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ABSTRACT

This review summarizes published results that
are related to the coupling between the dopa-
minergic and the serotonergic systems and their
association to Parkinson’s disease. We focus on
the 6-hydroxydopamine rat model of Parkinson’s
disease to better understand how dopamine
dysfunction affects the serotonergic system,
and furthermore to investigate whether a bidi-
rectional coupling exists and how it affects func-
tionality and behavior. The accumulated evi-
dence supports a proposed mechanism for this
coupling that evolves the lateral habenula.
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1. INTRODUCTION

Parkinson’s Disease (PD) is a neurodegenerative dis-
ease which is primarily known by its movement disor-
ders that are believed to be associated with the degenera-
tion of dopamine (DA) neurons in the substantia nigra
pars compacta (SNc). In addition to motor symptoms, a
large percentage of PD patients suffer from depression
and various cognitive impairments that in many cases
even precede the motor symptoms [1,2]. These symp-
toms are believed to be associated with the serotonergic
(5-HT) system, which raises the issue of the coupling
between these systems.

Several studies in PD human patients have reported
evidence of coupling between the dopaminergic and the
serotonergic systems. For example, lower levels of sero-
tonin and reduced 5-HT1A receptor binding potential in
the raphe nuclei have been found [3,4]. Other studies
have indicated reduced levels of 5-hydroxyindoleacetic
acid (5-HIAA), a breakdown product of 5-HT, in the
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cerebrospinal fluid of PD patients, and an additional re-
duction of 5-HIAA in depressed PD patients [5,6]. Re-
duced dopamine levels [7,8] and increased D2 dopamine
receptor-density in the basal ganglia (BG) and the cere-
bellum [9] were found in depressed patients whereas
serotonergic stimulation in the prefrontal cortex [10] or
the striatum [11] led to dopamine release. Furthermore,
post mortem studies performed on PD human brains
suggest that serotonergic cell loss in the Raphe nuclei in
some cases may occur earlier than DA cell death [12,13].
Anatomical findings confirm the relationship between
these systems. Serotonin-containing cell bodies of the
raphe nuclei send projections to dopaminergic cells both
in the VTA and the SN, and to their terminal fields in the
nucleus accumbens, prefrontal cortex, and striatum [14-
19].

All the above suggest that there is a coupling between
the dopaminergic and the serotonergic systems in the
sense that an alteration in one system affects the func-
tionality of the other. Understanding this coupling and its
physiological mechanisms is essential for the treatment
of the non-motor symptoms of PD in particular.

This review focuses on studies, performed on a rat
model of PD, that demonstrate this coupling. The 6-hy-
droxydopamine rat model of PD will be introduced and
studies related to coupling between the dopaminergic and
the serotonergic systems will be described in order to
better understand the mechanism underlying this cou-

pling

2. MATERIALS AND METHODS

2.1. The 6-OHDA Rat PD Model and lIts
Validity for Motor and Non-Motor
Symptoms in PD

6-OHDA is a neurotoxin whose direct injection into
the brain causes dopamine cell death; thus, it mimics
SNc neuronal loss in PD [20]. Since 6-OHDA does not
efficiently pass the blood-brain barrier, the compound is
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injected directly into the brain. The most widely used
injection is unilateral, since rats with bilateral lesions
require intensive nursing care [21]. The injection may be
targeted at any point along the nigrostriatal path, al-
though the amount of degeneration and the subsequent
behavioral symptoms differ [22].

The 6-OHDA rat model has contributed to basic brain
research on DA neurons and their interactions, as well as
to a better understanding of Parkinson’s disease. It has
also served as an experimental foundation to develop
new drugs and treatment strategies, including modes of
drug delivery and surgical approaches [23,24]. However,
the model has a number of caveats. First, the model is
involved with unilateral and not bilateral dopamine cell
loss. This makes the model differ from human PD since
in most cases both hemispheres are damaged. It could be
however, thought as mimicking some cases of earlier
stages of the disease in which one hemisphere is dam-
aged.

