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Abstract  

Pedunculopontine nucleus (PPN) cholinergic neurons, which exert excitatory nicotinic control 

over substantia nigra dopaminergic neurons, degenerate in Parkinson’s disease (PD). This 

finding and other studies showing that nicotine, the preferential agonist of nicotinic 

acetylcholine receptors, is neuroprotective in experimental models of PD suggest that a deficit 

in PPN excitatory cholinergic inputs might contribute to the death of nigral dopaminergic 

neurons in PD. To explore this possibility, we used lesion paradigms of dopaminergic and/or 

cholinergic systems in rats and monkeys. Consistent with our hypothesis, we observed that 

stereotaxic lesioning of PPN cholinergic neurons with diphtheria toxin coupled to urotensin II 

resulted in a significant loss of nigral dopaminergic neurons in rats and induced 

morphological changes in these neurons in macaques. Unexpectedly, a lesion of dopaminergic 

neurons induced by unilateral striatal injection of 6-hydroxydopamine (6-OHDA) in rats, or 

by repeated systemic injections of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in 

macaques, led to a 29% and 7% loss of PPN cholinergic neurons, respectively. Lastly, when 

the PPN cholinergic lesion was performed in rats in which the dopaminergic lesion induced 

by 6-OHDA was in progress, loss of cholinergic neurons was more drastic than when each 

neurotransmitter system was lesioned separately. Thus, our results suggest that strong PPN 

cholinergic and dopaminergic interactions may be an important mechanism in the 

pathophysiology of PD. 
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MPTP, diphtheria toxin-urotensin II, substantia nigra 

 

Abbreviations: ChAT, choline acetyl transferase; DA, dopaminergic; Dtx-UII, diphtheria 

toxin coupled to urotensin II; Iba-1, ionized calcium-binding adaptor molecule 1; MPTP, 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NADPH, nicotinamide adenine dinucleotide 

phosphate diaphorase; NeuN, neuronal nuclear protein; PD, Parkinson’s disease; PPN, 

pedunculopontine nucleus; SNc, substantia nigra pars compacta; TH, tyrosine hydroxylase; 6-

OHDA, 6-hydroxydopamine. 
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Introduction 

Parkinson’s disease (PD) results primarily from a loss of nigrostriatal dopaminergic 

(DA) neurons, but non-DA neurons also degenerate in the course of the disease. In particular, 

cholinergic neurons of the pedunculopontine nucleus (PPN) are also affected (Hirsch et al., 

1987; Jellinger, 1988), and the extent of loss of these neurons correlates with the level of DA 

denervation (Zweig et al., 1989; Karachi et al., 2010). A number of arguments support the 

hypothesis that a deficit in cholinergic inputs may contribute to the progression of DA 

neuronal death in PD: 1) The PPN sends massive excitatory inputs onto DA neurons of the 

substantia nigra pars compacta (SNc) (Lavoie and Parent, 1994) and the nicotinic cholinergic 

component of this innervation is involved in the control of DA release at the striatal level 

(Blaha et al., 1996). This suggests that key interactions exist between PPN cholinergic 

neurons and nigral DA neurons. 2) Nicotinic receptors are present on nigral DA neurons 

(Nastuk and Graybiel, 1991; Sorenson et al., 1998), and nicotine, the preferential agonist of 

nicotinic acetylcholine receptors, is neuroprotective in several experimental models of PD 

(Costa et al., 2001; Parain et al., 2003; Quik et al., 2012). 3) Moreover, epidemiological 

studies have identified tobacco smoking as the most significant protective factor against the 

risk of developing PD (Hernan et al., 2002; Thacker et al., 2007). Taken together, these data 

indicate that PPN excitatory cholinergic inputs might be important for keeping alive 

vulnerable nigral DA neurons, possibly because these neurons have specific needs for 

stimulation in order to survive (Salthun-Lassalle et al., 2004; Michel et al., 2013). This means 

that the cholinergic PPN lesion observed in PD may accelerate the lesioning of DA neurons in 

this pathology. Previous studies also demonstrated that extensive lesioning or reversible 

inactivation of the PPN leads to a parkinsonian syndrome in macaques (Kojima et al., 1997; 

Aziz et al., 1998; MunroDavies et al., 1999; Matsumura and Kojima, 2001). Besides, an 

extensive excitotoxic lesion of the PPN was reported to induce DA neuronal loss in the SNc 
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of rats (McGeer and McGeer, 1984; Gonzalez-Hernandez et al., 1997), and unilateral PPN 

lesion using N-methyl-D-aspartate (NMDA) induced oxidative stress events in the SNc and in 

the striatum (Jimenez-Martin et al., 2015). Yet, in these different paradigms, the lesion or 

inactivation of the PPN affected both cholinergic and non-cholinergic neurons. Thus, no 

definite conclusion can be drawn on the specific role of cholinergic neurons in the progression 

of DA cell loss. 

Our aim was to test the hypothesis that a PPN lesion specific to cholinergic neurons 

leads to a DA nigral neuronal loss and that adding a PPN cholinergic lesion to a DA lesion, as 

observed in patients with PD, would aggravate DA neurodegeneration. We used lesion 

paradigms of cholinergic and/or DA systems in normal and parkinsonian rats and monkeys, 

and quantified the number of cholinergic neurons in the PPN and of DA neurons in the SNc. 

PPN lesions were performed using diphtheria toxin coupled to urotensin II (Dtx-UII), a toxin 

specific to cholinergic neurons (Clark et al., 2007). We used the intrastriatal 6-

hydroxydopamine (6-OHDA) lesion paradigm in order to obtain a progressive DA loss in the 

SNc starting between 6 and 9 days post-surgery (Sauer and Oertel, 1994; Blandini et al., 

2007). We also studied macaques intoxicated with 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) because they more closely reflect patients with PD.  

 

Material and methods 

Animals 

All studies were carried out in accordance with the European Communities Council 

Directive of 2010 (2010/63/UE). The authorization for conducting our experiments was 

approved by the Ethics Committee in Animal Experiment Charles Darwin (agreement no. 

Ce5/2012/086). The experimental protocol was designed to minimize the number of animals 
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used and to minimize their suffering. The animals were housed two per cage at 20–23°C with 

a 12:12 h dark-light cycle. Food and water were available ad libitum throughout.  

