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Manganese-Enhanced MRI in a Rat Model of
Parkinson’s Disease
Galit Pelled, PhD,1,2 Hagai Bergman, MD,3 Tamir Ben-Hur, MD, PhD,4 and
Gadi Goelman, PhD1*
Purpose: To measure intra- and inter-hemispheric connectivity within the basal ganglia (BG) nuclei in healthy and in
unilateral 6-hydroxydopamine (6-OHDA) Parkinson disease rat model in order to test the BG interhemispheric
connectivity hypothesis.

spheric connectivity hypothesis and suggest a linkage between the dopaminergic and serotonergic systems in PD, in
line with clinical symptoms.
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Material and Methods: The manganese-enhanced MRI
(MEMRI) method with direct injection of manganese chloride into the entopeduncular (EP), substantia nigra (SN),
and the Habenula nuclei in unilateral 6-OHDA (N ⫽ 22) and
sham-operated (N ⫽ 16) rat groups was used. MEMRI measurements were applied before, 3, 24, and 48 hours postmanganese injection. Signal enhancements in T1-weighted
images were compared between groups.

Abbreviations: PD ⫽ Parkinson’s disease, 6-OHDA ⫽ 6-hydroxydopamine,
BG ⫽ basal ganglia, SN ⫽ substantia nigra, SNc ⫽ substantia nigra pars
compacta, MRI ⫽ magnetic resonance imaging. EP ⫽ entopeduncular nucleus,
MEMRI ⫽ manganese-enhanced MRI.
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Results: Manganese injection into the EP nucleus resulted
with bihemispheric signal enhancements in the habenular
complex (Hab) at both groups with stronger enhancements
in the 6-OHDA group. It also exhibited lower sensorimotor
cortex signal enhancement in the 6-OHDA rat group. SN
manganese injection caused enhanced anteroventral thalamic and habenular nuclei signals in the 6-OHDA rat
group. Manganese habenula injection revealed enhanced
interpeduncular (IP) and raphe nuclei signals of the
6-OHDA rat group.
Conclusion: Modulations in the effective intra- and interhemispheric BG connectivity in unilateral 6-OHDA Parkinson’s disease (PD) rat model support the BG interhemi-
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THE BASAL GANGLIA (BG) nuclei are known to participate in the implementation of planned and motivated
behaviors that integrate motor, cognitive, and limbic
functions. While it is best known for its control of movement, the BG is also involved in processes such as
emotions, motivations, and cognitions that lead up to
movement. Based on the functional and anatomical
organization of corticostriatal pathways, it is well accepted that the BG nuclei are (fully or partially) segregated in accordance with cortical input. For example,
BG ventral regions are involved in reward and participate in addictive behavior as well as habit formation
(1,2); central BG areas are involved in cognitive functions such as procedural learning and working memory
(3); and the dorsolateral portion of the striatum is associated with the control of movement. Moreover, diseases affecting mental health such as schizophrenia
(4,5), drug addiction (6), and obsessive compulsive disorder (7) are linked to BG pathology as are diseases
affecting motor control. The association with multiple
neurological and psychiatric disorders manifesting
themselves in the BG-cortex circuitry highlights the
importance of understanding this circuit.
Several different models for this circuit were proposed, starting from the classical box-and-arrow AlbinDeLong model (8,9), through the example of parallel
processing of cortical information (10). Other models
include the idea of pathways allowing information from
separate cortical-BG loops to inﬂuence each other
(11,12), the concept of circuits that include nonreciprocal arrangements between structures (11,13), and
the “reinforcement driven dimensionality reduction
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model” (14). In all these models, the cortex-BG-cortex
circuits are treated as being in a single hemisphere
neglecting its bihemispherical connections. However,
recently abnormal sensorimotor activation in hemiparkinsonic patients and in the unilateral rat model of
Parkinson’s disease (PD) was observed bilaterally, raising the question of whether the bilateral connections of
the BG affect BG circuitry.
Functional neuroimaging using positron emission tomography and functional magnetic resonance imaging
(fMRI) has shown bilateral cortical activation as a response to akinetic hand stimulation in human (15) and
in the unilateral PD rat model during unilateral forepaw
sensory stimulation (16). This abnormal cortical response of the “healthy” hemisphere suggests strong
effective connectivity between hemispheres in the parkinsonian state that could be accomplished through
the cortex or, as we have hypothesis before (16), by an
ampliﬁcation of the BG bilateral connections. The latter
mechanism is thought to be mediated by interhemispheric connections, which have been demonstrated to
exist in primates, cats, and rats. The BG has two output
nuclei: the globus pallidus internal segment (GPi)
which is the primate homologue to the rodent entopeduncular nucleus (EP), and the SN pars reticulata
(SNr). It has been demonstrated that 15% to 20% of the
projections from the BG output nuclei terminate in the
contralateral hemisphere (17–20). To further reveal the
BG circuitry, the habenular complex (Hab), that had
traditionally not been considered part of this circuitry,
has received much interest lately, with the observations
of its strong connections with the BG (21–23) and its
involvement in PD (24).
In order to better understand BG circuitry we wished:
1) to identify the in vivo effective connectivity from the
two BG output nuclei, the EP and the SNr nuclei, with
the Hab complex; and 2) to compare this connectivity
between normal and BG pathological states (e.g., PD)
using the unilateral 6-hydroxydopamine (6-OHDA) rat
model. For in vivo measurements of anterograde connectivity, we used the manganese-enhanced MRI
(MEMRI) method. In this method, manganese ions
(Mn2⫹), which are paramagnetic and thus detectable by
MRI, are directly injected into the brain. Due to the
chemical and physical similarity of the Mn2⫹ to calcium
ions, manganese ions are thought to enter neurons
through voltage gated calcium channels, move in an
anterograde manner along axons and cross synapses
(25). Manganese uptake has shown to be highly correlated with neuronal activity (25–29). In recent years,
MEMRI methods have been applied to study functional
and structural connectivity in birds (30,31), rodent (32–
34), and monkeys (29,35).
MATERIALS AND METHODS
All surgical and experimental procedures were conformed and approved by the Animal Care committee
guidelines.
A total of 22 male Sprague-Dawley rats weighing
250 –300 g were anesthetized with ketamine (90 mg/kg
intraperitoneally [i.p.]; Sigma, Israel) and xylazine (5
mg/kg i.p.; Sigma) and stereotaxically injected into the

