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Abstract:

Neuropeptides have been implicated in the physiology and pathophysiology of stress responses and therefore may play an important
role in the pathogenesis of affective disorders such as Major Depression Disorder (MDD). The data presented in this mini-review
demonstrate the role of prolactin (PRL) and somatostatin (STT) in the pathology and pharmacotherapy of MDD, focusing particu-
larly on the response to antidepressant treatment, and compare the available data with the results obtained in our laboratory using the
well-validated chronic mild stress (CMS) animal model of MDD.

Despite the availability of many pharmacological therapies for depression, ca. 35% patients remain treatment resistant. This clinical
situation is also true for rats subjected to CMS; some animals do not respond to antidepressant therapy and are considered treatment
resistant. The most interesting results presented in this mini-review concern the changes in PRL and SST receptors in the brains of
rats subjected to the full CMS procedure and IMI treatment and demonstrate the role of these receptors in the mechanisms of antide-
pressant action.

The possible interaction between SST and PRL, the involvement of the D, dopamine receptor, and their direct protein-protein inter-
actions are also discussed, with the conclusion that these two neurohormones play an important role in the mechanism of resilience
after stress as well as in the mechanism of action of antidepressant drugs.
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Abbreviations: ['*°I] PRL — ['**I] prolactin, ADs — antidepres-
sant drugs, BDNF — brain-derived neurotrophic factor,
BIM-23A760 — chimeric somatostatin-dopamine compound,
CMS - chronic mild stress, CNS — central nervous system,
CSF — cerebrospinal fluid, DA — dopamine, D,R — dopamine
receptor subtype 2, GABA — y-aminobutyric acid, GH —
growth hormone, HPA — hypothalamus-pituitary-adrenal, IMI
— imipramine, MAO-I — monoamine oxidase inhibitors, MDD
— major depression disorder, mRNA — messenger ribonucleic
acid, NPY — neuropeptide Y, PRF — prolactin response to
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fenfluramine, PRL — prolactin, PRLR — prolactin receptor,
PRLRone — long form of prolactin receptor, SSRI — selective
serotonin reuptake inhibitors, stress NR — stress non-reactive
animals, SST — somatostatin, SST-14 — somatostatin 14 form,
SST-28 — somatostatin 28 form, sst;R — somatostatin receptor
type 1, sst;R — somatostatin receptor type 2, sst,R — somatosta-
tin receptor type 4, sstsR — somatostatin receptor type S,
stress-R — animals reactive to stress, TIDA — tuberoinfundibu-
lar dopamine pathway, TRP — L-tryptophan, YLD — years lived
with disability



Prolactin and somatostatin in depression treatment
Agata Faron-Gérecka et al.

Introduction

Depression is one of the most frequently occurring
psychiatric diseases and a major cause of retraction
from social life, measured as Years Lived with Dis-
ability (YLD), as well as premature death. The World
Health Organization presents data indicating that de-
pression is currently counted as the fourth most im-
portant world health problem. In both currently avail-
able diagnostic systems, depression is classified
among the affective disorders. The actual causes of
depression are not currently known. Major depression
belongs to a complex group of disorders that manifest
diverse clinical symptoms present to varying extents.
The following symptoms are characteristic of the dis-
order: low mood, anhedonia, alterations in body
weight not connected with diet, insomnia or hyper-
somnia, excitement or low motor activity, fatigue,
feelings of guilt or/and worthlessness, lower intellec-
tual abilities, lack of concentration as well as an in-
ability to make decisions, and recurrent suicidal
thoughts. Notably, major depression episodes occur
twice as frequently in women (20-25%) as in men
(7-12%) [17]. Women suffering from major depres-
sion are more frequently hospitalized, and their disor-
der is more likely to be chronic. Until now, there has
not been a satisfactory explanation of this phenome-
non, although depression more frequently occurs in
women in the reproductive phase of life. Sex hor-
mones may partly account for the higher risk of
women developing depression, and transitions in the
sex hormone levels in females (e.g., menarche, post-
partum period, and menopause) are associated with
increased vulnerability to depression [5].