 

Experimental groups 

Thirty-five adult male Sprague-Dawley rats (250–300 g) were used in this study. The 

rats were divided into four groups: 1) a group with a sham lesion into the right striatum 

followed 1 week later by a bilateral cholinergic lesion of the PPN using the selective Dtx-UII 

(Clark et al., 2007) (Dtx-UII-lesioned rats, n = 11); 2) a group with a unilateral, partial 

injection of 6-OHDA into the right striatum, followed one week later by a sham lesion of the 

right PPN, and one week later by a sham lesion of the left PPN (6-OHDA-lesioned rats, n = 

13); 3) a double-lesioned group with a unilateral 6-OHDA striatal injection followed one then 

two weeks later, thus when DA neurons were degenerating (Sauer and Oertel, 1994; Blandini 

et al., 2007), by a bilateral injection of Dtx-UII into the PPN (double-lesioned rats, n = 4); 4) a 

sham-lesioned group that received an equal volume of vehicle solution in both the striatum 

and the PPN (sham-lesioned rats, n = 5) and control rats that received no injection at all 

(control rats, n = 2).  

We also used brain sections obtained from 16 male adult macaques (Macaca 

fascicularis) previously used in two other studies (Karachi et al., 2010; Grabli et al., 2013): 

six macaques had been intoxicated with MPTP, five had received a cholinergic lesion of the 

PPN using Dtx-UII, and five others were considered as a control group. 

 

DA and cholinergic lesions in rats 

Surgical procedures were performed under general anesthesia with ketamine (50 mg/kg, 

Imalgene 500; Merial, Lyon, France) and xylazine (10 mg/kg, Rompun 2%; Bayer, 
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Leverkusen, Germany) administered intramuscularly. Rats received pre- and post-operative 

analgesia with carprofen (rimadyl 5 mg/kg, sc). 

 

The rat was placed in a stereotactic frame (David Kopf Instruments) on an electronically 

controlled isothermic heating pad. During surgery, anesthesia was then induced with a 

mixture of isoflurane (3% induction, 2% maintenance dose) and oxygen (1.5 L/min). Injection 

sites were determined according to the atlas of Paxinos and Watson (2005) and all injections 

were slowly infused (0.2 µl/min). All animals except the 2 controls underwent 3 surgeries in 

order to lesion the striatum unilaterally, followed 1 week later by a bilateral cholinergic lesion 

of the PPN. To avoid surgical risk with brainstem surgery, the neurotoxin was first injected 

unilaterally into the right PPN, then, one week later, a contralateral injection was performed 

using the same procedure. We chose to lesion the striatum unilaterally to reduce the risk of 

animal death due to the 3 successive surgeries and because bilateral nigrostriatal lesion carries 

an additional risk of death.  

Bilateral lesions of the PPN were made by giving two infusions of 1 µL of Dtx-UII 

(5%) at bregma -7.6 mm, midline ±1.8 mm, dura -7.3 mm, and bregma -8.4 mm, midline ±1.8 

mm, dura -6.9 mm. Lesions of the right striatum were made by giving two infusions of 6-

OHDA (2 x 2 µL, 4 µg/µl in a 0.01% ascorbic acid solution; Sigma) at the following 

stereotaxic coordinates: bregma +0.5 mm, midline +2.5 mm, dura -5 mm; and bregma -0.5 

mm, midline +4 mm, dura -5 mm. The animals were kept under a heating lamp until they had 

fully recovered from anesthesia, after which they were returned to their cage and housed 

individually.  

 

DA and cholinergic lesions in macaques 
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The MPTP regimen consisted of intramuscular injections (0.2–0.4 mg/kg) at an interval 

of 3 to 7 days until the emergence of all parkinsonian symptoms. All six MPTP-treated 

macaques developed severe motor symptoms and were euthanized after a survival time of 2 to 

4 months. Dtx-UII (10 µl, 20%) was injected stereotactically into the PPN, first unilaterally, 

and then contralaterally 2–4 weeks later, as previously described (Karachi et al., 2010). 

Monkeys were killed 2 months after the last lesion. After transcardial perfusion with 4% 

paraformaldehyde, brains were removed, frozen and cut transversely into 50-µm-thick 

sections.  

 

Tissue collection 

All 32 rats were killed 7 weeks after the first striatal saline or 6-OHDA injection, except 

for five 6-OHDA-lesioned rats that were killed 15 weeks after the striatal lesion (6-OHDA-

lesioned-15w rats). Each rat was killed by a lethal intraperitoneal injection of sodium 

pentobarbital and perfused through the heart with ~100 ml of 0.1 M phosphate-buffered saline 

(PBS, pH 7.4), followed by ~300 ml 4% paraformaldehyde in 0.1 M PBS (pH 7.4). Brains 

were removed and placed into 4% paraformaldehyde overnight for post-fixation prior to 

transfer to PBS-20% sucrose and frozen. Transverse 40-µm-thick sections were cut on a 

freezing microtome. 

 

Peroxidase immunohistochemistry 

 

Parallel series of regularly interspaced (400 µm apart for rats and 500 μm apart for 

macaques) fresh-frozen sections of brains were immunohistochemically processed for 

tyrosine hydroxylase (TH) using a mouse monoclonal anti-TH (1:500; Immunostar, Hudson, 

WI), choline acetyltransferase (ChAT) using a goat polyclonal anti-ChAT (1:500, Chemicon, 

Merck Millipore), a neuron-specific nuclear protein using mouse monoclonal anti-neuronal 
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nuclear protein (NeuN) (1/500; Chemicon, Merck Millipore), or a rabbit polyclonal antibody 

against ionized calcium-binding adaptor molecule 1 (Iba-1) (1:500; WAKO, Richmond, VA). 

They were then incubated with secondary antibodies from appropriate species and the signal 

was amplified using Vectastain ELITE ABC reagents (Vector Laboratories, Inc., Burlingame, 

CA). The antibodies were then visualized by peroxidase histochemistry with 

diaminobenzidine (Sigma) as substrate. Sections were counterstained with Nissl stain, cresyl 

violet or neutral red. Some sections were also processed for Fluoro-Jade B staining using the 

Fluoro-Jade B Ready-to-dilute staining kit (Chemicon International/Millipore, Saint-Quentin-

en-Yvelines, France), to detect degenerating neurons according to the procedure described 

elsewhere (Schmued and Hopkins, 2000). 

