


















































































































































Photomicrographs (20x magnification) of SN processed for 
TH-immunohistochemistry 

Figure 28- Photomicrographs (20x magnification) ofTB-positive immunoreactivity 
in the SN for each group taken at bregma -5.3mm. There was a significant decrease in TH­
positive cell counts in the 10 min. HAL-treated group. 
A: Control 
B: 10min.HAL 
C: Minocycline + 10 min. HAL 
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VTA 

Analysis of cell counts revealed that HAL induced no significant changes in TH­

immunoreactivity, F(2,25) = 3.10, p = 0.063. HAL produced no significant reduction in TH­

positive cell counts compared to saline-injected animals, although the HAL-treated animals 

tended toward a decrease. A non-significant 5% reduction in TH-immunoreactive cells was seen 

in the HAL-treated animals compared to saline-injected controls. There was a non-significant 

11% increase seen in TH-immunoreactive cells with minocycline and HAL treatment co­

administration when compared to the HAL treated animals. 
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Cell Counts in Ventral Tegmental Area processed for 
TH-immunohistochemistry 
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Figure 29- Number of TH-positive cells in the ventral tegmental area per 40 J..Lm hemi 
section. Each dot represents the mean number ofTH-positive cell counts for one animal, with 
the horizontal line representing the group mean. TH-positive cell counts were not significantly 
decreased in the VTA of HAL-treated rats. 

Treatment Control 10 min. HAL 
Minocycline + 10 

Regimen min. HAL 

Mean± S.E.M. 251.9 ± 7.6 239.1 ± 5.7 266.3 ± 9.3 

Table 7- Mean cell counts± S.E.M. forTH-positive cells in the VTA. 
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Photomicrographs (20x magnification) of SN processed forTH­
immunohistochemistry 

Figure 30- Photomicrographs (20x magnification) of TH-positive immunoreactivity 
in the VTA for each group taken at bregma -5.3mm. There was no significant changes in TH­
positive cell counts. 
A: Control 
B: 10 min. HAL 
C: Minocycline + 10 min. HAL 
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TH & OX-42 Double Label 

SN 

TH counts 

Analysis of cell counts revealed that HAL induced significant downregulation ofTH­

immunoreactivity, F(2,25) = 19.3, p < 0.001. The 10 minute HAL treatment produced a 

significant 21% reduction in TH-positive cell counts compared to sham-treated animals 

(p < 0.02). Minocycline-treated animals showed no significant decrease in TH-immunoreactive 

cell counts compared to sham animals, although a 23% difference was seen between the 

minocycline-treated animals and the 10 minute HAL treated animals (p < 0.001). 
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Cell counts for Substantia Nigra processed for 
TH fluorescent immunohistochemistry 
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Figure 31 -Scatter plot of TH-positive cells in the substantia nigra per 40 J.Ull hemi 
section. Each dot represents the mean number ofTH-positive cell counts for one animal, with 
the horizontal line representing tire group mean. TH-positive -cell counts were significantly 
decreased in the SN of 10 min. HAL-treated animals by 21% (p < 0.02). Treatment with 
minocycline completely blocked the TH downregulation by HAL. 

Treatment 
Control 10 min. HAL 

Minocycline + 1 0 
Regimen min. HAL 

Mean ± S.E.M. 117.8±3.1 93.7 ± 2.3 121.2 ± 4.5 

Table 8- Mean cell counts ± S.E.M. for m-positive cells in the SN. 
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Confocal images (20x magnification) of SN processed for TH 
immunofluorescence 

Figure 32 -Fluorescent images of TH-Iabelled cells of the SN taken per drug 
treatment group as visualized on the confocal microscope at 20x magnification. A 
significant decrease was seen in the 10 minute HAL-treated animals. 
A: Control 
B: 10 min. HAL 
C: Minocycline + 10 min. HAL 



OX-42 counts 

Analysis of cell counts revealed a significant difference in OX-42 immunoreactivity after HAL 

treatment, F (2,25) = 39.8, p < 0.001. HAL treatment produced a significant (p < 0.01) 33% 

increase in OX-42 positive cells compared to control animals. A significant 22% decrease in 