Second, the 6-OHDA model does not include the
Lewy bodies whereas in human, idiopathic PD is char-
acterized by the development of Lewy neurites (LNSs)
and Lewy bodies (LBs). Moreover, they begin to evolve
outside the SNc (for example in the olfactory bulb or the
raphe nuclei) before evolving in the SNc. As such, LNs
and LBs can be found to a mild or moderate extent be-
fore the appearance of motor dysfunctions [25-33]. Thus,
the 6-OHDA is not suitable for clarifying the mecha-
nisms leading to the degeneration of DA neurons.

Third, in the 6-OHDA model, the lesion is made in the
SNc alone (or in other locations along the nigrostriatal
route). By contrast in human PD, there are “extra nigral”
findings, such as the LB described above, which have
prompted hypotheses that PD may not be of dopaminer-
gic source. For example, Hawkes and Braak [34] sug-
gested that PD could be caused by infection in which a
viral neurotropic agent enters the brain via the nasal (an-
terograde transmission to temporal lobe) and/or gastric
(retrograde transmission to medulla via the Meissner’s
plexus and vagal neurones) routes. Thus, the 6-OHDA
model cannot be used to study the mechanism that gen-
erate PD but is more suitable to explore the effects of
dopamine cell death on other neuronal systems and on
behavior.

In light of these limitation, the question that should be
raised is whether the 6-OHDA model is an appropriate
model to characterize mood disorders and specifically
depression in PD.

Although assessment of mood-related behaviors in
animals is complex and can have multiple interpretations
[35,36], several behavioral tests are now standard and are
used to define facets of “depressive-like” behavior. For
example, the forced swimming test and the sucrose pref-
erence test are used to assess an anhedonic-depressive-
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like effect. The novelty suppressed feeding test and the
elevated plus maze are used to assess anxiogenic-like
activity. Several studies have found depressive-like be-
havior in 6-OHDA injected rats on the basis of such tests.
For example, Tadaiesky et al. used rats with 6-OHDA
bilateral injection to the striatum, which causes a gradu-
ally cell loss in the SNc following the injection [37]. This
lesion mimics more closely the slowly evolving nature of
the nigral lesion of PD and creates a window on the early
phases of PD. In this study, decreased sucrose consump-
tion was found in the 6-OHDA lesioned rats, as well as
increased immobility time on the forced swimming test.
Moreover, anxiogenic-like activity in the elevated plus
maze was found [38].

Similar findings were observed by Branchi et al. [39]
who detected increased immobility time on the forced
swimming test and a decrease in anxiety behavior in the
elevated plus maze in rats with bilateral 6-OHDA lesions
to the striatum. Sourani et al. reported increased immo-
bility time on the forced swimming test, as well as in-
creased anxiety behavior on the novelty suppressed
feeding test in rats subjected to a unilateral 6-OHDA
lesion to the SNc [40].

Winter et al. used rats with a unilateral 6-OHDA le-
sion to the VTA and SNc with different extents of lesions.
Using a learned helplessness inescapable shock para-
digm, they showed that lesions of DAergic nigral cells
induced depressive behavior that increased with the ex-
tent of lesion of either the SNc or the VTA [41].

Santiago et al. tested rats with a bilateral 6-OHDA le-
sion to the SNc. In the 6-OHDA group compared to the
sham group, increased immobility time on the forced
swimming test was found, as well as decreased sucrose
consumption [42].

All these results document different behavioral distur-
bances in various 6-OHDA rat models that are in line
with findings in human PD patients; they hence confirm
the relevance of these models to the study of mood dis-
orders in PD.

Of a key interest is the fact that these behavioral
changes take place without any serotonin cell loss. Fur-
thermore, the DA lesion is not preceded by raphe or other
cell death, and no LB or LN are involved. In addition,
the motor symptoms in the 6-OHDA models are clearly
not preceded by behavioral dysfunction. Therefore, it
makes sense to assume that the alterations in the dopa-
minergic system cause alterations in the functionality of
the serotonergic system. This coupling is discussed in the
next section.

