3±8.0%, po0.05) layers
(Figure 3c; Table 1). One-way ANOVA followed by the
post-test for linear trend depicted a statistically significant
trend of binding to decrease in FrCxs (po0.05), FrCxd
(po0.05), and AIs (po0.05) (Figure 3c; Table 1) as
exposure to citalopram was increasing. [125I]Tyr3 octreotide
binding did not change after DMI acute or chronic
treatment (Table 2).
Two-way ANOVA for randomized-block data followed by

the Bonferroni post-test located the source of variation
(radioligand and/or treatment) between the binding of
radioligands vs antidepressant treatment. The decrease of
[125I]LTT SRIF-28 binding observed in FrCxs, FrCxd, and
AId layers after chronic citalopram treatment can be
attributed to decreased sst2 receptor binding as indicated
by [125I]Tyr3 octreotide binding (Table 1). The increase of
[125I]LTT SRIF-28 binding observed in the CA1 hippo-
campal field after acute citalopram as well as acute and
chronic DMI treatment can be attributed to decreased sst1/4
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Figure 3 Effect of acute and chronic citalopram administration
on [125I]LTT SRIF-28 (a), [125I]LTT SRIF-28 +MK678 (b), and [125I]Tyr3

octreotide (c) binding in different rat brain regions. Data are means±SEM
measured in three rats per experimental group and one to five sections for
each brain area per animal. *po0.05, **po0.01: statistically significantly
different from the animals of control group using one-way analysis of
variance (ANOVA) followed by the Dunnett’s multiple comparison post-
test. #po0.05, ##po0.01: statistically significant differences between
groups using one-way ANOVA followed by the linear trend post-test.
For the abbreviations of brain areas see Figure 2.
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receptor binding as indicated by [125I]LTT SRIF-28 + 3 nM
MK678 binding (Figure 4; Tables 1 and 2).
The data presented as controls in Tables 1 and 2 and

Figures 3 and 4 were obtained from animals that received
saline once daily (2ml/kg) for 21 days, according to the
injection protocol of the citalopram group. Subsequent
studies were performed to examine whether the injection
schedule influenced the binding characteristics of the
radioligands employed in the different brain regions. As
shown in Table 3, no differences were observed in the
binding characteristics of the radioligands in the brain
regions of animals injected once or twice daily (2ml/kg) for
21 days. Owing to the fact that the manufacturer stopped
producing [125I]-microscales, the data presented in Table 3
are in OD units, in contrast to the data shown in Tables 1
and 2 presented in nCi/mg.
Finally, in comparing the influence of citalopram on SRIF

tissue levels and radioligand binding, it is worth noticing
that both SRIFergic system components (peptide and SRIF
receptor binding) have the tendency to change in the frontal
cortex and hippocampus (see one-way ANOVA followed by
linear trend post-test in Figure 1, 3 and Table 1).

DISCUSSION

The presence of SRIF in brain nuclei with known
involvement in affective behaviors may have an impact on

normal or pathological brain function, such as depression.
The question as to the putative involvement of SRIF in (1)
depression or (2) in the actions of antidepressants is not
new. However, no answers have been adequately provided
to date. Owing to lack of adequate animal models for
depression, chronic antidepressant treatment has been used
as a paradigm to study this conjecture.
In this study, we demonstrated that acute and chronic

administration of the SSRI citalopram influences SRIF levels
in PFCx, Cpu, NAc, and hippocampus whereas the tricyclic
antidepressant DMI had no effect. The present data also
support a down- and upregulation of sst2 and sst1/4 SRIF
receptors in cortical and hippocampal areas, respectively,
and an upregulation of the sst1/4 receptors in the
hippocampus after acute and chronic DMI treatment.
Earlier studies from our laboratory showed that chronic

administration of DMI resulted in an increase (marginal) in
[125I]Tyr11-SRIF binding (Gheorvassaki et al, 1992), and an
exaggerated SRIF-induced increase in dopamine levels
exclusively in the NAc (Pallis et al, 2001). Data from the
literature have shown that repeated administration of two
SSRIs, clomipramine and zimelidine, resulted in a wide-
spread reduction in SRIF levels in brain tissues (the NAc
was not mentioned), whereas imipramine had no effect
(Kakigi et al, 1992). In addition, long-term treatment with a
serotonin synthesis inhibitor and the serotonin-specific
neurotoxin 5,7-dihydroxytryptamine (5,7-DHT) resulted in
an elevation of SRIF levels in brain tissues including the