 

Double fluorescent immunochemistry 

Other series of regularly interspaced sections were incubated with rabbit anti-Iba-1 

(1:500; WAKO, Richmond, VA), and with goat polyclonal anti-ChAT (1:500). Sections were 

then incubated with secondary fluorescent antibodies from the appropriate species (all from 

Life Technologies), and nuclei were stained with 4’,6’-diamino-2-phenylindole 

dihydrochloride (DAPI). 

Another series of regularly interspaced sections was processed for nicotinamide adenine 

dinucleotide phosphate diaphorase (NADPH) histochemistry, as previously described (Hirsch 

et al., 1987). NADPH was used to label cholinergic PPN neurons; virtually every cholinergic 

neuron within the PPN contains NADPH-diaphorase activity in rats and monkeys (Geula et 

al., 1993).  

 

Quantification 
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TH-positive (TH+) cell bodies and fibers and NADPH diaphorase-positive (NADPH+) 

cell bodies were quantified in all animals. The investigator performing the quantification was 

blinded to the treatment during the analysis. The sections were matched anatomically in each 

of the brains, while verifying that the cross-sections of the SNc and of the PPN were similar 

in all individuals. 

1) Optical densities of the TH+ fibers in the striatum, represented by gray means, were 

measured using image analysis software (MCID Image Analysis Software Solutions for Life 

Sciences, Interfocus Imaging Ltd., Linton, UK). In rats, the entire dorsal striatum, excluding 

the ventrally located nucleus accumbens, was outlined and measured in 5 to 9 striatal sections 

per animal (corresponding to +1.2 to -0.8 mm relative to bregma, Paxinos and Watson, 1998). 

In macaques, the putamen caudal to the anterior commissure was outlined and measured in 2 

different sections separated by 2 mm. A background measurement (taken in the corpus 

callosum) was subtracted from each measurement in the striatum, and the mean was 

calculated. The data from the lesioned striatum were presented as a percentage (mean ± SEM) 

of the values from the striatum of sham-lesioned rats, or from the putamen of control 

macaques. 

2) Estimation of the total number of TH+ cell bodies in the SNc was performed using an 

unbiased stereology method with a computer-based system (Mercator, ExploraNova, La 

Rochelle, France) as described previously (Karachi et al., 2010). The method consists in 

delineating the SNc in regularly spaced sections (every 400 µm in rats and 500 μm in 

macaques) covering the antero-posterior extent of the structure of all animals. TH+ cell bodies 

were counted and sampled according to the so-called fractionator principles, that is, a 

combination of the optical dissector, a three-dimensional probe used for counting, and 

fractionator sampling, a scheme involving the probing of a known fraction of the tissue (West 

et al., 1991). Optical dissectors were distributed using a systematic sampling scheme. The 
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height of the dissector was 22 µm in macaques and 18 µm in rats. Dissectors (60 µm long, 60 

µm wide) were separated from each other by 75 µm x 75 µm. To be counted, a neuron had to 

come into focus within the optical dissector, and had to be entirely within the surface area of 

the dissector or had to cross the dissector border. Only two consecutive borders on four of the 

dissectors were considered.  

3) The total number of Iba-1+ microglia cells in the SNc was counted on Iba1-stained 

sections in sham-lesioned and Dtx-UII-lesioned rats using the same fractionator and optical 

dissector method as described above. The method consists in delineating the SNc in 3 spaced 

sections (from -4.80 to -6.04 mm relative to bregma, Paxinos and Watson, 1998), the 3 

section levels being identical between all animals. The number of Iba+ cells was expressed as 

cells per mm
2
. 

4) NADPH+ cell bodies were quantified in regularly spaced sections of the PPN (every 

400 µm in rats and 500 μm in macaques) covering the antero-posterior extent of the structure 

of all animals using the same image analysis system (Mercator, ExploraNova). The 

cholinergic neurons serve to delineate PPN boundaries. They correspond to the Ch5 

cholinergic population according to the nomenclature proposed by Mesulam et al. (1983). 

They were distinguished from the Ch6 cholinergic neurons of the laterodorsal tegmental 

nucleus lying within the periaqueductal gray matter, dorsal and caudal to the PPN (Mesulam 

et al., 1983). The total number of NADPH+ cell bodies present in the PPN sections was 

estimated by plotting all cells per section. The Abercrombie correction factor (N = n × T/T + 

D), where N is the actual number of cells, n the number of counted cells, T the section 

thickness (50 μm in macaques and 40 µm in rats), and D the average diameter of nuclei (16 

µm in rats and 20 μm in macaques), was then applied to compensate for double counting in 

adjacent sections (Francois et al., 1999).  
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5) In order to determine whether nigral TH+ neurons are atrophic after PPN lesion, 

pictures of 60 Nissl-stained cell bodies of the SNc from 3 separate sections from 4 control 

macaques and of 3 Dtx-UII-lesioned animals were captured using a camera mounted to the 

microscope under a X 40 objective. The measure was performed on Nissl-stained cell bodies 

because thick TH+ dendrites emerging from soma render the delineation of the cell bodies 

difficult. The cell body contours were traced and their surface was measured using Image J 

software. The data were then compiled and analyzed using Excel software. 

6) TH-negative cell bodies in the SNc of sham- and Dtx-UII-lesioned rats were 

quantified on TH sections counterstained with cresyl violet, as this Nissl-stain contrasts well 

with the brown TH staining. The SNc was delineated in five regularly spaced sections whose 

levels were identical between animals, and we quantified large Nissl-stained cell bodies which 

were readily distinguishable from small glial cells. NADPH-negative cell bodies in the PPN 

of sham- and 6-OHDA-lesioned rats were also quantified on NADPH sections counterstained 

with neutral red, as this Nissl-stain contrasts well with the blue NADPH staining. Large 

neutral red-stained cell bodies were plotted in the PPN, delineated by the presence of 

NADPH+ neurons in 5 sections whose levels were identical between animals.   

 

Data analysis 

All values are expressed as mean ± SEM. All statistical analyses were performed using 

SigmaPlot (Systat Software, San Jose, CA). Side-to-side comparisons within the same group 

were made by Wilcoxon paired-sample. The non-parametric Kruskall–Wallis test was used to 

analyze variance among three groups followed by a Mann–Whitney U test in the event of 

statistically significant differences. The non-parametric Mann–Whitney U test was used for 

comparison of two groups (MPTP-treated and control macaques; 6-OHDA-lesioned-7w and 

6-OHDA-lesioned-15w). Correlations between surviving TH+ neurons in the SNc and 
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NADPH+ neurons in the PPN were analyzed using Pearson’s correlation coefficient. The t-

test was then used to establish if the correlation coefficient was significantly different from 

zero. The minimum level of statistical significance was set at p<0.05. 