Pelled et al.

right substantia nigra pars compacta (SNc) with 4 L of
10 mM 6-OHDA hydrochloride with 0.01% ascorbic
acid (Sigma), using a 10-L Hamilton microsyringe ﬁtted with a 26-gauge cannula. The injection rate was 1
L/minute and the cannula was left in place for an
additional ﬁve minutes. Lesion coordinates for SNc lesion were anterior-posterior (AP)-4.8; medial-lateral
(ML)-1.6, dorsal-ventral (DV)-8.4 from the dura, according to a rat brain atlas (36). For the control group,
an additional 16 rats went through the same surgical
procedure, but were injected with 4 L of saline to the
SNc (sham-operated rats).
Two weeks after the 6-OHDA lesion procedure, 0.3 l
of 0.16 M manganese chloride (MnCl2, dissolved in saline) solution was injected directly to the right EP (AP2.3, ML-2.6, DV-7.5 from dura; six right-SNc-6-OHDA
and six right-SNc-sham-operated rats) or to the right
SNr (AP-5.3, ML-2.8, DV-8.5 from dura; ﬁve right-SNc6-OHDA and ﬁve right-SNc-sham-operated rats). Due
to the small volume of the Hab, injections to the right
Hab (AP-2.5, ML-0.8, DV-4.4 from dura; seven rightSNc-6-OHDA and ﬁve right-SNc-sham-operated rats)
were performed with 0.1 L of 0.04 M MnCl2. The MnCl2
injection rate was 0.05 L/minute, and the cannula
was left in the injection sites for an additional seven
minutes. Three hours post MnCl2 injection rats were
imaged to ensure that the injection areas were in place
and comparable. Manual inspection revealed no differences between animals within or between groups. Although we attempted to inject the MnCl2 exclusively
into the injection targets, we refer to them here as the
EP, SN, and Hab areas, respectively, due to the possibility of manganese diffusion to their vicinity.
Using the average rate of axonal manganese (Mn2⫹)
transport calculated in rats (2 mm/hour) (37), we estimated that 48 hours will be sufﬁcient for most Mn2⫹
transportation of interest in this study. A total of four
MEMRI sessions were performed on each animal using
a 4.7 T Biospec system (Bruker Biospin MRI Gmbh,
Ettlington, Germany), one before MnCl2 injection and at
3, 24, and 48 hours post injection. Rats were anesthetized with isoﬂurane (2% with a mixture of 30:70 O2:
N2O) and were restrained in a home-built head and
body holder. Body temperature was kept at 37°C, using
a heating pad. MRI measurements were performed with
a 38-mm Bruker head-dedicated volume coil. For
MEMRI studies, T1 weighted images using a gradientecho sequence was applied to obtain coronal slices
(TR ⫽ 156 msec, TE ⫽ 6.7 msec, matrix size ⫽ 256 ⫻
128, zero-ﬁlled to 256 ⫻ 256, ﬁeld of view ⫽ 3 cm, ﬂip
angle ⫽ 30, 30 averages, 10 slices, 1-mm slice thickness). MRI measuring time was ⬃10 minutes with the
total anesthesia time (that includes positioning, adjustments, and acquisition of anatomical images) approaching 30 minutes. Since several studies demonstrated that a long anesthesia period effects body
organs such as the heart and brain in rodents (38 – 40),
anesthesia was kept at short as possible, making the
use of three-dimensional (3D) higher spatial resolution
acquisition with comparable SNR difﬁcult. At the end of
the MRI measurements, rats were allowed to recover
before being sent back to the animal facility.