Table 1 Effect of Acute and Chronic Citalopram Treatment on SRIF Receptor Binding in Rat Brain

[125I]LTT SRIF-28 [125I]LTT SRIF-28+3nM MK678 [125I]Tyr3 octreotide

Treatment Control
Citalopram treatment

Control
Citalopram treatment

Control
Citalopram treatment

Brain area Acute Chronic Acute Chronic Acute Chronic

FrCxs 5.29±0.39 5.71±0.18 3.83±0.56#,} 2.79±0.39 3.60±0.17 2.46±0.49 4.99±0.29 4.51±0.18 3.61±0.52#,}

FrCxd 14.54±0.63 14.67±0.40 9.64±1.09**,##,}} 4.80±0.53 5.40±0.17 3.81±0.51 20.08±1.62 17.05±1.95 12.08±1.32*,#,}}}

AIs 5.38±0.18 4.85±0.15 3.51±0.33**,##,}} 2.62±0.42 3.34±0.19 2.53±0.15 4.58±0.61 4.90±0.35 4.42±0.42

AId 15.88±0.33 13.91±0.74 9.78±0.86**,###,} 4.98±0.42 5.27±0.30 4.32±0.20 23.91±2.81 22.00±1.19 13.55±1.92*,#,}}}

CGs 5.69±0.12 5.34±0.28 4.91±0.10 3.05±0.61 3.16±0.06 3.09±0.18 4.12±0.20 4.22±0.34 4.24±0.41

CGd 14.99±0.06 14.62±0.89 14.30±0.74 5.06±0.76 4.99±0.18 4.91±0.11 18.46±0.77 18.85±1.32 16.94±1.30

NAcC 5.61±0.13 5.57±0.60 4.53±0.53 1.35±0.26 1.94±0.09 1.54±0.26 5.83±0.07 5.84±0.63 5.56±0.58

NAcSh 2.26±0.35 1.87±0.39 1.55±0.03 0.35±0.16 1.36±0.16 0.92±0.30 1.71±0.31 1.91±0.13 1.90±0.39

CPu 5.29±0.04 5.05±0.57 4.83±0.19 1.89±0.30 2.57±0.21 2.08±0.13 5.33±0.40 5.31±0.29 5.39±0.32

Tu 2.04±0.27 2.24±0.46 1.16±0.06 0.68±0.28 1.38±0.09 0.77±0.23 1.76±0.11 1.33±0.47 1.10±0.22

CA1 8.50±0.30 9.67±0.33* 10.00±0.15*,##,}} 5.67±0.13 6.81±0.31*,} 6.53±0.15# 7.25±0.46 7.71±0.66 6.39±0.80

CA2-3 3.42±0.08 3.54±0.25 3.35±0.16 2.41±0.26 2.76±0.23 2.45±0.24 2.76±0.21 2.93±0.11 2.36±0.42

DGmol 6.51±0.25 7.38±0.36 8.11±0.37*,#,} 2.17±0.20 2.50±0.19 2.32±0.18 8.25±0.06 9.18±0.29 8.28±0.94

DGgr+po 3.87±0.14 4.24±0.27 4.54±0.15 2.08±0.24 2.26±0.20 2.25±0.17 4.14±0.09 4.61±0.13 3.65±0.50