OX-42 immunoreactivity (p < 0.03) was seen in animals treated both with 10 minute HAL and 

minocycline compared to control animals. OX-42 positive cell counts in the 10 minute HAL 

treatment were also significantly different from minocycline treated rats (p < 0.001). A 49% 

decrease in OX-42 immunoreactive cell counts was seen in the minocycline treated group 

compared to the 10 minute HAL treatment condition. 
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Activated microglial cell counts for SN processed for 
OX-42-immunofluorescence 
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Figure 33 - Scatter plot of OX42-positive cells in the substantia nigra per 40 t.tm hemi 
section. Each dot represents the mean number of OX-42-positive cell counts for one animal, 
with the horizontal line representing the group mean. OX-42-positive cell counts were 
significantly increased in the SNt>fHAL-treated animals by 33% (p < 0.01). This effect was 
completely blocked with minocycline. 

Treatment 
Control 10 min. HAL 

Minocycline + 1 0 
Regimen min. HAL 

Mean± S.E.M. 54.3 ± 3.3 81.1 ± 4.5 42.1±1.7 

Table 9 -Mean cell counts ± S.E.M. for OX-42-positive cells in the SN. 
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Confocal images (20x magnification) of SN processed for 
TH-immunofluorescence 

Figure 34 -Fluorescent images of OX-42-Iabelled cells of the SN taken per drug 
treatment group as visualized on the confocal microscope at 20x magnification. A 
significant increase was seen in the 10 min. HAL treated animals. This increase was 
blocked by treatment with minocycline. 
A: Control 
B: 10 min.+ HAL 
C: Minocycline + 10 min. HAL 



TH cell diameter 

SN 

A significant difference was seen between treatment groups, F(2,25) = 3.71, p = 0.039. 10 

minute HAL-treated animals had a significantly higher cell size compared to control animals 

(p = 0.037). Cell sizes in all other groups were not significantly different from each other. See 

figure 28. 
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Figure 35 -Mean cell diameter (f.lm) of TH-positive cells of the substantia nigra per 
40 J.Lm hemisection. Each dot represents the mean diameter of 10TH-positive cells for one 
animal of, with the horizontal line representing the group mean. There was a significant 
difference seen between controls and 10 minute HAL-treated animals (p = 0.037). 

Treatment 
Control 10min. HAL 

Minocycline + 1 0 
Regimen min. HAL 

Mean ± S.E.M. 30.1 ± 0.60 32.9 ± 0.57 32.1 ± 0.93 

Table 10- Mean cell diameter± S.E.M. forTH-positive cells in the SN. 
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DISCUSSION 

This study demonstrates that treatment with haloperidol induces downregulatiot;~ of TH neurons 

in the substantia nigra and upregulation of activated microglial cells. Treatment with 

minocycline prevents this change in the microglia and subsequently spares the neural 

downregulation in the substantia nigra. However, treatment with haloperidol in the ventral 

tegmental area does not afford the same toxicity to TH-immunoreactive neurons as seen in the 

substantia nigra. 

By blocking the microglial response, TH neurons were spared. Therefore, microglia may 

mediate the TH -neuron downregulation by haloperidol. The mechanism of this phenomenon has 

not been clarified, although recent attention has been brought to anti-psychotic medications and 

their alteration of the immune response. Schizophrenic patients typically have an altered 

cytokine profile, including increased IL-6 and IL-8 in the serum. There have been reports that 

typical antipsychotic medications, such as haloperidol, normalize serum IL-l, IL-6 and IL-6R 

levels in schizophrenic patients (Maes, et al., 1995, 1997). However, treatment with haloperidol 

has recently been shown to not decrease the levels of either IL-6 or IL-8 upon 12 week treatment 

(Pollmacher, et al., 1997; Zhang, et al., 2004). Taken together, the increased levels of cytokines 

could activate microglia in the substantia nigra, causing further cytokine release. Dopamine 

neurons would be under chronic stress both due to continual dopamine receptor blockade and 

increased cytokines in their environment. This could potentially induce the loss TH­

immunoreactive neurons loss seen in this study. 
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Gliosis has also been associated with increased concentrations of MAO-B within glial cells 

(Levitt, et al., 1982; Westlund, et al., 1985). Increased oxidation of dopamine by MAO-B may 

produce levels of oxygen radicals that are sufficient to trigger oxidative damage of dopaminergic 

neurons (Cohen, 1990; Gerlach, et al., 1996). 