MEMRI in Parkinson’s Disease Rat Model

After MRI measurements, 6-OHDA lesioned rats were
perfused through the aorta, ﬁrst with physiological saline and second with 4% paraformaldehyde by hydrostatic pressure. To assess the degree of dopaminergic
neuron depletion in the BG pathway, tyrosine hydroxylase (TH) immunoﬂuorescent staining (rabbit immunoglobulin G [IgG] 1:100, Chemicon, Temecula, USA)
was performed on two 20-m coronal frozen sections of
the striatum. Staining intensity was measured using
Adobe PhotoShop 6.0 software and the lesioned side
was compared to the intact side for determination of
lesion severity in individual animals. Only 18 rats that
were found to have a pronounced reduction (above
60%) in TH expression in the striatum of the lesioned
side as compared to the nonlesioned side were included
in this study. Another method that was used to assess
the behavioral outcome of dopaminergic neuron depletion in the 6-OHDA rats was the turning behavior test.
It was previously demonstrated that due to the imbalance in the dopamine levels between the healthy and
the lesioned hemisphere, the rate of the rotations the
6-OHDA rats exhibit following systemic administration
of dopamine agonist or antagonist, is directly related to
the dopaminergic lesion severity (41). The rate of rotations after apomorphine (dopamine agonist) injection (2
mg/kg subcutaneously [s.c.]; Sigma) was measured in
10 of the 6-OHDA rats for 60 minutes after MRI measurements. All these rats exhibited signiﬁcant turning
behavior (⬎6 rotations/minute) (41), which indicates a
massive loss of dopaminergic neurons.
All image analysis was carried out using customwritten IDL (Interactive Data Language, Research Systems, Boulder, CO, USA) software developed in-house.
The Paxinos and Watson (36) rat brain atlas was digitized, and overlaid on the corresponding MRI images to
aid in selecting the appropriate regions of interest
(ROIs). The ROIs were then selected in two different
ways: ﬁrst, ROIs were selected for each individual animal independently; second, images from all animals
were registered using IDL 2D registration procedure
and ROIs were selected only on the reference image.
Since no signiﬁcant differences were observed between
these two analyses, the results presented are from the
former analysis. The signal intensity in the ROIs was
averaged and the percentage difference from the images
before manganese injection was calculated. To correct
for possible variation in signal intensity between the
different measurements performed on different days,
images were normalized according to the right muscular area outside the brain where no Mn2⫹ accumulation
is expected or observed. Paired Student’s two tailed
t-test statistics within groups (the same ROI at different
time-points or between ROIs) and unpaired two tailed
t-test across groups was used to assess signiﬁcant signal increase.
The ROIs that were selected for the SN manganese
injection were: the anteroventral thalamic nucleus (AV;
70 pixels), Hab complex (35 pixels) and the sensorimotor cortex (710 pixels) of the two hemispheres (total six
ROIs), together with the right visual cortex area (650
pixels) that was used as a control. For the EP injection,
the same ROIs were used except for the thalamic relay
nuclei due to its proximity to the injection site. For the
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Hab injection, two ROIs were chosen at the interpeduncular (IP) and the raphe nuclei.
RESULTS
Figure 1 shows the average signal time course for the
PD and sham-operated rats at the four ROIs as a result
of MnCl2 injection to the EP. Examples of MEMRI images taken 24-hour postinjection are also shown. Note
