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Although there is evidence suggesting a relationship between parkinsonism and modifications
to gabaergic, cholinergic and opioid activities in the basal ganglia and related structures, so far
studies are not conclusive, and the molecular mechanisms underlying these changes remain un-
known. Here, we studied the changes in population density of benzodiazepine (BDZ), muscari-
nic cholinergic and mu opioid receptors in the pedunculopontine nucleus (PPN) from hemipar-
kinsonian rats using three experimental groups; i) untreated, ii) treated with 6-hydroxydopamine
(6-OHDA) and iii) treated with physiologic saline solution. One month after inducing lesion on
the substantia nigra pars compacta (SNc), all rats were sacrificed by decapitation and frozen coro-
nal sections of the samples, representative of the PPN, were obtained and studied by autoradi-
ography using 3H-flunitrazepam, [*HTyr-D-Ala-(Nme)Phe-Gly-ol] CH-DAMGO) and [*’H]Qui-
nuclidinylbenzylate (QNB) for BDZ, mu and muscarinic receptors, respectively. The optical den-
sity (OD) was measured in PPN ipsilateral to the SNc lesion, using the OD readings of the tri-
tium standards to determine tissue radioactivity values for the accompanying tissue sections and
to convert them to fmol mg~! protein. All receptors showed statistically significant variations
among the experimental groups. The densities of BDZ and mu opioid receptors were down reg-
ulated (p < 0.05), while the density of muscarinic receptors was upregulated in the PPN from the
SNc lesioned group (p < 0.05). These results prove that there are changes in the densities of
BDZ, mu opioid and muscarinic receptors in the PPN upon intracerebral administration of 6-
OHDA. These changes may take part in one of the steps of the sequence of molecular and neu-
rochemical events underlying the imbalance between “direct” and “indirect” pathway of the ba-
sal ganglia, which is typically seen in parkinsonism. Additionally, these results reinforce the im-
portance of the mesopontine tegmentum in the physiopathology of Parkinson’s disease.
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INTRODUCTION

The basal ganglia have the richest array of neuro-
transmitters and receptors of any region of the brain
(McGeer & McGeer, 1993). The major part of the
neurochemical studies carried out on experimental
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models of Parkinson’s disease (PD) has focused on
the dopaminergic system (Mayeux, 2003). The study
of other neurotransmitters, such as amino acids, opi-
oid peptides and acetylcholine, is largely depended
on the experimental design centered on the determi-
nation of the effects of dopaminergic drugs on these
molecules (Calon et al., 2003; Steiniger & Kretsch-
mer, 2003). Additionally, although the populations of
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dopaminergic receptors has been extensively studied
in models of Parkinsonism, less is know about the be-
havior of receptors for other neurotransmitters in
PD.

Benzodiazepine (BDZ) receptor is part of a ma-
cromolecular complex known as the GABA , recep-
tor, which includes a selective chloride ion channel
and binding sites for different molecules, including
benzodiazepines (Olsen & DeLorey, 1999; Simeone
et al., 2003). Benzodiazepinic drugs act by improving
gabaergic transmissions through an increase in the
opening frequency of the chloride ion channel and
consequently, a decrease in neuronal excitability (Ol-
sen & DeLorey, 1999; Ondo et al., 2003).

A number of studies suggest that the chronic sti-
mulation of dopaminergic receptors results in an in-
creased regulation of the GABA , /BDZ complex (Ca-
lon et al., 1999), and this mechanism has been postu-
lated to be involved in the dyskinesia induced by L-
DOPA in an experimental primate model of Parkin-
sonism, but not in humans (Calon & Di Paolo, 2002).

On the other hand, there are reports in the litera-
ture on changes in the peptidergic neurotransmission
of the basal ganglia related to nigral degeneration
(Fernandez et al., 1994). Many neuropeptides are lo-
calized in the circuits of the basal ganglia (Parent &
Hazrati, 1995; Akil et al., 1998). The “direct pathways”
of the motor circuits co-express, together with y-
aminobutyric acid (GABA), peptides such as substan-
ce P and dynorphins, whereas the “indirect pathways”
co-express GABA and enkephalins (Groenewen,
2003). From the point of view of their anatomical lo-
calization, the mu (u), delta (6) and kappa (x) opioid
receptors are found in the substantia nigra pars com-
pacta (SNc), the globus pallidus (GP), the striatum and
the cortex (Minami, 2004).