 

Results 

Comparison between control and sham-lesioned rats 

We first verified that saline injection into the right striatum or into the PPN did not 

induce neuronal loss. No difference was observed in the optical density of TH+ fibers in the 

striatum and the number of TH+ neurons in the SNc ipsilateral to the sham lesion (n = 5 

hemispheres) compared to the contralateral side of the same animals, and compared to both 

hemispheres of non-operated, control rats (n = 4 hemispheres) (not shown). Likewise, the 

number of NADPH+ neurons was not affected by saline injections. Therefore, sham-lesioned 

and control animals were pooled together for subsequent analyses and were considered as the 

sham-lesioned group (n = 7 rats) for this study.  

 

Effect of cholinergic PPN lesion on nigral DA neuronal loss in rats 

Only rats with a more than 20% reduction of cholinergic neurons in the PPN were 

included in the analysis. The Dtx-UII-lesioned group was thus composed of 5 rats with 

unilateral PPN lesion and 3 rats with bilateral PPN lesion (n = 11 hemispheres) that survived 

7 weeks. Data are expressed as total numbers of TH+ and NADPH+ neurons per hemisphere 

of rats. 

Injections of Dtx-UII into the PPN of rats induced a mean loss of 33% of NADPH+ 

neurons, mainly centrally located, compared with the sham-lesioned group (p<0.001, 

Kruskall–Wallis) (Fig. 2A, Table 1). Examination of NeuN-stained PPN sections of rats with 

Dtx-UII lesion showed that the major effect of Dtx-UII administration was on cholinergic 
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neurons, with little damage to non-cholinergic neurons, which was mainly confined to the 

needle tracks (Fig. 1B,D). This result confirms that Dtx-UII used at 5%, thus higher than 

previously used in the initial report that described this protocol (3%), remains selective for 

cholinergic PPN neurons (Clark et al., 2007). These cholinergic lesions resulted in a 

significant loss of 14% of TH+ fibers in the striatum (Fig. 2B) and of 26% of TH+ neurons in 

the SNc when compared to the sham-lesioned group (p<0.005, Kruskall–Wallis) (Fig. 2C,D). 

These losses were found in various sectors of the SNc and striatum different from one 

lesioned animal to another and most likely depending on the precise localization of the PPN 

lesion. No TH+ cell loss was observed contralaterally to the unilateral lesion of the PPN. 

To investigate the possibility that the reduction in cell numbers was simply due to a loss 

of TH expression, 5 TH+ sections of sham- and Dtx-UII-lesioned rats were counterstained 

with cresyl violet in order to visualize cell bodies in the SNc (Fig. 2E). A larger number of 

neuronal counterstained cell bodies that were TH-negative was found in the SNc of the Dtx-

UII-lesioned side compared to the sham-lesioned side (+8%; Dtx-UII: 1822 ± 51 cell bodies; 

sham: 1683 ± 48 cell bodies), but this difference was not significant (p=0.18, Mann–Whitney 

U test). This suggests that the reduction in TH cell number after the PPN lesion was not due to 

a loss of TH expression but to actual neuronal cell loss. 

To determine if the PPN lesion induced inflammation at the nigral level, the number of 

Iba-1+ microglial cells was quantified in the SNc of Dtx-UII-lesioned rats 7 weeks after 

injection and compared to sham-lesioned rats. The number of Iba-1+ cells were similar to the 

sham group (Dtx-UII: 86.9 ± 4.5 cells per mm
2
; sham: 82.1 ± 3.7 cells per mm

2
; p=0.62, 

Mann–Whitney U test) and were homogeneously distributed. No activated microglial cells, 

characterized by round amoeboid-shaped cells, were identified. To investigate if a pro-

inflammatory state may have occurred earlier in the process of degeneration, the number of 

Iba-1+ cells was quantified in the SNc of PPN-lesioned rats 3 weeks after injection, thus when 
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the Dtx-UII toxin had induced maximal loss of cholinergic neurons (Clark et al., 2007). We 

first verified that Dtx-UII lesion in the PPN induced a significant loss of 39% of NADPH+ 

neurons compared with the sham-lesioned group (Dtx-UII 3 weeks: 1521 ± 191; sham: 2474 

± 33 neurons; p<0.05, Mann–Whitney U test). However, no statistical difference was 

observed in the number of nigral TH+ neurons and of Iba-1+ cells between the Dtx-UII-

lesioned group 3 weeks post-lesion and the sham-lesioned group (number of TH+ neurons: 

Dtx-UII 3 weeks: 10,956 ± 183 neurons; sham: 11,911 ± 182 neurons; p=0.06, Mann–

Whitney U test. Number of Iba1+ cells: Dtx-UII 3 weeks: 85.2 ± 4.5 cells per mm
2
; sham: 

82.1 ± 3.7 cells per mm
2
; p=0.75, Mann–Whitney U test). Only a very few round amoeboid-

shaped Iba1+ cells were identified in the SNc of the Dtx-UII-lesioned group 3 weeks post-

lesion (Fig. 2F). This suggests that the PPN lesion did not induce a pro-inflammatory 

response at the nigral level. 

 

Effect of cholinergic PPN lesion on nigral DA neuronal loss in macaques 

A bilateral stereotaxic injection of Dtx-UII into the PPN of 5 macaques induced a loss 

of 39% of NADPH+ neurons compared to control animals (n = 5) (p<0.01, Mann–Whitney U 

test), as already reported (Karachi et al., 2010). There was no difference in the number of 

TH+ fibers in the putamen and of TH+ neurons in the SNc compared to control animals 

(p>0.05, Mann–Whitney U test) (Fig. 3A,A’; Table 1). 

While no nigral TH+ cell loss was detected in Dtx-UII-lesioned macaques, a 15% 

decrease in the surface area of Nissl-stained cell bodies was observed in all parts of the SNc 

(control, 479 ± 50 µm
2
; Dtx-UII, 407 ± 45 µm

2
, p<0.001, Mann–Whitney U test) (Fig. 