All values shown represent specific radioligand binding in nCi/mg of protein.
Data are means±SEM measured in three rats per experimental group and 1–5 sections for each brain area per animal.
The asterisk ‘*’ corresponds to statistically significant changes in radioligand binding between control and acutely or chronically citalopram-treated animals for each
radioligand and brain area using one-way ANOVA followed by the Dunnett’s multiple comparison post-test.
The sharp ‘#’ indicates statistically significant linear trend of radioligand binding to increase (or decrease) as exposure to citalopram increases for each radioligand and
brain area, using one-way ANOVA followed by the post-test for linear trend.
The paragraph symbol ‘}’ represents statistically significant changes of the radioligand binding attributable to acute or chronic citalopram treatment within each brain
area, using two-way ANOVA for randomized-block data followed by the Bonferroni post-test.
The number of symbols repetition represents: 1, po0.05; 2, po0.01; 3, po0.001.
For the abbreviations of brain areas see Figure 2.
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hippocampus, striatum, and cerebral cortex, suggesting that
SRIF is under the negative control of serotonin (Kakigi and
Maeda, 1992). However, in another study in the hippocam-
pus 5,7-DHT had no effect on SRIF-LI (Munoz-Acedo et al,
1992).
In a study by Prosperini et al (1997) a reduction of SRIF

levels in the NAc and striatum was observed after 4 h of
administration of a single dose of citalopram (10mg/kg, i.p.,
same dose as in the present study. Also, 1 h after a single
injection of citalopram (10mg/kg, i.p.) a significant K+-
evoked increase of SRIF release was observed in striatal
slices. Chronic citalopram administration resulted in a
decrease of SRIF levels and its mRNA in the striatum. The
investigators suggested that acute citalopram treatment
reduces SRIF levels by increasing the release of the peptide,
whereas chronic citalopram treatment reduces the biosynth-
esis of the peptide (Prosperini et al, 1997). The data on the
acute and chronic treatment with citalopram are in
disagreement with the study by Kakigi et al (1992), who
showed no changes in SRIF levels after the acute admin-
istration of another SSRI, chlorimipramine, and reduction
in SRIF levels also in the hippocampus and the NAc.
In a more recent study, Pallis et al (2006) provided in vivo

evidence in the awake animal that the antidepressants, DMI
and citalopram, influence SRIF levels (release) in a positive

Table 2 Effect of Acute and Chronic DMI Treatment on SRIF Receptor Binding in Rat Brain

[125I]LTT SRIF-28 [125I]LTT SRIF-28+3nM MK678 [125I]Tyr3 octreotide

Treatment Control
DMI treatment

Control
DMI treatment

Control
DMI treatment

Brain area Acute Chronic Acute Chronic Acute Chronic

FrCxs 5.29±0.39 5.98±0.87 4.41±0.02 2.79±0.39 3.85±0.10* 2.51±0.13 4.99±0.29 5.83±0.37 5.18±0.70

FrCxd 14.54±0.63 16.56±2.55 12.68±0.13 4.80±0.53 6.38±0.39 4.72±0.17 20.08±1.62 21.17±1.07 24.48±1.06

AIs 5.38±0.18 5.29±0.15 3.60±0.02# 2.62±0.42 3.32±0.49 2.34±0.09 4.58±0.61 5.39±0.33 4.45±0.28

AId 15.88±0.33 15.52±1.62 12.30±0.13# 4.98±0.42 5.93±0.47 4.53±0.17 23.91±2.81 23.88±1.38 24.47±1.52

CGs 5.69±0.12 5.12±0.47 5.66±0.54 3.05±0.61 3.45±0.42 3.78±0.41 4.12±0.20 5.21±0.36 4.57±0.25

CGd 14.99±0.06 16.36±1.74 14.08±0.78 5.06±0.76 6.05±0.43 5.83±0.42 18.46±0.77 22.89±1.56 20.01±0.67

NAcC 5.61±0.13 4.79±2.23 4.78±0.44 1.35±0.26 1.60±0.44 1.71±0.39 5.83±0.07 6.97±0.33 6.38±0.40

NAcSh 2.26±0.35 2.17±0.56 2.36±0.13 0.35±0.16 1.05±0.28 1.04±0.29 1.71±0.31 3.00±0.41 1.92±0.27

CPu 5.29±0.04 4.71±0.42 4.69±0.37 1.89±0.30 2.28±0.45 2.29±0.33 5.33±0.40 6.43±0.54 5.31±0.14

Tu 2.04±0.27 1.99±0.20 2.09±0.28 0.68±0.28 1.02±0.13 1.07±0.15 1.76±0.11 2.20±0.08 1.76±0.11