2.2. Physiological Evidence for the Coupling
between the Dopaminergic and the
Serotonergic Systems

Several studies have reported enhanced 5-HT neuronal
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firing rates in the raphe nuclei of 6-OHDA injected rats.
Using extra cellular recordings, Wang et al. showed an
increase in the mean firing rate of the dorsal and median
raphe nuclei as well as a decreased neuronal volume, and
a change of the firing pattern toward a more bursty one
in rats with a unilateral 6-OHDA lesion of the SNc.
Moreover, a decreased response of these neurons to 5-HT
1A receptor was shown, reflecting a dysfunction of this
receptor in 6-OHDA lesioned rats [43]. Kaya et al. con-
firmed this by showing an increased firing rate of 5-HT
neurons of the dorsal raphe in rats with 6-OHDA injec-
tion to the lateral ventricle [44].

Temel et al. used extra cellular single unit recordings
to show that bilateral STN high frequency stimulation
inhibits the high activity of the dorsal raphe 5-HT neu-
rons in 6-OHDA injected rats to the lateral ventricle.
These rats also showed a depressive like behavior on the
forced swimming test [45].

Sourani et al. also shown that chronic apomorphine
treatment, a dopamine replacement treatment, of rats with
a unilateral 6-OHDA lesion of the SNc improves behav-
ior as measured with the forced swimming and novelty
suppressed feeding tests [40].

These results demonstrate the existence of active bidi-
rectional coupling between the dopaminergic and the
serotonergic (and specifically the raphe neclei) systems.
Nevertheless it remains unclear how these systems are
coupled and the mechanism behind this coupling. Studies
that attempt to respond to this question are discussed
below.

2.3. Possible Mechanism for the Coupling
between the Dopaminergic and the
Serotonergic Systems

Pelled et al. [46] used MRI with an intracranial man-
ganese (Mn+2) injection, a method known as Manganese
Enhanced MRI (MEMRI) [47-49] to better understand
this coupling. In MEMRI, Mn+2 ions are injected into a
pre-defined brain region. Manganese ions are chemically
and physically similar to calcium ions and are therefore
assumed to enter the neurons through voltage gated cal-
cium channels, and then move in an anterograde manner
along axons and across synapses [47]. As manganese is
paramagnetic, its presence causes a signal enhancement
in T1-weighted images, which is approximately propor-
tional to its concentration [47]. Based on these charac-
teristics of Mn+2, the MEMRI method provides spatio-
temporal information on the efferent connectivity of a
pre-defined site. Pelled et al. found enhanced neuronal
efferent connectivity of the BG output nuclei, particu-
larly the globus palidus internal (GPi) to the lateral ha-
benula (LHb), and enhanced efferent connectivity of the
LHb particularly to the dorsal raphe nuclei (DRN) in
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unilateral 6-OHDA injected rats. Based on these findings,
Pelled et al. suggested that the linkage between the dopa-
minergic and the serotonergic systems takes place through
the habenula.

Pelled et al.’s claim has some anatomical support.
Studies have shown that the medial division of the LHb
receives afferents primarily from limbic brain regions,
whereas its lateral division is mainly innervated by the
BG. Furthermore, LHb efferents primarily target nuclei
containing monoaminergic neurons, thus exerting control
over these systems [50-52]. Furthermore, there are stud-
ies that demonstrate the involvement of the LHb in de-
pression. Sartorius et al. reported deep brain stimulation
to the LHDb in a treatment-resistant depressed patient that
resulted in full remission [53,54]. Other studies have
reported hyperactivity of the LHb in depressed humans
[55,56] and in certain animal models of depression [57,
58].

Based on the above hypothesis and findings, a study
by Sourani et al. [40] hypothesized that enhanced LHb
excitability is a direct consequence of 1) the enhanced
GPi excitability known to occur in PD and 2) the excita-
tory nature of the GPi—LHb projection [59]. Since the
LHb—DRN projection is effectively inhibitory [60], it
suggests a down-regulation of the serotonergic system in
6-OHDA injected rats that might account for depression.
They further hypothesized that due to the central role of
the LHb, functional suppression of its activity would
uncouple the serotonergic from the dopaminergic system
and therefore would help alleviate depressive behavior.
In their study they used a unilateral 6-OHDA rat model
which was also validated as appropriate for the study of
depression using behavioral tests. Using the same MEMRI
method that was described earlier but with a Mn+2 injec-
tion to the raphe nuclei, as well as behavioral tests, they
showed reduced raphe excitability in 6-OHDA injected
rats compared to sham injected rats. Together with the
results of Pelled et al., these findings suggest a sequence
of events starting with dopamine cell loss and continuing
with enhanced LHb efferent connectivity, reduced raphe
excitability and depression-like behavior.