3B,B’). Moreover, the greater the severity of the PPN lesion, the greater the reduction in cell 

body size. In contrast to what was observed in control animals, a few Fluoro-Jade-positive 
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neurons were present in the SNc of macaques (Fig. 3C), suggesting that these neurons were 

degenerating.  

 

Effect of DA lesion on cholinergic PPN neuronal loss in rats 

The effects of DA lesions on nigral DA and PPN cholinergic neurons were first assessed 

separately before testing whether adding a DA lesion to a PPN cholinergic lesion would 

aggravate DA degeneration. 

The efficacy of the 6-OHDA lesion in the right striatum of rats was first assessed by TH 

immunoreactivity in 6-OHDA-lesioned rats 7 weeks post-injection (6-OHDA-lesioned-7w 

rats). There were significant losses of 51% of TH+ fibers in the striatum (Fig. 4A) and of 72% 

of TH+ neurons in the SNc ipsilateral to the lesion compared with the sham-lesioned group 

(p<0.001, Kruskall–Wallis) (Fig. 4B). A small but significant loss of 10% of TH+ neurons 

was also observed in the contralateral hemisphere (p<0.05, Kruskall–Wallis, Fig. 3B). 

Unexpectedly, DA striatal lesions induced a significant loss of 29% of NADPH+ neurons in 

the PPN ipsilateral to the DA lesion (p<0.001, Kruskall–Wallis; Fig. 4C).  

To determine the effect of a longer survival time after 6-OHDA striatal lesion on 

NADPH neuronal loss, 5 rats were allowed to survive 15 weeks after 6-OHDA striatal lesion 

(6-OHDA-lesioned-15w rats). Compared with the sham-lesioned group, we observed a 

significant loss of TH+ fibers in the striatum (41%), and of TH+ neurons in the SNc 

ipsilateral to the striatal 6-OHDA lesion (75%) (p<0.005 and p<0.001, respectively, Kruskall–

Wallis) (Fig. 4A,B,D). A significant TH+ cell loss was also observed contralaterally (18%) 

(p<0.05). These DA lesions induced a significant difference in the number of NADPH+ 

neurons ipsilateral to the striatal lesion (34% loss, p<0.05) but also contralaterally (11% loss, 

p<0.005) (Fig. 4C,D). The NADPH+ neuronal degeneration was greater after 15 weeks of 
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survival time than after 7 weeks, but the difference was not significant. Moreover, the loss of 

NADPH+ neurons was higher in the anterior PPN than in its posterior part (Fig. 4E). 

To investigate the possibility that the reduction in cell numbers was solely due to a loss 

of NADPH diaphorase expression, NADPH+ cell bodies were quantified on 5 sections 

counterstained with neutral red. The number of neuronal cell bodies that were neutral red 

stained and NADPH-negative increased in the PPN of 6-OHDA-lesioned rats compared to 

sham-lesioned (+39%, p<0.01) (Fig. 4F). This suggests that these NADPH-negative neurons 

correspond to cholinergic neurons that did not fully degenerate after 6-OHDA lesion but lost 

their ability to express NADPH diaphorase. 

Examination of PPN sections stained with the microglial marker Iba-1 and ChAT 

revealed no inflammation in the PPN of Dtx-UII-lesioned groups compared to sham-lesioned 

animals, except along the needle tracks (Fig. 1A). 

 

Effect of DA lesion on cholinergic PPN neuronal loss in macaques 

The effect of a DA lesion on cholinergic neuronal survival was then assessed in MPTP-

treated macaques. MPTP induced a massive bilateral loss of 81% of TH+ neurons in the SNc 

and of 78% of TH+ fibers in the striatum (p<0.005, Mann–Whitney U test), and a small but 

significant loss of 7.4% of NADPH+ neurons in the PPN of both hemispheres (p<0.005, 

Mann–Whitney U test) (Table 1 and Fig. 5). No reduction in cell body size of NADPH+ 

neurons was observed in MPTP-treated macaques when compared with control animals. 

 

Effect of simultaneous lesion of both DA and cholinergic neurons on neuronal losses in rats 

PPN cholinergic lesions were performed successively in the two hemispheres one week 

and two weeks, respectively, after the unilateral 6-OHDA lesion, i.e. at a stage when DA 

neurons were degenerating. These doubly lesioned animals showed a reduction of 52% in 
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TH+ fibers in the striatum, and of 84% in TH+ neurons in the SNc ipsilateral to the lesion 

compared with sham-lesioned rats (p<0.001) and 23% in TH+ nigral neurons contralaterally 

(p<0.01) (Fig. 6A,B). TH degeneration was therefore slightly more extensive in the double 

lesioning paradigm than after a single lesion of the nigrostriatal pathway, but the difference 

was not significant (p>0.05, test a posteriori). These doubly lesioned animals also showed a 

reduction in NADPH+ neurons of 53% ipsilaterally and of 27% contralaterally to the PPN 

cholinergic lesion (p<0.001 and p<0.05, respectively, Kruskall–Wallis) (Fig. 6C,D), which 

was greater than the reduction observed after a single PPN cholinergic lesion (p<0.05). 

 

Correlation between the intensity of DA neuronal degeneration and the extent of cholinergic 

PPN neuronal loss in rats 

A strong correlation between TH+ and NADPH+ neuronal losses was observed in all 

experimental conditions in rats. The correlation coefficient was 0.83 for rats with PPN lesion 

(Dtx-UII-lesioned rats), 0.88 for rats with DA striatal lesion (6-OHDA-lesioned rats), 0.90 for 

double-lesioned rats (Fig. 7) and 0.78 for all groups of rats. In each case the correlation 

coefficient was statistically significant (p<0.001). 