CA1 8.50±0.30 10.39±0.92} 8.93±0.83 5.67±0.13 8.05±0.25**,}} 7.34±0.06**,###,} 7.25±0.46 7.59±0.94 7.09±0.51

CA2-3 3.42±0.08 3.28±0.24 3.22±0.46 2.41±0.26 3.06±0.13 2.40±0.07 2.76±0.21 3.03±0.36 2.58±0.16

DGmol 6.51±0.25 7.97±0.74 6.67±0.58 2.17±0.20 2.54±0.08 2.22±0.21 8.25±0.06 9.06±1.27 8.66±0.36

DGgr+po 3.87±0.14 4.32±0.51 4.21±0.35 2.08±0.24 2.45±0.03 2.12±0.30 4.14±0.09 4.66±0.68 3.86±0.11

All values shown represent specific radioligand binding in nCi/mg of protein.
Data are means±SEM measured in three rats per experimental group and 1–5 sections for each brain area per animal.
The asterisk ‘*’ corresponds to statistically significant changes in radioligand binding between control and acutely or chronically DMI-treated animals for each radioligand
and brain area using one-way ANOVA followed by the Dunnett’s multiple comparison post-test.
The sharp ‘#’ indicates statistically significant linear trend of radioligand binding to increase (or decrease) as exposure to DMI increases for each radioligand and brain
area, using one-way ANOVA followed by the post-test for linear trend.
The paragraph symbol ‘}’ represents statistically significant changes of the radioligand binding attributable to acute or chronic citalopram treatment within each brain
area, using two-way ANOVA for randomized-block data followed by the Bonferroni post-test.
The number of symbol repetition represents: 1, po0.05; 2, po0.01; 3, po0.001.
For the abbreviations of brain areas see Figure 2.

CA1

0.0

2.5

5.0

7.5

10.0

12.5

15.0 Control
Acute DMI
Chronic DMI§

§§
§

S
pe

ci
fic

 B
in

di
ng

 (
nC

i/m
g)

[125I]LTT SRIF-28 [125I]LTT SRIF-28
+ 3nM MK678

[125I]Tyr3

Octreotide

Figure 4 Effect of acute and chronic desmethylimipramine (DMI)
administration on [125I]LTT SRIF-28, [125I]LTT SRIF-28 +MK678, and
[125I]Tyr3 octreotide binding in CA1 hippocampal field. Data are mean-
s±SEM measured in three rats per experimental group and one to five
sections for each brain area per animal. }po0.05, }}po0.01: statistically
significantly different from control groups using a two-way analysis of
variance (ANOVA) for randomized-block data followed by the Bonferroni
post-test was performed to locate the source of variation (radioligand and/
or treatment).
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manner in the NAc when administered chronically (i.p.).
This increase in SRIF levels may have ramifications on the
pharmacological actions of the antidepressants, as the levels
of SRIF were reported to be attenuated in the CSF of
depressed patients (Gerner and Yamada, 1982; Bissette et al,
1986). Although there is no direct evidence that SRIF or its
agonists are efficacious as antidepressants (there are no
clinically used brain penetrating SRIF receptor agonists),
SRIF may act indirectly to influence other neurotransmitter
systems known to be instrumental in the pathophysiology
and therapeutics of depression, such as the norepinephrine
(NE), dopamine, or serotonin systems. In the study by Pallis
et al (2006), the data showed a statistically significant
difference in SRIF levels in the two antidepressant treatment
groups suggesting a larger serotonin influence on the SRIF
system.
To pursue the former finding, the present study focused

on whether acute and chronic citalopram and DMI
treatments influence SRIF tissue levels and SRIF receptors
in different brain regions. Control tissue levels in the four
brain areas studied varied in the measurements made
during the citalopram and the DMI studies. Comparable
variability has been reported in the literature (Kakigi et al,
1992; Kakigi and Maeda, 1992; Bissette, 2001). Although the
experimental conditions of the present studies were similar,
the experiments for each antidepressant were performed at
different times. We have repeated the control experiments
for each antidepressant under the exact same conditions.
Differences were still observed in the PFCx and the CPu, but