In connection with muscarinic cholinergic recep-
tors (mAChRs), five subtypes (M,-Mj) are described
in literature (Cauldfield & Birdsall, 1998). All mAChRs
are seven transmembrane metabotropic receptors
(Taylor & Heller, 1999). The muscarinic receptors re-
gulate kinase and phosphatase activities either through
the heterotrimeric G protein activation and subse-
quent second-messenger production or through the
direct activation of small-molecular weight G pro-
teins (Felder et al., 2000). Activation of the choliner-
gic neurons in the pedunculopontine nucleus (PPN),
which provides a major cholinergic input to the ven-
tral tegmental area (VTA), excites dopaminergic neu-
rons and induces a prolonged dopamine increase in
the nucleus accumbes (Zhou et al., 2003; Winn, 2006).

Currently, the role of the PPN on the physiopatho-
logy of PD is the subject of some debate (Erro & Gi-
ménez-Amaya, 1999; Lee et al., 2000; Mena-Segovia
et al., 2004; Winn, 2006). From the neurochemical
point of view, the PPN is regarded as a heterogeneous
structure (Garcfa-Rill, 1991). This nucleus sends a
cholinergic and glutamatergic projection to the SNc
and the subthalamic nucleus (STN) (Mena-Segovia et
al., 2004). Simultaneously, the PPN receives dopami-
nergic, glutamatergic and gabaergic afferences from
the SNc, the STN and the output nuclei of the basal
ganglia, substantia nigra pars reticulata (SNr) and the
internal segment of the GP, respectively (Semba &
Fibiger, 1992). The pontine cells express cholinergic:
muscarinic and nicotinic receptors (Mamiya et al.,
2005), GABA, gabaergic receptors (Nandi et al.,
2002a; Pal & Mallick, 2004), as well as receptors to
different neurotrophins such as fibroblast-derived
growth factor (Garcia-Rill, 1991).

Recently, it has been suggested that the PPN could
be a therapeutic target to improve gait in certain par-
kinsonian patients and also, that this nucleus may be
a good target for deep brain stimulation techniques
(Go6mez-Gallego et al., 2007; Stefani et al., 2007). For
these reasons, it is currently interesting to study the
molecular changes in PPN associated with the nigral
denervation.

The purpose of the present paper was to study the
changes in the density of the mu opioid, BDZ and
muscarinic receptors in the PPN in a rat model of he-
miparkinsonism induced by the intracerebral injec-
tion of 6-hydroxydopamine (6-OHDA).

MATERIALS AND METHODS

The animals used were adult male Wistar rats, with a
body weight range of 200 to 250 g, obtained from the
Center for the Production of Laboratory Animals
(CENPALAB, Havana, Cuba). Three animals were
kept per cage throughout the experiments, with a
photoperiod of 12 hours of light alternating with 12
hours of darkness, and water and feed were provided
ad libitum. The experimental work respected and fol-
lowed the Practical Guidelines for the use of labora-
tory animals.

SNc lesion

The rats were anaesthetized by intraperitoneal admi-
nistration (i.p.) of chloral hydrate (420 mg kg!), after
which they were placed in a stereotaxic surgery device
for rodents (David Kopf Instruments, USA). They
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Bregma-8mm

FIG. 1. Diagram showing the localization of the pedunculo-
pontine nucleus (PPN) in a coronal section. The area sam-
pled for optical density measurement is shaded in grey.

received a 3 pl injection of a solution of 6-OHDA [8 ug
per 3 ul of physiological saline solution (0.9% NaCl)
and 0.5 mg mI™! ascorbic acid] at a rate of 1 pl per min,
on the right SNc, using the following coordinates,
according to the atlas of Paxinos and Watson (Paxi-
nos & Watson, 1998): AP =-4.4 mm; L=1.2 mm;
DV =7.8 mm (referents to Bregma).