The main environmental factor inducing depres-
sion is stress, which — at the neurochemical level —
manifests as hyperactivity of the hypothalamus-
pituitary-adrenal (HPA) axis. More than half of pa-
tients suffering from depression show hyperactivity of
the HPA axis, which is resistant to feedback regula-
tion (lack of dexamethasone inhibition). Despite the
availability of many pharmacological and non-
pharmacological therapies, ca. 35% patients remain
treatment resistant [24]. In addition, effective therapy
leads to the normalization of HPA hyperactivity; anti-
depressant drugs (ADs) have been shown to inhibit
HPA activity in human and animal studies [2] (Tab. 1).
Episodes of depression most frequently occur with
various stressogenic factors.

Prolactin

A frequent side effect of antidepressant therapy is hy-
perprolactinemia, but little data concerning these ef-
fects are available [4]. Hyperprolactinemia, usually
defined as fasting levels of prolactin (PRL) at least 2 h
after waking, is considered to be prolactin levels
greater than 20 ng/ml in men and 25 ng/ml in women
and is one of the most common endocrine dysfunc-
tions of the HPA axis. Above all, drug-induced hyper-
prolactinemia after antipsychotic treatment is well
documented, but the occurrence of this phenomenon
after antidepressant treatment is less well known, al-
though it has occasionally been reported with several
classes of drugs. ADs with serotoninergic activity, in-
cluding selective serotonin reuptake inhibitors
(SSRI), can cause hyperprolactinemia through the en-
hancement of serotonin activity by inhibiting neu-
ronal serotonin reuptake. Monoamine oxidase inhibi-
tors (MAO-I) and some tricyclics also can raise pro-
lactin levels by reducing catecholamines in the
hypothalamus (Tab. 1). Moreover, some of the clini-
cal manifestations of hyperprolactinemia are anxiety
and depression. The relationship between the re-
sponse to ADs and PRL levels has been studied by
Malone et al. [19]. In all examined groups, i.e., pa-
tients with major depression after electroconvulsive
therapy, pharmacotherapy and psychotherapy, a high
indicator PRF (prolactin response to fenfluramine)
predicted a good response to AD treatment. These
data suggest that the PRF may predict the response to
different forms of treatment. Similarly, it has been
shown that baseline cortisol, prolactin and L-trypto-
phan (TRP) availability may affect PRF and also in-
fluence the response to AD treatment [22]. Moreover,
Depue et al. [6] reported a decrease in PRL levels in
seasonal affective disorder. It is possible that low PRL
levels may represent increased dopaminergic turn-

Tab. 1. Summary of antidepressant drugs that induce hyperprolacti-
nemia based on case reports of increases in prolactin levels after an-
tidepressant drug therapy

Antidepressants inducing hyperprolactinemia

Tricyclics ~ Amitryptyline, imipramine, desipramine,
clomipramine, amoxapine

SSRI Sertraline, fluoxetine, fluvoxamine, paroxetine,
venlafaxine, citalopram, escitalopram

MAO-I Pargyline, clorgyline
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Fig. 1. Representative autoradiograms of [125I]SST-28 binding in rats after the CMS procedure (b, e, h). Non-specific binding was determined
using 1 UM SST14 (¢, f, j). The brain regions used for quantitative analysis were chosen based on the brain atlas [Paxinos and Watson: The Rat
Brain in Stereotaxic Coordinates, Academic Press, London; 1998] (a, d, g)

over, which sensitizes patients to low TRP levels and
makes it less likely that they will respond to treat-
ment. However, Cleare et al. [3] showed that prolactin
responses in the fenfluramine test were increased by
AD treatment, but this effect was independent of
whether depressed patients responded to treatment.
On the other hand, response to AD treatment was as-
sociated with an increase in PRL response, while lack
of response was not [18]. The mechanism of the po-
tential link between antidepressant treatment and hy-
perprolactinemia remains to be fully elucidated.