not the NAc and the hippocampus (data not shown). These
findings support that one cannot generalize that the
differences in SRIF levels are due to the injection scheme
or other parameters. Therefore, for every experiment,
parallel controls need to be performed, as the baseline
may shift.
In the NAc and the PFCx, the SRIF tissue levels were

found to be increased in a statistically significant manner in
rats treated acutely and chronically with citalopram. In the
CPu and the hippocampus an increase was observed only in
the acute and chronically treated groups, respectively. These
areas of study were chosen for their known involvement in
affective disorders, actions of antidepressant treatment and
previous data from our group. The present data are not in
agreement with the results by Kakigi et al (1992) where
chronic SSRI (clomipramine) treatment resulted in a
reduction in SRIF levels in cortex, hippocampus, and the
striatum, whereas zimelidine reduced SRIF levels in the
hypothalamus and the thalamus. Also, in the Kakigi et al
(1992) study, no effect was observed after acute adminis-
tration of the antidepressants. In contrast, a reduction of
SRIF levels was observed in the NAc and the striatum 4 h
after the administration of a single dose of citalopram (same
dose as in the present study), whereas chronic citalopram
administration resulted in a decrease of SRIF and its mRNA
only in the striatum (Prosperini et al, 1997).
Although there are discrepancies between the cited

studies, as to the brain regions where SRIF levels are
influenced by acute or chronic SSRI treatment, they do

Table 3 Effect of the Injection Protocol on [125I]LTT SRIF-28, [125I]LTT SRIF-28+MK678, and [125I]Tyr3 octreotide Binding in Rat Brain

[125I]LTT SRIF-28 [125I]LTT SRIF-28+3nM MK678 [125I]Tyr3 octreotide

Treatment 2ml/kg, i.p. saline 2ml/kg, i.p. saline 2ml/kg, i.p. saline 2ml/kg, i.p. saline 2ml/kg, i.p. saline 2ml/kg, i.p. saline

Brain area Once daily Twice daily Once daily Twice daily Once daily Twice daily

FrCxs 0.103±0.003 0.109±0.005 0.063±0.004 0.063±0.000 0.104±0.005 0.105±0.002

FrCxd 0.232±0.008 0.240±0.006 0.106±0.007 0.101±0.002 0.340±0.017 0.334±0.008

AIs 0.110±0.005 0.111±0.005 0.068±0.001 0.067±0.003 0.100±0.006 0.105±0.003

AId 0.252±0.014 0.265±0.010 0.116±0.005 0.120±0.006 0.361±0.007 0.347±0.004

CGs 0.090±0.003 0.094±0.006 0.056±0.002 0.056±0.002 0.100±0.002 0.102±0.002

CGd 0.233±0.013 0.221±0.011 0.091±0.002 0.095±0.006 0.354±0.010 0.351±0.002

NAcC 0.046±0.001 0.055±0.004 0.015±0.002 0.015±0.002 0.090±0.006 0.097±0.005

NAcSh 0.022±0.003 0.023±0.000 0.011±0.003 0.008±0.001 0.035±0.003 0.045±0.002

CPu 0.049±0.004 0.055±0.005 0.022±0.001 0.023±0.003 0.074±0.003 0.087±0.005

Tu 0.022±0.003 0.025±0.003 0.015±0.001 0.016±0.002 0.029±0.002 0.034±0.003

CA1 0.193±0.009 0.192±0.008 0.146±0.005 0.143±0.013 0.177±0.006 0.176±0.003

CA2-3 0.052±0.002 0.060±0.004 0.039±0.002 0.038±0.004 0.033±0.001 0.033±0.006

DGmol 0.111±0.004 0.118±0.010 0.028±0.003 0.030±0.003 0.169±0.006 0.174±0.010

DGgr+po 0.064±0.002 0.069±0.007 0.025±0.005 0.023±0.003 0.074±0.003 0.077±0.008

Control animals received saline (2ml/kg, i.p.) for 21 days, once or twice daily according to the citalopram and DMI injection protocol, respectively.
All values shown represent specific radioligand binding calculated as OD assessed in total binding minus OD assessed in the presence of 1mM SRIF-28 (nonspecific
binding).
Data are means±SEM measured in four rats per group and 1–3 sections for each brain area per animal.
For each one of the radioligands a two-way ANOVA, followed by the Bonferroni post-test, was performed to locate the source of variation (brain area and/or
injection protocol). For all three radioligands, the source of variation were the different brain areas studied (po0.001) while the injection protocol used had no effect
on the results (P40.05).
For the abbreviations of brain areas see Figure 2.