As described earlier, several studies have reported en-
hanced 5-HT neuronal firing rates in the raphe nuclei of
6-OHDA unilaterally-injected rats [43-45] presumably
contradicting Sourani et al.’s results. However, a de-
creased neuronal volume of raphe neurons in 6-OHDA
unilaterally injected rats were reported [43]. Since the
effective connectivity as measured by the MEMRI me-
thod is a complex weight of the number of active neu-
rons and their firing efficiency, it is expected to be re-
duced with decreased neuronal volume as indeed was
observed by Sourani et al.

Furthermore, Sourani et al. showed that apomorphine,
which is a dopaminergic agonist [61,62] and is also

OPEN ACCESS



D. Sourani, G. Goelman / Health 4 (2012) 1218-1224 1221

thought to reduce habenula activity [63], partially nor-
malized raphe connectivity and depressive-like behavior.
These results strengthen the claim for the critical role of
the habenula in modulating raphe excitability and con-
nectivity and therefore behavior.

Finally they reported the unambiguous finding that
depressive behavior can be improved by functional sup-
pression of habenula activity. These results directly
demonstrate the role of the LHb in the coupling between
the dopaminergic and the serotonergic systems, and are
consistent with a report on a human depressed patient
[54].

3. CONCLUSIONS

Based on the postulate that PD is primarily associated
with dopamine cell death in the SNc, the 6-OHDA injec-
tion rat model has been used in many studies to better
understand the disease, particularly in relation to its mo-
tor and non-motor symptoms. Since the lesion in this
model is specifically to DA neurons in the nigrostriatal
route with no direct involvement of other structures and
the model does not generate LB or LN, it can be used to
study the coupling between the dopaminergic system and
other systems. A lesion of DA cells is expected to have a
direct effect on other systems through the coupling which
could develop into a mutual influence affecting bidirec-
tional connectivity. In fact several studies involving the
6-OHDA model have shown a coupling between the
dopaminergic and the serotonergic systems. These in-
clude changes in the firing pattern of the raphe 5-HT
neurons in 6-OHDA lesioned rats [43,44], inhibition in
the activity of raphe 5-HT neurons following STN high
frequency stimulation of 6-OHDA lesioned rats [45].
Furthermore, the behavior of 6-OHDA injected rats was
shown to be depressive-like on a variety of behavioral
tests, such as the sucrose preference test, the forced
swimming test, the novelty suppressed feeding test, etc.
[38-42], confirming the validity of the model to the study
of motor and non motor symptoms.

It is not clear, however, what constitutes the mecha-
nisms behind the coupling between the dopamine and
other systems. Of major interest is the coupling between
the dopaminergic and the seretonergic systems since it
could account for the high percentage of PD patients who
suffer from clinically identified depression and other
deficits related to the serotonin system. We have put
forward a comparatively simple (perhaps over-simpli-
fied) mechanism for this coupling [46,40]. It evolves as a
cascade of events that results from DA cell death. It in-
cludes enhanced LHb excitability, down-regulation of
raphe activity, reduced serotonin production and altered
raphe connectivity. All these have been suggested to
cause depression. This hypothesis was based on behav-
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ioral results performed with and without dopamine re-
placement therapy and with and without bilateral lesion
of the LHb. This latter finding was consistent with the
success of a DBS procedure that was performed on a
treatment resistant depressive patient [54]. On the other
hand it was based on direct connectivity measurements
that estimated the effective connectivity of the BG output
nuclei, the LHb and the raphe nuclei using the manga-
nese enhanced MRI method.

Clearly further studies are needed to better understand
the coupling between the systems, and will pave the way
to new therapeutic approaches to assist PD patients.
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