Although cell counts in the SN were significantly decreased with HAL-treatment, the ventral 

tegmental area cell counts were not. This finding is not surprising once the distribution of 

microglia in the brain. is noted. Microglia, in mouse brain, are densely populated in the 

hippocampus, olfactory telencephalon, basal ganglia and substantia nigra (Lawson, et al., 1990). 

Outside of these areas, the microglial populations are less dense. Therefore, activated microglia 

in densely populated areas would release an abundance of toxic inflammatory mediators creating 

a toxic environment for neurons to survive in. Another study also noted that microglia also 

differentially express mRNA of inflammatory mediators. For example, microglia in the 

hippocampus express significantly higher mRNA levels ofTNF-a compared to cerebellum and 

cortex microglia (Ren, et al., 1999). Therefore, it is possible that the production levels ofTNF-a 

and other cytokines by microglia could vary between the VTA and the substantia nigra. This -
would induce differing microenvironments for the dopamine neurons, causing specific 

dopaminergic damage to neurons in the substantia nigra. 

Another result of this study was that haloperidol induced an increase in cell size in the substantia 

nigra. This increase in cell size has been noted in melanin-containing neurons of the substantia 

nigra of ageing human brain tissue (Cabello, et al., 2002). This result has also been found in a 

study performed by Cruz-Sanchez, et al. 1997, who performed a detailed Golgi stain and 
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measured cell size of melanin-producing neurons in the substantia nigra. He too reported a 

swelling and beading of dendritic branches and distorted cell body shape. The increased cell size 

has been postulated to be due to an inherent loss of dopaminergic neurons in age. The loss of 

dopaminergic cells would lead to a decrease in dopamine production. Therefore, the remaining 

cells might try to compensate for the lack of dopamine and begin overproducing the 

neurotransmitter, causing the cell to swell. Haloperidol has been known to induce apoptosis in 

dopaminergic neurons (previous lab. finding). The results of this study suggest that blocking 

microglial activity partially protects against haloperidol-induced neurotoxicity. Therefore, 

microglia could be releasing toxic inflammatory mediators, thus causing dysregulated protein 

synthesis and metabolism in dopamine neurons. This could cause improper dopamine release 

and metabolism, causing cellular swelling. Vacuoles may also be present in the cytoplasm, since 

the cells may be undergoing a cell death process, thereby increasing cellular size. 

Andersson, et al. 2002 also found that either a 4-month or an 8-month administration HAL 

increased rat striatal volumes compared to control animals. It is proposed that long term 

dopamine receptor blockade induces hypertrophy, regeneration, activation and change in the ... 
number of striatal synapses (Muller and Seeman, 1977; Benes, et al., 1983; Meshul, et al., 1994; 

Roberts, et al., 1995). Since striatal synapses originate from cell bodies in the SN, we can 

propose that there may also be alterations in the dopamine cell bodies. In Benes, et al., 1983, no 

change in cell size was found in the SN, although animals were treated with chronic HAL. In 

our study, animals were only treated with HAL for 10 minutes. In a long term treatment, cells 

could adjust to receptor blockade by altering synapses, for example, as found in the Benes study. 

In an acute treatment of HAL, few cellular alterations would be completed. Therefore, the cells 
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may swell upon acute treatment of HAL and adjust to receptor blockade upon chronic 

administration. 