Antidepressant treatment and somatostatin
E Pallis et al

959

Neuropsychopharmacology



agree on a negative regulation of the levels or synthesis of
SRIF. The present study is most similar to the Prosperini
study, in which both employed the same SSRI, citalopram,
but differs in the dosage protocol (Prosperini study: 10mg/
kg twice daily for 14 days, present study: 20mg/kg once
daily for 21 days). Another study, examining the effects of
the SSRI sertraline (10mg/kg, 5 weeks) on regional
neuropeptide concentrations in sham and olfactory bulbec-
tomized rats, noted either no changes in SRIF levels
between the sham-sertraline and the sham-vehicle groups
in most regions studied or a decrease (anterior caudate and
piriform cortex) or an increase (Tu) in SRIF levels (Bissette,
2001). Earlier studies have shown serotonin to decrease
SRIF release in rat hypothalamus both in vivo and in vitro
(Chihara et al, 1979; Richardson et al, 1981).
SSRIs increase serotonin levels and influence the plethora

of serotonin receptors in different brain regions. This
influence may result in the desensitization of receptors such
as 5HT1A or 5HT1B/1D and others and lead to the decrease of
their densities (Charney et al, 1981; Stahl, 1998). Therefore,
the effect of serotonin receptor activation on SRIF levels
depends on the type and localization (autoreceptors, pre-
and post-synaptic) of serotonin receptors present in the
different brain regions and how these receptors are affected
by the acute or chronic treatment with antidepressants (for
review see Stahl, 1998).
The present findings in conjunction with the cited

literature reveal that there are major discrepancies regard-
ing the role of SSRIs on SRIF levels in brain. One can
attempt to justify these discrepancies by examining the
different parameters that could influence the measurements
of the SRIF levels in the different cited studies, namely the
antibodies, tissue levels vs CSF levels of in vivo studies, etc.
Two studies in our own laboratory using the same antibody
for the quantification of SRIF levels suggest that such
comparisons may not afford the answers needed to solve the
divergence of the cited data. Chronic citalopram treatment
increased the release of SRIF as measured in CSF samples in
the NAc (microdialysis study), whereas in the same region
and using the same treatment SRIF tissue levels were also
increased, suggestive of a decrease in SRIF release (Pallis
et al, 2006 vs present study).
No changes were observed in SRIF tissue levels in the

DMI-treated animals. These data are in partial agreement
with earlier findings that showed acute DMI treatment not
to affect SRIF-LI levels in the hippocampus (Lopez-Sanudo
and Arilla, 1992). Also, repeated administration of the
tricyclic imipramine had no effect on SRIF levels in the
striatum, the hippocampus, the cerebral cortex, and other
areas studied (Kakigi et al, 1992). In the in vivo
microdialysis study by Pallis et al (2006), an increase in
SRIF release was observed in the NAc of both DMI and
citalopram chronically treated animals, even though the
changes were approximately half in the DMI group. The
lack of effect of the DMI treatment in SRIF tissue levels may
suggest that under these conditions SRIF is found mostly in
the extracellular space.
SRIF receptors have been localized in the above-

mentioned brain regions (Fehlmann et al, 2000; Schulz
et al, 2000). With the cloning of the SRIF receptors (Hoyer
et al, 1995), tools have become available to study the
presence of each receptor subtype. mRNA studies depicted

the presence of the sst1 receptor in the outer and
intermediate layers of the cerebral cortex. The hippocampal
formation contains sst1/4 subtypes, with the CA1 expressing
predominantly the sst4 subtype (Thoss et al, 1995; Videau
et al, 2003). sst2A receptor immunoreactivity was most
prominent in the Tu, layers II–III of the cerebral cortex,
NAc, pyramidal cells of CA1–2 subfields of the hippocam-
pus, central and cortical amygdaloid nuclei (Dournaud et al,
1998; Schindler et al, 1998; Schulz et al, 2000).
In the present study, radioligand binding with subsequent