PRL homeostasis is the result of a complex balance
between positive and negative stimuli deriving from
both the external and endogenous environments. PRL
has a wide range of effects on the central nervous sys-
tem (CNS), including maternal, sexual and feeding be-
havior, the sleep/wake cycle, the immune system, the
metabolism of neurotransmitters and neuropeptides,
and stress responses [1]. All of these functions of PRL
are mediated by PRL receptors (PRLR). PRLR expres-
sion has been detected in various brain regions, with
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the highest level in the choroid plexus [27]. Peripheral
and central administration of PRL have been shown to
increase prolactin receptor expression in the choroid
plexus [12]. The role of PRLR in the choroid plexus is
to transport PRL molecules from the blood to the cere-
brospinal fluid (CSF) during exposure to stress [30].
Prolactin is released into the blood from pituitary lacto-
troph cells in response to different stressors. Chronic
restraint stress enhances the expression of the long
form of the prolactin receptor (PRLR ) in the chor-
oid plexus [13]. Recently, it has been shown that PRL
protects neurogenesis in the dentate gyrus of the hippo-
campus in chronic restraint stress [28].

All of these reports suggest the involvement of
PRL in stress response. Although changes in the PRL
level after acute or chronic (2 weeks) predictable
stress (restraint or foot shock models) are well de-
scribed in the literature, there is no information about
changes in the level of PRL following chronic unpre-
dictable mild stress (CMS), which is a good animal
model of depression.
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CMS is currently considered one of the best animal
models of depression, with high scores regarding both
predictive and face validity. The CMS model was in-
troduced by Willner and colleagues [32] based on ear-
lier studies of the effects of ADs and stress on rat be-
havior. In this model, rats are subjected to mild stres-
sors for a few weeks; each stimulus is mild, but
because they are imposed on the animals every day,
they cause various perturbations similar to the symp-
toms typically observed in the clinic, such as the inhi-
bition of exploratory and sexual activity, the inhibi-
tion of dominant behavior, disturbances in the cir-
cadian rhythm and sleep cycle and weight gain. There
are also disturbances in the functionality of the immu-
nological and endocrine systems. The most frequently
studied effect of CMS is the lower sensitivity of the
stressed animals to rewarding stimuli, and this feature
is regarded as a good animal model of anhedonia, one
of the main symptoms of depression in humans. An-
hedonia in animals has been studied with the use of
various experimental paradigms, such as place prefer-
ence or self-stimulation, but the most useful approach
is to observe and measure the amount of 1% sucrose
solution consumed by the animals, which is signifi-
cantly decreased in animals subjected to CMS. Re-
peated administration of ADs to these animals re-
stores the normal consumption of sucrose. All classes
of ADs have been shown to be effective in this model,
including tricyclic ADs, selective serotonin reuptake
inhibitors, monoaminooxidase inhibitors and atypical
ADs. Similarly, non-pharmacological treatments also
have been shown to be effective in this model, includ-
ing deprivation of the REM phase of sleep or electro-
convulsive shock. These results speak in favor of the
high predictive validity of the model [31]. The effects
of antidepressant treatment in the CMS model occur
progressively and are significant after 3—4 weeks of
drug administration, which is consistent with the
clinical situation. Moreover, similar to the clinic,
some of the animals subjected to CMS are resistant to
both stress and antidepressants. Therefore, we de-
cided to use the CMS paradigm, which allows corre-
lations among the behavioral response to stress, anti-
depressant treatment and PRL levels to be studied.
From the obtained results, it can be concluded that 2
weeks of the CMS procedure is sufficient to select the
animals that are reactive to stress (stress-R), i.e., dis-
playing anhedonia, and the animals that are stress-non
reactive (stress-NR) as far as behavioral measures are