One month after the SNc lesion, the rotatory acti-
vity induced by D-amphetamine (5 mg kg™, i.p.) was
analyzed. This variable was studied for 90 min, using
an electronic multicounter (LE 3806, PanLab, Barce-
lona, Spain) coupled to sensors to detect the direc-
tion of rotation (LE 902, PanLab, Barcelona, Spain).
This study only included animals displaying more
than 7 complete turns per minute ipsilateral to the
SNc lesion, which corresponds to a dopaminergic de-
nervation equal to or higher than 90%. A control
group of sham operated animals was produced by ad-
ministering physiological saline solution under the
same conditions.

Table 1. Conditions for autoradiography experiments

The animals were distributed in three experimen-
tal groups: non-treated rats (n=9), rats with SNc le-
sions (n=7) and sham-operated rats (n=5).

Upon concluding the study of rotatory activity, the
rats were anaesthetized by applying chloral hydrate
(480 mg kg!, i.p.) and sacrificed by decapitation. Brains
were extracted, frozen in dry ice, and then stored at
—-80°C until further processing.

For the autoradiography studies, a series of six co-
ronal sections (20 um) were obtained using the coor-
dinates of the PPN (mm), which first appeared on the
rostrocaudal coordinate —7.3, disappearing on coor-
dinate —8.8 (referents to Bregma) (Fig. 1).

Autoradiography for gabaergic BDZ, mu opioid and
cholinergic muscarinic receptors

The autoradiography experiments were carried out
on adjacent sections, and the experimental conditions
are summarized in Table 1. The brain sections were
initially washed to remove endogenous ligands. Then,
they were incubated in a solution containing the spe-
cific 3H-ligand. Binding obtained in the presence of a
non-labeled ligand was considered to be nonspecific.
Values of the specific binding reported in the present
study were obtained from the difference between non-
specific and total binding. Finally, incubation was ter-
minated with two consecutive washes (1 min each) in
buffer and a distilled water rinse (2 sec) at 4°C. The
sections were then quickly dried under a gentle stream
of cold air.

The slides were arrayed in X-ray cassettes together
with tritium standards (Amersham), and apposed to
a 3H-sensitive film (Kodak MR) at room tempera-
ture. The films were developed using Kodak D19 de-
veloper and fixer at room temperature. Optical den-

. Ligand Buffer . .. Non-labeled
Binding (nM) S.A. pH 7.6 Incubation Exposition ligand
BDZ gabaergic *H flunitrazepan Tris HCI 45 min 2 weeks Diazepam
receptors (2.08 nM) 88 Ci mmol-! (170 mM) 4°C RT (1 mM)
Mu opioid SH-DAMGO Tris HCI 60 min 10 weeks Naloxone
receptors (2 nM) 55 Ci mmol™ (50 mM) RT RT (2mM)
Muscarinic SH-QNB PBS 2 hrs 3 weeks Atropine
cholinergic (1.23 nM) (50 mM) 22°C 4°C (1 mM)
receptors 43.9 Ci mmol™!

S.A.: specific activity; RT: room temperature; S H-DAMGO: [?’HTyr-D-Ala-(Nme)Phe-Gly-ol]; QNB: [?’H]Quinuclidinylben-

zilate
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sity (OD) of the right PPN zone was determined using
a video-computer enhancement program (JAVA Jan-
del Video Analysis Software). For each sample, 10
optical density readings were taken from at least
three sections, and were averaged. The optical densi-
ty readings of the standards were used to determine
tissue radioactivity values (dpm mm~2) for the accom-
panying tissue sections. Then, dpm mm~—2values were
converted to fmol mg™! protein by dividing dpm by
the specific activity of specific *H-ligand (Table 1) by
2.22. The value 2.22 represents the conversion factor
from Ci to dpm.