autoradiography was employed to acquire a greater
sensitivity of detection and specific anatomical information.
We examined whether specific SRIF receptor subtypes may
be involved in the different regions, something that would
have been masked when measuring [125I]Tyr11 SRIF binding
in membrane preparations. This was indeed the case, as
differences in binding were observed in the autoradiogra-
phy studies in different layers of cortex and the hippo-
campus as a result of the antidepressant treatment.
[125I]LTT SRIF-28 binding, which labels all SRIF recep-

tors, depicted a statistically significant decrease in binding
in the deep layers of the frontal association cortex and
secondary motor cortex (FrCxd), the superficial (AIs) and
deep (AId) layers of the AI cortex. This decrease in binding
is due to the sst2 subtype, as substantiated by the [125I]Tyr3

octreotide binding studies.
The evidence presented suggests that citalopram admin-

istration has a wide and differential influence on SRIF
receptors in different brain areas. The analysis of the
autoradiography data strongly supports a downregulation
of the receptors (sst2) found in the cortical areas and an
upregulation of the sst1/4 receptors in the hippocampus
after chronic citalopram administration. SRIF tissue levels
were increased in the PFCx of acute and chronic citalopram-
treated rats, but receptor changes were observed only in the
chronically treated group. Receptor changes were not
observed in other areas, such as the NAc where SRIF levels
were also elevated after acute or chronic administration or
in the CPu after acute citalopram administration. Therefore,
there is a lack of concordance between SRIF levels and sst
regulation in these brain areas. One can conjecture that
synaptic processes such as SRIF release or metabolism may
differentially influence receptor regulation, but there are no
data to substantiate this hypothesis.
It would be a simplification to suggest that the decrease in

sst2 binding in the different cortical areas shown is due to
the changes in SRIF levels observed in the membrane
preparation of the PFCx. Subsequent SRIF measurements in
each cortical layer examined in the autoradiography studies
were not attempted fearing low protein concentrations and
inability to obtain results. In cortex and hippocampus, the
sst2A receptor has been shown to internalize in response to
SRIF release (Dournaud et al, 1998) and to be involved in
the neuronal endocytosis of SRIF (Stroh et al, 2000). The
present data clearly suggest such an internalization of the
sst2 receptors in the cortical layers as a result of the
increases in SRIF levels.
In the hippocampus (CA1 and dentate gyrus (molecular)),

the [125I]LTT SRIF-28 binding was increased in the chronic
citalopram-treated animals. SRIF levels were only increased
in the hippocampus of the chronic citalopram group.
These changes were not due to sst2 involvement, as
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[125I]Tyr3 octreotide binding was not affected. In contrast,
the changes in the CA1 region were due to the sst1/4
receptors. The sst1 and sst4 subtypes are found in the
hippocampus but unlike the sst2 subtype were shown to
have poor internalization yields (Nouel et al, 1997;
Kreienkamp et al, 1998; Stroh et al, 2000). In a recent
publication new evidence is provided showing that sst1
mediates agonist-induced endocytosis, recycling and reen-
docytosis of its cognate ligand (Roosterman et al, 2007). The
present findings clearly support an upregulation of the sst1/4
receptors in the hippocampus after chronic administration
of citalopram.
DMI also influenced the SRIF systems yet in a more

restricted manner. An increase in [125I]LTT SRIF-28
binding in the CA1 region in the acute treated, and an
upregulation of sst1/4 ([