that for easier visualization of signal enhancements
these images, as well as images in the other ﬁgures, are
independently scaled. Signiﬁcant ipsi- and contralateral signal increase were observed in the Hab at 24
hours and 48 hours postinjection in both PD and control groups when compared with baseline (P ⬍ 0.05).
There was signiﬁcantly higher signal increases (at 24
hours and 48 hours) in the PD rat group in both ipsiand contralateral Hab (P ⬍ 0.05, Fig. 1a). Signiﬁcant
signal increase compared to baseline was observed in
the sensorimotor cortex (Fig. 1b) 24 hours and 48 hours
postinjection, with signiﬁcantly higher increase in the
sham-operated group (P ⬍ 0.05). No signal increase was
observed in the contralateral sensorimotor cortex.
Figure 2 shows the results of MnCl2 injections to the
SN area. Signiﬁcant signal increase was observed in the
PD rat group 3 hours postinjection in both ipsi- and
contralateral AV (P ⬍ 0.05) with no corresponding increases in the sham-operated group (Fig. 2a). No signal
increase was observed at later times. In the Hab (Fig.
2b), signiﬁcant signal enhancement (P ⬍ 0.05) ipsi- and
contralateral to the injection site was observed 24
hours postinjection, with no corresponding signal
change in the sham-operated rat group. At 48 hours
postinjection both the PD and sham-operated groups
exhibited signiﬁcant signal increase in the ipsilateral
Hab (P ⬍ 0.05). No signiﬁcant signal changes were
found in the sensorimotor cortex in both groups.
Figure 3 shows the results of MnCl2 injections to the
Hab area. As early as three hours after injection significant signal increases in the IP were observed in the
sham-operated rats as compared to baseline. In contrast, IP signal enhancement in the PD rats reached its
maximum at 24 hours postinjection (P ⬍ 0.05). In addition, signiﬁcant signal increases in the raphe nucleus
(Fig. 3b) were observed at 24 hours postinjection in the
6-OHDA group (P ⬍ 0.05) with no change in the control
group.
To test whether signal enhancement is independent
on anatomical connections, a control area in the visual
cortex was selected since it does not have direct connections with the EP, SN, or the Hab complex. As expected, no Mn2⫹ induced signal enhancement in this
area was observed in any of the groups at any timepoint postinjection following EP, SN, or Hab injections
(P ⬎ 0.5).
DISCUSSION
The longitudinal study presented here and in particular
the proximity of the acquisition to the manganese injection operation, required special care with regard to
animal health conditions to minimize mortality. Multiple long anesthetic periods increase animal mortality
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Figure 1. Percentage signal change following manganese injection to the entopeduncular nucleus (EP). Top panel: Percentage signal change (with ⫹1 mean standard error) before, 3,
24, and 48 hours after injection to the EP in the habenula
complex (Hab) (a) and the sensorimotor cortex (b) areas in the
sham-operated (SHAM, N ⫽ 6) and 6-OHDA model rats (N ⫽ 6)
(green and dashed-red for SHAM lesioned and nonlesioned
hemispheres, respectively; blue and dashed-orange for
6-OHDA lesioned and nonlesioned hemispheres, respectively;
*P ⬍ 0.05 signal vs. baseline; §P ⬍ 0.05 SHAM vs. 6-OHDA).
Bottom panels: typical MRI 24 hours after manganese injection. Beside the injection site (black arrow), enhanced Mn2⫹
accumulation is seen (bright areas) in the ipsi- and contralateral Hab (a) and decreased Mn2⫹ accumulation is observed in
the ipsilateral sensorimotor cortex in the Parkinson’s disease
model rats compared to sham-operated rats (b).