Data analysis

Compliance of the data to a normal distribution was
checked with the Kolmogorov-Smirnov test. Recep-
tor density of the different experimental groups was
compared using a single classification analysis of vari-
ance, followed by a separate Tukey test for each re-
ceptor. Significance level for statistical tests was set to
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Fig. 2. A. Comparison of the BDZ-gabaergic receptor pop-
ulation density in the pedunculopontine nucleus between
218 = 8.54, p <0.05). Experimental
groups: Non-treated rats (n =9), substantia nigra compacta-
lesioned (SNc lesion) rats (n = 7), sham-operated rats (n =35).
The asterisks (**) represent statistical significant differences
between lesioned and control groups (p < 0.01). The bars re-
present mean * s.e.m. B. Autoradiographs of the PPN coro-
nal section from non-treated and substantia nigra lesioned
rats. The zone inside the circle corresponds with the zone
where the optical density was measured.

experimental groups (F

0.05. The Statistica CSS profesional software, version
6.1, was used for the statistical analyses.

RESULTS
BDZ gabaergic receptor density

The comparison between experimental groups for
BDZ receptor density in the PPN, revealed statisti-
cally significant differences (F(z’ 15 =854, p< 0.05).
These differences were caused by a statistically im-
portant decrease (~30%) of this variable in the group
of rats with SNc injuries, compared to the remaining
control groups (Fig. 2A).

Mu opioid receptor density

The comparison between experimental groups for mu
opioid receptor density showed a statistically signifi-
cant decrease (~ 15%) in the group of rats with SNc
injuries in contrast with the control groups (F(z, 4=
6.02, p <0.05) (Fig. 3A).
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Fig. 3. A. Comparison of the mu-opioids receptor population
density in the pedunculopontine nucleus between experi-
mental groups (F(z, 0= 6.02, p <0.05). Experimental groups:
Non-treated rats (n =9), substantia nigra compacta-lesioned
(SNc lesion) rats (n=7), sham-operated rats (n=5). The
asterisks (**) represent statistical significant differences bet-
ween lesioned and control groups (p <0.01). The bars re-
present mean = s.e.m. B. Autoradiographs of the PPN coro-
nal section from non-treated and substantia nigra lesioned
rats. The zone inside of the circle corresponds with the zone
where the optical density was measured.
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Fig. 4. A. Comparison of the muscarinic cholinergic recep-
tor populations density in the pedunculopontine nucleus
between experimental groups (F(z’ 3= 3.93, p<0.05).
Experimental groups: Non-treated rats (n=9), substantia
nigra compacta-lesioned (SNc lesion) rats (n=7), sham-
operated rats (n=5). The asterisk (*) represent statistical
significant differences between lesioned and control groups
(p <0.05). The bars represent mean +s.e.m. B. Autoradi-
ographs of the PPN coronal section from non-treated and
substantia nigra lesioned rats. The zone inside of the circle
corresponds with the zone where the optical density was
measured.

Cholinergic muscarinic receptor density

The comparison between experimental groups for
muscarinic receptor density showed a statistically si-
gnificant increase (~ 10%) in the groups of rats with
SNc injuries in contraposition to the control groups
(FQ’ 13=3-93,p< 0.05) (Fig. 4A).

The Figures 2B, 3B and 4B show the zone where
the optical density was recorded in each coronal sec-
tion for posterior analysis.

DISCUSSION

BDZ gabaergic receptor density

Although the PPN is anatomically located outside the
basal ganglia, it is connected to them through recip-
rocal connections involving several nuclei (Erro &
Giménez-Amaya, 1999). The PPN is a point of con-
vergence for projections of varying nature and origin,
including glutamatergic, gabaergic and dopaminergic
projections from the STN, SNr and/or Gpi, and the
SN, respectively (Semba & Fibiger, 1992; Bevan &

Bolam, 1995).

In physiological conditions, the density of the ga-
baergic receptors present in the PPN is under the
control of the gabaergic projection from the Gpi/SNr
complex (entopeduncular nucleus in rodents) (Groe-
newen, 2003). The activity of this projection is con-
trolled by the input from direct and indirect pathway
of the basal ganglia motor circuit (Winn, 20006).

Although there are reports on the activity of the
gabaergic GABA , and GABA; receptors in the con-
text of parkinsonism, there is very little information
available on the changes of the BDZ site of the GABA
receptor in the PPN in the experimental models of
this disorder.