125I]LTT SRIF-28 +MK678 binding)
in the CA1 region of both acute and chronic DMI groups
were observed. A trend for a decrease in [125I]LTT SRIF-28
binding in the AIs and AId of the cortex as exposure to DMI
increases was observed. However, a similar trend was not
observed in the [125I]LTT SRIF-28 +MK678 or [125I]Tyr3

octreotide binding. This finding cannot be attributed to the
sst1/4 or sst2 subtypes and thus is not easily explained. It
may be due to either sst1 or sst4 alone, something that we
cannot examine due to lack of specific radioligands. In the
NAc, no change was observed in the density of any receptor,
suggesting that the marginal increase in [125I]Tyr11 SRIF
binding in membrane preparations as presented by our
earlier work (Gheorvassaki et al, 1992) was indeed not
significant.
The mechanisms involved in the regulation of the

receptors under acute or chronic antidepressant treatment
cannot be explained by the direct comparisons of receptor
concentrations and SRIF levels in different brain regions.
What can be said with certainty is that the present findings
suggest that acute and chronic citalopram and DMI
treatments regulate SRIF receptors, implicate the already
known targets of the pharmacological actions of SSRIs and
tricyclics, namely areas of the cortex, and hippocampal
formation, and propose a role for SRIF receptors in their
pharmacological actions.
Citalopram, as a member of the SSRI family, influences

serotonin neurotransmission not only by blocking its
reuptake but by also influencing the function of specific
serotonin receptors (Barnes and Sharp, 1999). Acute
citalopram treatment increased both agonist and antagonist
binding to 5-HT2C receptors, but only chronic citalopram
treatment increased PI hydrolysis (Palvimaki et al, 2005),
suggesting a role of the 5-HT2C receptor in the antidepres-
sant action of this drug. To our knowledge, citalopram has
not been reported to have any affinity or direct influence
on SRIF receptors. Other serotonin receptors, such as the
5-HT2A, are influenced and downregulated by chronic
antidepressant treatment. A role for the 5-HT1A receptor
is also discussed, as drugs like buspirone and gepirone have
antidepressant effects and augmentation strategies are using
combinations of SSRIs and 5-HT1A antagonists, such as
pindolol (Artigas et al, 2006).
A large body of experimental findings attempts to resolve

the yet unanswered questions regarding SSRIs, the cellular
and molecular mechanisms involved in their onset of
action, and the neuronal circuits in brain involved in

depression and its therapeutics. Answers to some of these
questions will be instrumental in resolving issues such as
why increases in SRIF levels downregulate SRIF receptors in
cortical areas, upregulate SRIF receptors in the hippocam-
pus, and have no effect in areas such as the CPu and the
NAc.
In the hippocampus, an area associated with cognitive

abnormalities, it has been suggested that SRIF receptors
may be localized presynaptically on the serotoninergic
nerve terminals (Munoz-Acedo et al, 1992). More recently,
SRIF has been found to be colocalized with 5-HT2A

receptors in the CA1 and dentate gyrus of the hippocampus
(Luttgen et al, 2004).
DMI, is a member of the tricyclic family and influences

NE neurotransmission by blocking its reuptake. The NE
transporter has been found in different regions of the brain
where it has been reported to be involved not only in NE
clearance, but also in that of dopamine (Carboni et al, 2001)
and serotonin (Daws et al, 1998). There are reports
suggesting NE–SRIF interactions. SRIF receptors are pre-
sent in the locus coeruleus either in the vicinity of NE-
containing cell bodies or on NE-containing cells, suggesting
that SRIF can influence locus coeruleus physiology
(Epelbaum et al, 1990). Also, in the hippocampus SRIF
receptors may be localized presynaptically on noradrenergic
nerve terminals (Lopez-Sanudo and Arilla, 1992). These
studies, however, do not provide explanations on how
increased levels of NE, and possibly serotonin, in the
hippocampus may influence the release of SRIF and the
subsequent regulation of its receptors.
Although different peptidergic neurotransmitter systems

(substance P, neuropeptide Y, galanin, and CRH) have been
proposed as new antidepressant drug discovery targets
(Berton and Nestler, 2006), less attention has been given to
SRIF. The novelty of the present work is that it provides new
information on the changes bestowed on specific SRIF
receptor subtypes in different brain regions differentially
affected by two antidepressants, the SSRI citalopram and
the tricyclic DMI. Although direct conclusions as to the role
of SRIF in depression cannot be drawn, the results provide
new findings and support further studies using existing
animal models of depression to assess the putative
antidepressant actions of SRIF.
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