 

Discussion  

 

The major findings of the present study are that 1) lesioning of PPN cholinergic neurons 

resulted in a significant loss of DA neurons in the SNc of rats and atrophy of nigral DA 

neurons in macaques, 2) a DA lesion induced a significant loss of PPN cholinergic neurons in 

both rats and monkeys, and 3) adding PPN cholinergic lesion in 6-OHDA-lesioned rats when 

DA nigral neurons were degenerating resulted in more drastic DA and cholinergic neuronal 

losses than when each neurotransmitter system was lesioned separately. 
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Our findings demonstrate that partially removing excitatory cholinergic inputs to DA 

nigral neurons as observed in the course of PD results in DA neuronal dysfunction. Several 

hypotheses might be considered to explain the dysfunction and death of DA neurons after the 

cholinergic PPN lesion. It is first possible that the cholinergic lesion caused overactivity of 

glutamatergic PPN neurons that also project to DA neurons (Charara et al., 1996), resulting in 

an excitotoxic stimulation of DA neurons and ultimately their death. This could explain why 

PPN lesioning before MPTP intoxication attenuates DA cell loss and parkinsonian deficits 

compared with MPTP-treated macaques (Takada et al., 2000). In that sense, it would be of 

interest to determine the activity of glutamatergic PPN neurons after cholinergic PPN lesion 

by performing electrophysiological recordings on these neurons, or by quantifying cellular 

levels of cytochrome oxidase subunit I mRNAs. Alternatively, the decrease of cholinergic 

inputs to DA neurons may result in a reduced activity and excitability of these neurons, 

leading progressively to their suffering and demise (Michel et al., 2013). This is in line with 

the atrophy of DA nigral neurons that we observed in PPN-lesioned macaques, since cell 

shrinkage and the presence of Fluoro-Jade-positive neurons are characteristic hallmarks of 

apoptosis (Maeno et al., 2000). This is coherent with the fact that the rate-limiting enzyme in 

dopamine synthesis, tyrosine hydroxylase, whose expression is activity- and calcium-

dependent (Brosenitsch and Katz, 2001), is absent from a large fraction of neuromelanized 

DA neurons in PD brains (Hirsch et al., 1988). Some reports also suggest that α7 nicotinic 

receptor activation provides protection to DA neurons in midbrain cultures (Toulorge et al., 

2011) and in rodent models of PD (Suzuki et al., 2013; Bordia et al., 2015), whereas a 

selective α7 nAChR antagonist suppressed these effects (Suzuki et al., 2013). Moreover, 

stimulating the PPN increases the firing rate and electrical activity of DA neurons (Clarke et 

al., 1987; Forster and Blaha, 2003). 
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Lesioning of PPN cholinergic neurons with Dtx-UII in macaques resulted in lesions that 

were of similar extent as in rats (33% in rats and 39% in macaques). Surprisingly, the PPN 

cholinergic lesion resulted in a loss of DA neurons in the SNc of rats but only in the atrophy 

of these neurons in macaques. This discrepancy is difficult to explain, but is consistent with 

the different results of electrophysiological studies in rodent, non-human primate and human 

patients with Parkinson’s disease, which may be explained on the basis of variable afferent 

and efferent connectivities of these nuclei to the basal ganglia (Alam et al., 2010, review).  

Thus, it has been suggested that cholinergic neurons account for 25% of all PPN neurons 

projecting to the SNc in monkeys (Lavoie and Parent, 1994) and 40% in rodents (Woolf and 

Butcher, 1986; Gould et al., 1989). It is thus possible that pure cholinergic PPN lesions were 

not sufficient to induce DA degeneration in primates, and that removing both glutamatergic 

and cholinergic inputs to DA neurons may be necessary to reduce activity of these neurons. 

This may explain why only extensive PPN lesions involving both cholinergic and non-

cholinergic neurons induced a parkinsonian syndrome in macaques (Aziz et al., 1998; 

Matsumura and Kojima, 2001). PPN lesions in rats also resulted in a decreased activity of 

SNc neurons (Breit et al., 2005), in the development of oxidative stress events in the SNc 

(Jimenez-Martin et al., 2015) and in DA neuronal death when the lesion is extensive (McGeer 

and McGeer, 1984). These observations suggest that basal excitatory glutamatergic inputs 

may themselves contribute to the survival of DA neurons. This is, however, rather unlikely 

even if the activation of glutamate N-methyl-D-aspartate receptors was reported to contribute 

to the maintenance of DA neurons in rat midbrain slice cultures (Katsuki et al, 2003).  

 

Unilateral 6-OHDA striatal lesion in rats resulted in a reduced number of TH+ neurons 

not only ipsilaterally but also contralaterally to the lesion, the reduction being greater 15 

weeks than 7 weeks post-lesion. Unilateral 6-OHDA lesion has already been reported to 
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induce contralateral loss of DA neurons (Yuan et al., 2005) and a decrease of striatal DA 

levels (Hahn et al., 1981), as well as bilateral structural alterations in the SN and cortex 

detected using magnetic resonance imaging (Soria et al., 2011). This suggests that the side 

contralateral to the DA lesion should no longer be considered as a control side. Moreover, the 

loss of DA fibers in the striatum 7 weeks post-lesion tended to diminish after 15 weeks, which 

is consistent with previous studies reporting a partial recovery of DA striatal fibers between 5 

and 8 weeks (Yuan et al., 2005) and a more substantial recovery 16 weeks (Zeng et al., 2012) 

after striatal 6-OHDA lesion. This may also explain why no decrease in optical density for TH 

was observed contralaterally to the lesion whereas the number of TH+ neurons and NADPH+ 

neurons was significantly decreased. Moreover, these results indicate that the remaining DA 

neurons could sprout and re-innervate the striatum. 

Our findings show that DA degeneration produced a statistically significant reduction in 

PPN cholinergic neurons in rats, the damage evolving over time ipsilaterally and 

contralaterally to the lesion. Our results are consistent with the observation that 6-OHDA 

lesion in rats alters PPN spike timing (Aravamuthan et al., 2008). Furthermore, a DA lesion 

induced by intranigral injection of the proteasome inhibitor lactacystin in rats also resulted in 

a 61% loss of PPN cholinergic neurons ipsilateral to the lesion, accompanied by somatic 

hypotrophy in the remaining cholinergic neurons (Pienaar et al., 2015). Note that in the 

present study the extent of DA neuronal loss in rats was also strongly correlated with that of 

cholinergic PPN neurons, as reported in PD patients (Zweig et al., 1989; Karachi et al., 2010). 

In macaques, however, extensive DA degeneration was associated with a limited PPN 

cholinergic lesion. Differences observed here in the extent of cholinergic neuronal loss 

between rats and macaques may be due either to differences in the mechanisms involved in 

MPTP and 6-OHDA toxicity, or to the more progressive DA neuronal loss induced by a sub-

chronic MPTP regimen (1 to 2 months) than that induced by intrastriatal 6-OHDA injection (2 
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to 3 weeks post-infusion) (Sauer and Oertel, 1994; Blandini et al., 2007), allowing 

compensatory mechanisms to develop in the PPN of monkeys. The existence of plasticity, 

such as trophic compensation at striatal level after MPTP treatment, has been evidenced in 

young macaques, but not in old animals (Collier et al., 2005). This raises the possibility that 

various insults may progressively develop with time, which is consistent with the observation 

that PPN cholinergic neurons are lost only in aged MPTP-treated monkeys (Karachi et al., 

2010). We thus hypothesize that a longer time-scale was required for the development of a 

cholinergic lesion in monkeys, and that similar mechanisms may be involved in the 

pathogenesis of PD.  