Overall, microglial activation can be blocked by minocycline. The inactivation of microglia has 

been shown to partially protect against TH-downregulation in the substantia nigra. The use of 

minocycline may be a potential intervention that can be used to prevent inflammation in 

Parkinson's disease or be used along with haloperidol to prevent HAL-induced parkinsonism. 
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3. HALOPERIDOL- INDUCED DOWNREGULATION OF 
DOPAMINE NEURONS IN THE SUBSTANTIA NIGRA IS 
ATTENUATED BY CAFFEINE AND NICOTINE 

INTRODUCTION 

Antipsychotic drugs (APDs) are the mainstay treatment for schizophrenia. These drugs are 

associated with extrapyramidal side effects, including tardive dyskinesia, akathesisa, dystonia 

and parkinsonism. The neurobiological basis of these effects is not clearly understood. Previous 

results from our lab have shown TH downregulation, microglial activation and apoptosis of 

midbrain dopamine neurons upon treatment with HAL. Epidemiological evidence has shown 

that nicotine has a protective effect against dopamine neuron loss in Parkinson's disease (Gorell, 

et al., 1999; Heman, et al., 2002; Pauly, et al., 2004;). Similar epidemiological evidence has also 

shown that caffeine has a protective effect against dopamine neuron loss in Parkinson's disease 

(Ross, et al., 2000; Ascherio, et al., 2001; Heman, et al., 2002). Taken together, researchers have 

begun looking at mechanisms of protecting dopamine neurons from the risk of Parkinson's 

disease. 

Adenosine receptors are present on dopaminergic cells of the substantia nigra (Chen, et al., 

2001 ). Caffeine, a non-selective adenosine receptor antagonist, is proposed to directly stimulate 

dopamine release in the striatum, thereby relieving the side effects induced by APDs (Da Cunha, 

et al., 2002). Epidemiological evidence also shows that Schizophrenic patients drink more 

coffee than the general population (Hughes, et al., 1998). The average intake of caffeine per day 

for the general population is around 210 mg, whereas studies have found Schizophrenic patients 

77 



intake approximately 500 mg per day (Hughes, et al., 1998). Taken together, the increased 

caffeine consumption by these patients could be due to "self-medication" to reduce their EPS. 

Microglial cells also have adenosine receptors present on their surface (Hasko, et al., 2005). 

Specifically, microglia express A1, A2A, and A3 receptor subtypes (Hasko, et al., 2005). Each of 

the subtypes has been noted to have differing functions. Both the A1 and A2A receptor subtypes 

promote microglial proliferation, whereas only A2A subtypes promote NGF release and 

upregulate COX-2 expression (Hasko, et al., 2005). Because many of the different subtypes 

having varying functions, the action taken by the microglial cells depends on both the receptor 

subtype and the surrounding environment. 

Microglial cells also have nicotinic ACh receptors present on their surface (Shytle, et al., 2004 ). 

Nicotine, a nicotinic receptor agonist, has been found to inhibit LPS-induced TNF release in 

murine microglial cells by activating the a7 receptor subtype and signaling through a MAP 

kinase intracellular pathway (Shytle, et al., 2004; Suzuki, et al., 2006). Epidemiological 

evidence has shown that nicotine has been found to be neuroprotective in dopamine neuron loss 
4l • -w 

in both Parkinson's disease and Schizophrenia (Gorell, et al., 1999; Heman, et al., 2002; Pauly, 

et al., 2004; Ripoll, et al., 2004; Kuehn, 2006). 

Therefore, we investigated the potential for caffeine and nicotine to inhibit microglial activation 

and show a neuroprotective role for dopaminergic neurons of the substantia nigra. 
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METHODS 

Subjects 

Forty-three male Sprague-Dawley rats (Charles River, PQ), weighing 200-225 g, were singly 

housed with free access to food and water, on a 12 hour:12 hour light:dark cycle. Animals were 

habituated to their new environment for 7 days prior to treatments. Weights were recorded bi­

weekly and adjustments were made to drug dosages. Animal health was monitored throughout 

the experiment. All efforts were made to follow McMaster University Central Animal Facility 

Guidelines and Canadian Council on Animal Care. 

Drugs 

Haloperidol was obtained from Sabex Inc. (QC, Canada). Both caffeine (C0750) and(-) 

nicotine (N-5260) were purchased from Sigma-Aldrich (MO, USA). 