The decrease in density of the BDZ gabaergic re-
ceptors in the PPN ipsilateral to the 6-OHDA lesions
showed in the present study, suggests that there are
changes in the gabaergic activity in the PPN under
conditions of parkinsonism.

Already published results showed a significant in-
crease in the release of GABA in the PPN of hemi-
parkinsonian rats (Blanco-Lezcano et al., 2005). Our
present study suggests a postsynaptic GABA , /benzo-
diazepine receptor complex change due to an adap-
tive response following chronic over activity on the
nigropontine pathways. This change would be an ex-
pression of the mechanism of synaptic plasticity at
this level (Viallet & Witjas, 2002).

Other investigators have pointed out that the mi-
croinjection of agonist drugs for GABA , receptors,
such as bicuculine in the PPN, attenuates the akine-
sia and other parkinsonian symptoms in models of
parkinsonism in non-human primates based on the
systemic administration of 1-methyl 4-phenyl-1, 2, 3,
6-tetrahydropyridine (MPTP) (Nandi et al., 2002b).
Bicuculine is a GABA , antagonist that decreases the
frequency and average time for the opening of the
chloride ion channel (Olsen & DeLorey, 1999). This
drug competes with GABA for one or several recep-
tor binding sites, and it has been postulated that one
of these sites may be the BDZ site of the GABA , re-
ceptor (Olsen & DeLorey, 1999).

Other studies deal with the role of the BDZ re-
ceptors in the striatum, showing an increase of the
density of these receptor populations in the putamen
of brains from deceased parkinsonian patients (Calon
et al., 2003). This finding underscores the relationship
between the degeneration of the nigrostriatal dopa-
minergic route and the state of the populations of ga-
baergic receptors (Sun et al., 2004).
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The changes in density of the BDZ gabaergic re-
ceptors in the PPN represent a link in the chain of
molecular and neurochemical events that character-
ize the imbalance between the two projection routes
for the passage of motor information from the cortex,
passing through the nuclei in the basal ganglia and
the thalamus, and back to the motor cortex, which is
typical of parkinsonism.

Mu opioid receptor density

The results showed that there was a decrease in the
density of the mu opioid receptors in the PPN ipsilat-
eral to the 6-OHDA injections. This is particularly si-
gnificant, considering the fact that no peptidergic af-
ferences reaching the PPN have been described,
although, on the other hand, the PPN has an impor-
tant representation of peptidergic receptors (Winn,
2006).

It is known that the interactions between opioid
peptides and their cognate receptors do not always
follow the classical synaptic pathway of the release
from a pre-synaptic terminal and binding to receptors
in post-synaptic terminals (Bach-y-Rita, 1993; Akil et
al., 1998). It is also known that peptides can follow
alternative transmission routes, such as diffusion to
receptors located in structures, which do not neces-
sarily receive the corresponding afferent innervations
(Bach-y-Rita, 1993). These are some of the reasons
why peptides are classified as neuromodulators rather
than classical neurotransmitters (Akil ef al., 1998).

There is no previous report about the changes in
opioid receptor density in PPN in parkinsonian con-
ditions. In other structures such as the striatum, the
literature suggests a close interaction between the do-
paminergic and opioid activity, which is altered in the
parkinsonism (Samadi et al., 2003). The mu opioid re-
ceptors are located joint to the NMDA receptor in
the corticostriatal terminals (Akil ef al., 1998). The
simultaneous activation of both receptors has oppo-
site effects on the entry of calcium to the cells. This
evidence has suggested that the mu opioid receptors
modulate the glutamate release in the corticostriatal
synapse (Samadi et al., 2003). This interaction is per-
manently modified under parkinsonian conditions, in
the striatum and probably in other nuclei where it is
also present.

In the PD and its experimental models, the dopa-
minergic innervations that in physiological conditions
reach the PPN, are dramatically compromised (Ha-
mani et al., 2007). The decrease of the dopaminergic

tone in the PPN level could reinforce the loss of in-
teraction between the opioid and dopaminergic sys-
tems in this structure. Thus, we can hypothesize that
the decrease in the mu opioid receptor density in the
PPN of hemiparkinsonian rats, detected in the pre-
sent work, may be a response to the loss of the inter-
action mentioned above.