An absence of cholinergic PPN lesion was reported in rat and macaque models of PD 

similar to those used in the present study (Herrero et al., 1993; Heise et al., 2005; Pienaar and 

van de Berg, 2013). Several factors could account for these discrepancies. 1) The low number 

of macaques used in previous studies is perhaps insufficient to detect a cholinergic neuronal 

loss, which was modest (7%) in our material and statistically significant only when a sixth 

animal was added. 2) Apomorphine, known for its neurotrophic and neuroprotective effect 

(Yuan et al., 2004) and given to test behaviorally the 6-OHDA-lesioned rats in other studies 

but not in our case, may also account for the attenuation of DA degeneration. 3) Quantifying 

cholinergic and DA neurons using stereology as we performed is more accurate than the other 

methods used in other studies. 4) Lastly, the side contralateral to the 6-OHDA lesion, 

although affected by the lesion, was used as a control side by the different research teams. A 

recent study also reported that loss of DA neurons does not affect cholinergic neuron numbers 

in the PPN of rats (Gut and Winn, 2015). The rat strain (Lister Hooded) and the short survival 

time after 6-OHDA lesion (3 weeks) used in this study may explain discrepancies in 

cholinergic PPN neuronal vulnerability. The fact that no cholinergic cell death was detected in 

this study does not exclude the possibility that cholinergic neurons were dysfunctional. 
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Several hypotheses might be considered to explain why DA degeneration resulted in 

cholinergic PPN lesion. 1) PPN neurons are hyperactive in unilaterally 6-OHDA-lesioned rats 

but not in rats with combined subthalamic and DA lesions, which suggests that the PPN is 

under major control of the subthalamic nucleus (Breit et al., 2001). The subthalamic 

glutamatergic neurons being hyperactive in the parkinsonian state, this hyperactivity may 

cause the overexcitation of PPN cholinergic neurons through the sustained engagement of 

NMDA glutamate receptors, leading ultimately to excitotoxic death of cholinergic neurons. 2) 

Alternatively, the hyperactivity of GABAergic outputs from the pallidum and SN pars 

reticulata observed after DA lesion may result in excessive inhibition of PPN neurons, as 

reported in MPTP-treated macaques (Gomez-Gallego et al., 2007). The reduced activity of 

PPN neurons may result in progressive cell death, as demonstrated for DA neurons (Michel et 

al., 2013). However, this remains speculative and needs to be determined. 3) It has been 

proposed that the loss of DA neurons in PD may occur via a “dying back” process that begins 

in striatal nerve terminals and terminates at the somatic level (Morfini et al., 2009; Chu et al., 

2012). It is possible that PPN neuronal loss might have followed a similar mode of 

degeneration in 6-OHDA-lesioned rats, as previously suggested (Pienaar and van de Berg, 

2013), possibly due to the deafferentation process that affects cholinergic nerve terminals.  

 

Conclusions 

Overall, our data 1) confirm the important correlation that exists between the extent of 

loss of DA neurons in the SN and that of cholinergic neurons in the PPN (Zweig et al., 1989), 

and 2) demonstrate that reciprocal interactions between cholinergic PPN neurons and SN DA 

neurons make these populations of neurons mutually dependent on each other for their 

survival. Moreover, adding PPN lesion in the course of the degenerative process affecting DA 

fibers in rats induced more drastic losses of both cholinergic PPN and DA nigral neurons than 
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when each neurotransmitter system was lesioned separately. This further suggests that a 

vicious circle type of degeneration involving the SN DA and PPN cholinergic systems may 

develop as PD-related events progress. Our results thus point towards a key role of PPN 

cholinergic neurons in the pathophysiology of PD. Whether cholinergic PPN degeneration is 

the primary cause or the consequence of DA lesions remains, however, to be determined.   
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Figure legends 

Figure 1. Lesion analysis (A) Photomicrographs of triple-fluorescence staining for ChAT 

(red), Iba-1 (green) cells, and DAPI (blue) in a sham-lesioned and a PPN-lesioned rat, 

showing slight inflammation along the needle tracks. The white arrow indicates the location 

of needle tracks. (B) Photomicrographs of a sham-lesioned (left) and a PPN-lesioned rat 

(right) with NADPH and neuronal nuclei (NeuN) staining on adjacent sections showing the 

major effect of Dtx-UII administration on cholinergic neurons (NADPH), and its little effect 

on non-cholinergic neurons (NeuN), mainly along needle tracks. Arrows indicate the most 

lateral part of the PPN. 

 

Figure 2. Effect of Dtx-UII injections into the PPN of rats. Dtx-UII injections into the PPN 

induced loss of NADPH+ neurons (A), of TH+ fibers in the striatum (B) and of TH+ neurons 

in the SNc (C) seen on transverse sections. (D) Graphs showing the total number of NADPH+ 

neurons in the PPN, of TH+ fibers in the striatum using optical density (OD) and of TH+ 

neurons in the SNc of Dtx-UII-lesioned animals (Dtx-UII, n = 11 hemispheres) compared 

with the sham-lesioned group (sham, n = 14 hemispheres). (E) Photomicrographs of TH+ 

sections counterstained with cresyl violet showing large cresyl violet-stained cell bodies (blue 

arrows) in a sham-lesioned rat and in a Dtx-UII-lesioned rat. (F) Photomicrographs of Iba1+ 

cells in a sham-lesioned rat and in a Dtx-UII-lesioned rat. ***p<0.005; ****p<0.001, Mann–

Whitney U test. Nb, number. The superior cerebellar peduncle (scp) has been delineated in A. 