and can create irregular physiological conditions that
might affect image signal intensity. Due to these reasons, effort was made to minimize the time that the
animals were kept under anesthesia. To obtain an SNR
that allows observing signal enhancement as low as
⬃10% with total anesthetic time ⱕ30 minutes, 2D
rather than 3D acquisition was used. Our other health
concern was that long-term exposure to manganese
can cause neurological disorders whose symptoms are
similar to Parkinsonism (42). However, animal studies
have demonstrated that a single dose (29) or repetitive
administrations of MnCl2 (43) do not produce such
symptoms in spite of the fact that in some cases an
increase in manganese concentration in BG nuclei was
observed 24 hours after the ﬁrst manganese administration (44). Therefore, we assume that the low dose of
injected manganese did not create any neurological effect particularly during the 48 hours of our measurements.
Major concerns in the MEMRI method used in this
study are: 1) the difﬁculty of differentiating between the
effect of passive diffusion and anterograde neuronal
transport; and 2) comparisons between the efﬁciency of
different neuronal connections due to possible dependence on manganese transfer afﬁnity. To address these
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difﬁculties we have adopted the differential approach.
Namely, we compare signal enhancements of nuclei
pair (injection site and chosen ROI) between control and
6-OHDA groups. Additionally, nuclei proximate to injection sites or nuclei whose signal enhancement is not
clearly separated from signal enhancement in the injection site, are not used in the analysis.
In the discussion below we assume that: 1) the signal
enhancement induced by manganese is related to the
amount of manganese concentration (45); and 2) manganese accumulation and its time-course are indicative
of the connectivity between injection and target sites
(46,47). Within these assumptions, the term “connectivity” is used repetitively below.
A good example of the strength and signiﬁcance of
MEMRI is our results’ congruence with the expected
changes in BG-cortex circuitry in the parkinsonian
state. The classical BG-cortex circuitry models predict
that following dopaminergic cell loss in the SNc, the BG
output nuclei receive more excitatory input, resulting in
their increased inhibitory output (to the thalamus relay
nuclei), followed by decreased cortical activity. While
other neuroimaging studies have not observed decreased primary motor activation in PD patients (48) or
in a rat model of PD (49), our results suggest that
reduced BG-sensorimotor connectivity in PD is proba-

Figure 2. Percentage signal change following manganese injection to the substantia nigra (SN). Top panel: Percentage
signal change (with ⫹1 mean standard error) before, 3, 24, and
48 hours after injection to the SN in the anteroventral (AV)
thalamic nucleus (a) and habenular complex (Hab) (b) areas in
the sham-operated (SHAM, N ⫽ 6) and 6-OHDA model rats
(N ⫽ 6) (green and dashed-red for SHAM lesioned and nonlesioned hemispheres, respectively; blue and dashed-orange for
6-OHDA lesioned and nonlesioned hemispheres, respectively;
*P ⬍ 0.05 signal vs. baseline; §P ⬍ 0.05 SHAM vs. 6-OHDA).
Bottom panels: typical MRI 3 hours (a) and 24 hours (b) after
MnCl2 injection. Enhanced Mn2⫹ accumulation is seen in the
ipsi- and contralateral AV thalamic nucleus (a) and Hab (b) in
the Parkinson’s disease model rats compared to sham-operated rats.