concerned. However, this stress-NR group differs
from the stress-R one in reactivity at the biochemical
level; in this group, an elevated level of PRL in
plasma, a decrease in dopamine (DA) release in the
tuberoinfundibular circuit, an increase in ['*’IJPRL
binding to PRL receptors in the choroid plexus, an in-
crease in the mRNA encoding long form of PRL re-
ceptors in the arcuate nucleus, a decrease in the
mRNA encoding its short form, and a decrease in the
mRNA encoding the dopamine D, receptor (D,R)
were observed. All of these alterations indicate that
this group of animals are perhaps resilient to stress —
not “resistant” — and the indicated parameters are cer-
tainly involved in the phenomenon of stress resil-
ience.

The continuation of the CMS procedure for an ad-
ditional 5 weeks shows — through the lack of any sta-
tistically significant changes in the measured bio-
chemical parameters — habituation to the stressful
conditions. However, the most interesting result was
the upregulation of PRL receptors in the choroid
plexus of rats subjected to the full CMS procedure
combined with treatment with IMI, which may sup-
port the role of this receptor in the mechanisms of an-
tidepressant action.

Physiological control of PRL secretion is primarily
exerted by the inhibiting action of DA. DA, secreted in
the hypothalamic periventricular zone (periventricular
nucleus and arcuate nucleus) and released from neu-
ronal projections in the median eminence, reaches the
anterior pituitary gland through portal vessels (TIDA —
tuberoinfundibular dopamine pathway). The DA-med-
iated inhibition of PRL secretion occurs via the binding
of D, receptors on the membrane of lactotroph cells
and involves several signal transduction systems, re-
sulting in the inhibition of PRL gene transcription and
the reduction of PRL synthesis and release [1]. In addi-
tion to the inhibitory action of DA, there are other
PRL-inhibiting factors in the CNS, including y-am-
inobutyric acid (GABA), acetylcholine, norepinephrine
and somatostatin (SST) [16].

Somatostatin

In major depression, in addition to the levels of classi-
cal neurotransmitters, neuropeptide levels are also al-
tered in certain brain regions. One of these neuropep-
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tides is SST, which acts as both a hormone and a neu-
rotransmitter. It has two active forms (SST-14 and
SST-28) that are derived from the same precursor [9].
The SST inhibiting factor was initially discovered as
a neurohormone that inhibits growth hormone (GH)
secretion from anterior pituitary somatotroph cells.
This function is performed in hypophysiotropic neu-
rons located in the anterior periventricular hypotha-
lamic nucleus, which projects to the median eminence
and releases the peptide in the capillaries of the hypo-
thalamo-hypophyseal portal vessels, thus directly
connecting the brain to the anterior pituitary. SST is
also a potent inhibitor of many hormonal secretions,
including PRL. SST receptors (sst;R-sstsR) are G-
protein coupled receptors responsible for the inhibi-
tion of adenylate cyclase, activation of potassium
channels and stimulation of tyrosine phosphatase.
SST is widely distributed within the CNS, as pre-
sented in Figure 1.

There is evidence that SST may be involved in
emotional processes such as anxiety and depression.
Intracerebral administration of SST to animals in-
duces anxiolytic and antidepressant-like effects in be-
havioral tests [9]. Moreover, the effects of sst,R
and/or sst3R receptor agonists in the elevated plus-
maze and forced swim tests were equivalent to the ef-
fects of anxiolytic and antidepressant drugs, which in-
dicates the potential role of these receptor subtypes in
the action of antidepressants. The antidepressant ef-
fect may result from positive SST effects on serotonin
release, while the anxiolytic-like effects of SST seem
to result from the general inhibitory effects of this
neuropeptide [20]. Although results obtained by Tripp
et al. suggest an impaired excitation/inhibition bal-
ance in Major Depression Disorder (MDD) poten-
tially mediated by decreased GABA content, recently
obtained results indicate downregulation of the SST
levels in the anterior cingulate cortex, dorsolateral
prefrontal cortex and amygdala [15, 25, 29] of MDD
patients. SST is coexpressed and coreleased with
GABA in the interneurons in various regions of the
human brain, including the anterior cingulated cortex.
Thus, lower levels of SST (downregulated by ~ 30%
at the mRNA level and ~ 20% at the SST precursor
level) may provide a starting point to further charac-
terize the effects of its changes on MDD [29]. It has
also been reported that the level of SST is decreased
in the cerebrospinal fluid (CSF) of depressed patients
[11]. Chronic administration of ADs influences the
SST levels and its receptors in the rat brain [21]. Re-
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cently, it has been shown that imipramine upregulates
SST release in the mouse hypothalamus [20].