 

Figure 3. Effect of Dtx-UII injections into the PPN of macaques. (A) Photomicrograph of 

NADPH-labeled transverse sections showing Dtx-UII (Dtx-UII) injection site into the PPN 

compared with a control. (A’) Graphic representation of the distribution of NADPH+ neurons 
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in the PPN. (B) Photomicrograph of Nissl-stained transverse sections of the SNc illustrating 

the shrinkage of cell bodies after PPN lesion compared with a control. (B’) Quantification of 

the surface area of Nissl-stained cell bodies, showing a decrease in macaques with Dtx-UII-

lesioned PPN (n = 5) compared with controls (n = 5). (C) Photomicrograph of Fluoro-Jade-

stained cells in the SNc of two macaques with Dtx-UII-lesioned PPN. ***p<0.005, Mann–

Whitney U test. The superior cerebellar peduncle (scp) has been delineated in A. 

 

Figure 4. Effect of 6-OHDA striatal injections in rats that were allowed to survive 7 

weeks (7w) or 15 weeks (15w) post-lesion. Photomicrographs of transverse sections 

illustrating that 6-OHDA injections induced loss of TH+ fibers in the striatum (A), of TH+ 

neurons in the SNc (B), and of NADPH+ neurons in the PPN (C). The superior cerebellar 

peduncle (scp) has been delineated in C. (D) Graphs showing the loss of TH+ fibers in the 

striatum assessed by measuring optical density (OD), of TH+ neurons in the SNc and of 

NADPH neurons in the PPN of 6-OHDA-lesioned rats that survived 7 weeks (6-OHDA-7w, n 

= 8 ipsilateral and 8 contralateral hemispheres), 6-OHDA-lesioned rats that survived 15 

weeks (6-OHDA-15w, n = 5 ipsilateral and 5 contralateral hemispheres) compared with the 

sham-lesioned group (sham, n = 14 hemispheres). The neuronal degeneration ipsilateral (ipsi) 

to the lesion was statistically significant, and was greater after 15 weeks of survival time than 

after 7 weeks, but the difference was not statistically significant. (E) Graph showing that the 

loss of NADPH+ neurons expressed as a percentage in each of the 5 PPN sections was higher 

anteriorly (ant) than posteriorly (post). (F) Photomicrographs of NADPH+ sections 

counterstained with neutral red showing large, neutral red-stained cell bodies (red arrows) in a 

6-OHDA-lesioned rat that survived 7 weeks, and not in a sham-lesioned rat. *p<0.05, 

***p<0.005; ****p<0.001, Kruskall–Wallis test. 
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Figure 5. Effect of MPTP intoxication in macaques. (A) Photomicrograph of a TH+ 

transverse section showing a decrease in TH+ neurons in the SNc of an MPTP-treated 

macaque compared with a control. (B) Left, graphic representation of the distribution of TH+ 

neurons in the SNc showing the severe DA neuronal loss. Right, quantification of the total 

number of NADPH+ neurons, showing a slight, but statistically significant decrease in 

MPTP-treated macaques (n = 6) compared with controls (n = 5). ***p<0.005, Mann–Whitney 

U test. 

 

Figure 6. Effect of a double cholinergic and DA lesion in rats. Photomicrographs of 

transverse sections illustrating that 6-OHDA striatal injections and Dtx-UII PPN injections 

resulted in the loss of TH+ fibers in the striatum (A), of TH+ neurons in the SNc (B), and of 

NADPH+ neurons in the PPN (C). (D) Graphs showing loss of TH+ fibers in the striatum 

assessed by measuring optical density (OD) of TH+ neurons in the SNc and of NADPH+ 

neurons in the PPN of double-lesioned animals (n = 4 ipsilateral and 4 contralateral 

hemispheres) compared with the sham-lesioned group (n = 14 hemispheres). *p<0.05, 

****p<0.001, Kruskall–Wallis test. The superior cerebellar peduncle (scp) has been 

delineated in C. 

 

Figure 7. Correlation between the number of TH+ neurons and the number of NADPH+ 

neurons. A strong correlation between the number of TH+ neurons and the number of 

NADPH+ neurons was observed in all experimental conditions in rats. Contra, contralateral; 

ipsi, ipsilateral. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Table 1. Total number of NADPH+ in the PPN, of TH+ fibers in the striatum and of TH+ 

neurons in the SNc in the different experimental groups 

 

NADPH TH DO (%) TH 

 Experimental 

groups  ipsi contra ipsi 

cont

ra ipsi contra 

 rats 

       sham (n=7) 2,474 ± 33 100 ± 6 11,911 ± 182 

 Dtx-UII toxin 

7w (n=8) 1,654 ± 88 (33%) **** 86 ± 3 (14%) **** 8,849 ± 531 (26%) *** 

 6-OHDA-7w 

(n=8) 

1,745  ± 84 

(29%) **** 2,358 ± 46 

49 ± 6 (51%) 

**** 

99 ± 

2 

3,358 ± 479 

(72%) **** 

10,663 ± 219 

(10%) * 

6-OHDA-15w 

(n=5) 

1,632  ±  396 

(34%) * 

2,193 ± 195 

(11%) *** 

59 ± 5 (41%) 

*** 

98 ± 

5 

3,013 ± 1,137 

(75%) **** 

9,753 ± 342 

(18%) * 

Double-lesioned 

(n=4) 

1,162 ± 57 

(53%) **** 

1,813 ± 100 

(27%) * 

47 ± 2 (52%) 

**** 

94 ± 

2 

1,955 ± 596 

(84%) **** 9,174 ± 1,067 (23) ** 

  

macaques 

       controls (n= 5) 8,178 ± 198 100 ± 6 84,150 ±  4,154 

 Dtx-UII toxin 

(n=5) 4,951 ± 621 (39%) ** 91 ± 6 82,866 ± 2,110 

 MPTP-treated 

(n=6) 7,569 ± 102 (7.4%) *** 22 ± 4 (78%) *** 17,012 ± 2,697 (80%) *** 

  

The number of neurons and fibers was given ipsi and contralaterally to the 6-OHDA lesion in 

rats.  The extent of the lesions in the different experimental groups is expressed as a 

percentage of the respective control or sham value (in brackets).  Mean ± SEM. * P< 0.05, ** 

P< 0.01, *** P< 0.005, and **** P< 0.001, lesioned values versus sham or control values. 
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Highlights 

- We used lesion paradigms in normal and parkinsonian rats and monkeys 

- Lesion of cholinergic pedunculopontine neurons affects dopaminergic neurons  

- Dopaminergic lesion results in losses of cholinergic pedunculopontine neurons 

- Double cholinergic and dopaminergic lesions aggravate neuronal losses 

- Strong reciprocal interactions exist between dopaminergic and cholinergic systems 