MEMRI in Parkinson’s Disease Rat Model

Figure 3. Percentage signal changes following manganese injection to the habenular complex (Hab). Top panel: Percentage
change (with ⫹1 mean standard error) before, 3, 24, and 48
hours after injection to the Hab in the interpeduncular nucleus (IP) (a) and in the raphe nucleus (b) (green sham-operated [SHAM, N ⫽ 6]; blue 6-OHDA N ⫽ 6; *P ⬍ 0.05 signal vs.
baseline; §P ⬍ 0.05 SHAM and 6-OHDA difference). Bottom
panels: typical MRI of SHAM and 6-OHDA rats taken 24 hours
after MnCl2 injection. Signiﬁcant enhanced Mn2⫹ accumulation was found in the IP (a) and the raphe nucleus (b) 24 hours
postinjection in the 6-OHDA compared to sham-operated rats.
[Color ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

bly a consequence of the reduced thalamus-cortex connectivity. Figure 1b shows the decreased sensorimotor
cortex signal after MnCl2 injection to the EP area and
Fig. 2a shows the increase AV thalamic nucleus signal
after MnCl2 injection to the SN. This suggests that the
sensorimotor cortex signal decrease was mediated
through the enhanced EP-thalamic functional (inhibitory) connectivity. Unfortunately, the proximity of the
thalamic area to the EP has prohibited us from drawing
any signiﬁcant conclusions regarding changes in the
thalamic signal intensity following EP MnCl2 injection.
This agreement with classical model predictions,
strengthens our view for the validity of the MEMRI results in our PD/control comparison.
One of the motivations of this study was to test the
hypothesis of bilateral BG connectivity (47) originated
by reports of bilateral abnormal cortical responses and
resting state ﬂuctuations in the unilateral model of PD
(16,41,50) and in hemiparkinsonian patients (15). The
ﬁndings of strong bilateral connections from the BG
output nuclei to the AV thalamic nucleus and to the
Hab complex strongly support the idea of bilateral connectivity that is not mediated by the cortex (16). However, one could claim that the bilateral connectivity
from the BG output nuclei to the Hab complex, observed in the 6-OHDA rat group, could be explained by
bilateral Hab connectivity and not by bilateral BG-Hab
connectivity. However, since there are very few neurons
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in the lateral Hab and none in the medial Hab with
contralateral projections within the habenular commissure (51), and since there were equivalent temporal
patterns of the signal increases in the right and the left
Hab complexes following manganese injection to the SN
area (Fig. 2a), this favors the latter explanation of enhanced bilateral BG projections (19,20).
Another goal of this study was to test whether the loss
of dopamine in the SNc affects the effective connectivity
between different limbic structures. The signiﬁcant signal enhancement in the Hab complex as a results of
manganese injection to the BG output nuclei on one
hand and the stronger signal enhancement in 6-OHDA
rats on the other hand, suggest that the Hab complex is
linked to BG circuit in healthy and in parkinsonian-like
states, which was shown for the former in primates
(23). The signal enhancement in the IP and in the raphe
nuclei in the 6-OHDA rat group after manganese injection to the Hab, suggest enhanced connectivity from the
Hab to these nuclei and that this connectivity is probably mediated by the enhanced BG-Hab connections.
Of particular interest is the involvement of the raphe
nucleus since it generates most of the brain’s serotonin
(5-HT), which is known to modulate mood, emotion,
sleep, and appetite. Evidence for the involvement of
5-HT dysfunction in PD depression (52–55) and in
non-PD depressed patients (56), including the fact that
more than 40% of PD patients suffer from depression
and mood disorders in addition to their motor disorders
(57,58), support the notion that the serotonin system is
involved in PD. The ventral striatum, including the nucleus accumbens, in which an interaction between the
5-HT and the dopaminergic systems is known to exist,
was suggested as a possible pathway connecting dopaminergic and serotonergic systems, thus modulating
dopamine and 5-HT release in PD (59). Here, we propose that the linkage between these two systems is
taking place through the Hab complex: The overactivation of the Hab complex by the BG output nuclei increases its inhibitory ␥-aminobutyric acid (GABA) output (60 – 62) to both the raphe and the IP nuclei,
reducing 5-HT synthesis in the raphe nucleus.
Incorporating known anatomical connections with
our ﬁndings, we propose to extend the classical boxand-arrow model of the BG-cortex circuitry by linking it
to a limbic circuit. Indeed, little is known about the
complex molecular and the network mechanisms linking these two circuits and, in particular, the modiﬁcations they can undergo during pathological states. Although this extension is based on limited data and
clearly additional different experiments are needed, the
proposed circuit points out that alteration in one neuronal circuit (BG) affects the other (limbic). For simplicity, the cortex-BG-cortex circuit of the diagram (Fig. 4,
right side) uses the classical view and no attempt has
been made to include more recent views. The shaded
area in the diagram symbolizes the new limbic circuit
whereas the classical cortex-BG-cortex circuit is shown
in the bright (right) side. Black and white arrows are
inhibitory and excitatory projections, respectively,
while arrow width represents projection efﬁciency. Consider ﬁrst the healthy brain: as in the classical view, the
cortex sends excitatory input to the striatum, which in
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Figure 4. The BG-limbic model. Left: normal brain. Right: Parkinson’s disease brain. The bright area (right side of each diagram)
represents the classical model of basal ganglia-cortex circuitry while the gray area (left side of each diagram) presents the
additional limbic part with the habenular complex the linking structure between the two. White/black arrows stand for
excitatory/inhibitory projections and arrow width illustrates projection efﬁcacy. The neurotransmitters involved are written in
the left diagram. (entopeduncular nucleus (EP), substantia nigra (SN), interpeduncular nucleus (IP), acetylcholine (ACh),
serotonin (5-HT), ␥-aminobutyric acid (GABA)).