There are significant changes in peptidergic activ-
ity during parkinsonism (Fernandez et al., 1994). The
studies using binding assays have revealed marked re-
gional differences regarding the number of neurope-
ptide receptors found in the brain of deceased par-
kinsonian patients, as compared to healthy persons
(Fernandez et al., 1994).

The interactions between the different receptors
are often established through the molecules responsi-
ble for intracellular signaling, such as G protein (A-
gnati et al., 2003; di Michelle et al., 2003). Several ty-
pes and subtypes of G protein coupled receptors form
heterodimeric complexes with this protein that after-
wards modulate the activity of other receptors of the
ionic channels superfamily or specific for kinase-type
enzymes (Agnati et al., 2003). These interactions do
take place between gabaergic and opioid receptors,
and have been studied in models of epilepsy (Rocha
etal., 1993).

By taking into account that we did not found sig-
nificant differences between the non treated and the
sham operated rats, we can suppose that the changes
found in the 6-OHDA lesioned rats are associated
with the nigral denervation.

Cholinergic muscarinic receptor density

Our results indicate a significant increase in the mus-
carinic cholinergic receptor density in the PPN ipsi-
lateral to the SNc lesion. It is well known that the
muscarinic receptors in the PPN have characteristics
of autoreceptors because they are located in the cho-
linergic cells from the self nucleus (Vilaro et al., 1994).
Some investigators have described in the PPN from
non human primates, the presence of subtypes M,,
M, and M, muscarinic receptors, which participate in
feed back mechanisms controlling the acetylcholine
synthesis rate and release by pontine cells (Grofova
& Zhou, 1998; Waelbroeck, 2003). The activation of
the pontine cholinergic neurons provide a cholinergic
input that reaches the dopaminergic neurons located
in the SNc and in the VTA (Bolam ez al, 1991; Lee et
al., 2000).
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On the other hand, the cholinergic system presents
neuroplastic changes under parkinsonian conditions.
The increase in the number and size of cholinergic ter-
minals in the SNc has been published (Anglade et al.,
1995). This finding suggests that neuroplasticity mech-
anisms are extended to the pontine-nigra synapse. We
can hypothesize that the changes in density of the mus-
carinic receptor in the PPN of hemiparkinsonian rats
may be the result of these mechanisms.

The activation of subtypes of muscarinic receptors
M, and M, with presynaptic location, decreases the
glutamatergic transmission in different structures
such as hippocampus and striatum (Scanzianni et al.,
1995; Rawls & McGinty, 1998). It is possible that in
the PPN from hemiparkinsonian rats, the activity of
the muscarinic receptors also modulates the glutama-
tergic neurotransmission, if we take into account that
this nucleus sends a cholinergic and glutamatergic
projection to different nuclei (Matsumura, 2005).
This modulatory effect would be very important in
the 6-OHDA model, since this model presents an in-
crease of the glutamatergic activity associated to the
lack of inhibition of the “indirect pathway” of the mo-
tor circuit (Obeso et al., 2000).

Since there are not previous publications con-
cerning the changes in the density of the muscarinic
receptor population in the PPN from hemiparkinson-
ian rats, we consider that the increase detected in the
present study, may help understand the complex in-
teractions between the pontine cholinergic projection
and its target nuclei: the thalamus and the SNc.

The increase detected could be related with the
changes in a particular subtype of muscarinic recep-
tors located in the PPN of rodents. Nevertheless, the
radioactive ligand employed in the present study does
not differentiate among them. Due to this reason, it
will be interesting to continue this study in the future,
with selective markers for the different muscarinic re-
ceptor subtypes.

Concluding remarks

It has only been ten years since PPN was first consid-
ered as a key factor for understanding the physiopa-
thology of PD. The changes in this structure regard-
ing the populations of mu opioid, BDZ and muscari-
nic receptors in the model of 6-OHDA, confirm the
dysfunctional nature of these neurotransmission sys-
tems during PD, providing evidence that underscores
the importance of the mesopontine segment in the
function of the basal ganglia.
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