Moreover, SST expression has also been shown to
be positively regulated by brain-derived neurotrophic
factor (BDNF). Recent studies using transgenic mice
models suggest a complex mechanism of low consti-
tutive and activity-dependent BDNF function, par-
ticularly affecting SST/NPY-expressing GABA neu-
rons in the amygdala [15]. SST was also investigated
in the context of its influence on sleep quality as a po-
tential therapeutic approach to sleep disturbances in
MDD, although the results were inconsistent.

Despite these reports, very interesting results have
been reported recently, indicating that populations of
interneurons in the adult rat hypothalamus switch be-
tween DA and SST expression in response to expo-
sure to short- and long-day photoperiods [7]. The
shifts in SST/DA expression are regulated at the tran-
scriptional level, are matched by parallel changes in
postynaptic D,R/sst;R/sstyR  expression, and have
profound effects on behavior. Increased DA signaling
during short days results in the decreased release of
CRF from target neurons and consequently leads to
a decrease in CRF and corticosteroids in the plasma
and a decreased number of SST cells. These condi-
tions are associated with a decrease in stress behav-
iors in nocturnal rodents. The converse is observed
with decreased DA signaling during long-day condi-
tions. These data indicate the role of SST and DA in at
least some depressive disorders, e.g., seasonal depres-
sion.

The results obtained in our recent experiments us-
ing the CMS model indicate that the levels of SST re-
ceptors are influenced both by chronic stress and anti-
depressant treatment. Interestingly, in the cingulate
and primary motor cortexes, we observed a statisti-
cally significant decrease in SST binding sites in the
group of animals that are non-responsive to imip-
ramine (IMI) treatment compared to rats that respond
to this drug. Because some studies have indicated that
IMI increases the level of SST in the cingulate cortex,
the reduction of SST receptors in the rats subjected to
CMS that do not respond to IMI may indicate its in-
volvement in the mechanisms of drug resistance of
these animals.

SST receptors are mainly localized in the brain cor-
tex, striatum and limbic system, where they colocalize
with DA receptors, e.g., sstR/sstyR colocalizes with
D,R on CRF neurons in the rat hypothalamus [7] or
D;R and sstsR colocalize in the striatum and pyrami-
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dal neurons in the cerebral cortex [23]. It has also
been shown that SST receptors may form functional
hetero-oligomers with D, receptors [8]. Recently, data
were reported that indicated the role of hetero-
oligomerization of SST receptors with D, receptors in
hyperprolactinemia and pituitary tumors [10]. It has
also been shown that the chimeric SST-DA compound
BIM-23A760 suppressed PRL secretion in DA-
resistant prolactinomas [14]. Direct interaction be-
tween dopaminergic and somatostatinergic receptors
has been recently shown using an in vitro system and
biophysical approach. Additionally, it has been found
that antidepressant drugs promote the heterodimeriza-
tion of D, and ssts receptors [26].

Conclusion

Considering these data, it seems that it would be very
interesting to study the correlation of these “oppos-
ing” neurohormones, SST and PRL, in animals sub-
jected to CMS, particularly responders and non-
responders to stress and the administration of antide-
pressant drugs, as these two neurohormones might
play an important role in the mechanism of stress re-
silience as well as the mechanism of action of antide-
pressant drugs.
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