turn projects to the BG output nuclei, the EP and SNr.
The EP and the SNr project to the thalamic nuclei,
which send afferent excitatory GABAergic projections to
the cortex. The extended view includes EP projections
to the Hab that are mainly cholinergic, arising from a
different cell population (63,64). The Hab receives excitatory afferents from the IP and the raphe nuclei
(65,66), and sends mainly inhibitory input back to
these nuclei (60 – 62), although messenger ribonucleic
acid (mRNA) of nicotinic acetylcholine (ACh) receptors
was found in the Hab as well (67). The raphe nucleus,
which receives afferent projections from diverse brain
regions, including the IP and the Hab, sends excitatory
serotonergic projections to the striatum, SNc, cortex,
septum, Hab, and IP, as well as to many other limbic
regions (22,62,65,66). In the PD state, in line with the
classical model, the BG output nuclei receive less inhibitory input from the striatum, thus overactivation
results in more GABAergic projections to the thalamus,
reducing the excitatory thalamocortical projections.
The extended view includes stronger cholinergic projections from the overactivated output nuclei of the BG to
the Hab. Previous studies using 2-Deoxyglucose (2-DG)
methods demonstrated that the Hab is overactivated in
6-OHDA rats not treated with L-dopamine (L-DOPA)
(24) and also in depressed animals (68). According to
the proposed circuit, this overactivation is the result of
a stronger projection from the BG output nuclei. The
overactivation of the Hab complex in turn, increases the
inhibitory Hab output to both raphe and IP nuclei, thus
affecting the 5-HT synthesis in the raphe nucleus. This
results in a reduction of the excitatory output to limbic
nuclei as well as to the striatum and the cortex, from
the raphe and the IP nuclei. Future experiments will aid
in elucidating the exact mechanisms that contribute to
the alterations in the BG-limbic effective connectivity
during PD.
In summary, these results point to two main differences between control and Parkinsonian rats. The ﬁrst
is the strengthening of the BG and the contralateral
(nonlesioned) hemisphere’s connections in the Parkinsonian state, which is supported by the observation of

the bilateral signal enhancement in the Habenula complex (following injections in the SN and EP areas ) and
the thalamic anteroventral (following SN area injection).
The second is the Habenula complex involvement in PD
and its possible modulation on the 5-HT level that can
account for patient symptoms of mood disorder in addition to the expected motor ones. Our results suggest
that the Habenula complex plays a signiﬁcant role in
PD and its enhanced connectivity with the raphe nucleus suggest that it might be involved in the pathogenesis of the emotional (limbic) symptoms of PD.
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