Treatment Regimen 

Rats were randomly assigned to one of six different groups. One group of rats (n=9) was pre­

treated with caffeine (15 mg/kg/day) in the drinking water 10 days prior to 3 days of 

intraperitoneal injections with HAL (2 mglkg/day). A control condition (n=5) for the caffeine 

was designed as caffeine (15 mglkg) in the drinking water with 3 days of sham intraperitoneal 

injections prior to decapitation. Another group of rats (n=l 0) was pre-treated with 5-daily 

subcutaneous nicotine injections at 0.6 mg/kg for a total of 3 mg/kg/day for 5 days prior to 

intraperitoneal injection with HAL (2 mg/kg/day), due to a 2-hour half-life of nicotine. HAL 

was given for 3 days prior to decapitation. Another group of rats (n=5) received 5-daily 

subcutaneous nicotine injections (0.5 mg/kg each) with 3 days of intraperitoneal saline (0.9%) 

injections. Another group (n=9) received sham subcutaneous injections for 3 days prior to the 3 
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days of HAL (2 mg/kg) injections. The last group (n=5) received sham subcutaneous injections 

for 3 days prior to 3 days of sham intraperitoneal (i.p.) injections. Injection sites were rotated to 

avoid the development of adhesions. 

Animal Sacrifice Procedure 

After the series of injections, animals were anaesthetized with 40 mg of sodium pentobarbital 

i.p.. Rats were decapitated and brains were immediately removed. Brains were placed in ice 

cold 4% paraformaldehyde (pH=7.2) and refrigerated for 1 week prior to sectioning. 

Tissue Sectioning 

Twenty-four hours prior to sectioning, brains were placed in a 15% sucrose solution for 

cryoprotection. Consecutive coronal sections ( 40 ~m) were taken at -18°C on a cryostat (Leica 

CM 1900, Heidelberg, Germany) and placed 3 sections per well in 0.1 M phosphate buffered 

saline (PBS) in a 24-well plate from caudal to rostral. 

Immunohistochemistry 

Sections ofSN were selected for each animal at bregma -5.3 mm to -5.8 mm. Bregma -5.3 mm 

corresponds to an area with a thick portion of the third cranial nerve, which provides an 

anatomical landmark and demarcation between the SNc (Substantia nigra, pars compacta) and 

the ventral tegmental area (VTA). Bregma -5.8 mm corresponds to an area where accessory 

tracts of the third nerve cross between the SNc and VTA. These landmarks were used to select 

appropriate tissue for immunohistochemistry. 
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Sections were then processed forTH immunohistochemistry. Sections were placed in 0.3% 

hydrogen peroxide in methanol for 30 minutes and then washed in PBS for 10 minutes. Tissues 

then entered a solution of 5% normal goat serum for 1 hour to prevent non-specific primary 

antibody binding. Tissues were subsequently incubated in rabbit anti-TH antibody (1 :1500; 

Chemicon, CA, USA) for 2 hours at room temperature and 70 hours at 4°C. Tissues were 

washed for 10 minutes in PBS, three more times and incubated in biotinylated goat anti-rabbit 

lgG secondary antibody (1:400; Vector Laboratories, CA, USA). Tissues were washed three 

more times in PBS for 1 0 minutes each, and incubated in ABC for 1 hour to form an 

avidin/biotin complex. All sections were rinsed three more times in PBS for 10 minutes each 

and placed into the chromagen, 3, 3-diaminobenzidine tetrachloride (D-5637; Sigma, MO, USA). 

The sections were then mounted onto (3-aminopropyl)triethoxysilane-coated slides and covered 

slipped with D.P .X., neutral mounting medium (317616; Aldrich, WI, USA). 

A second set of sections were also processed forTH and CDllb (OX-42), a microglial marker, 

fluorescent immunohistochemistry. Sections were placed in 0.3% hydrogen peroxide dissolved 

in methanol for 30 minutes to destroy endogenous peroxidases present in red blood cells. - -
Tissues were then washed in PBS for 10 minutes. Sections then entered a solution of 10% 

normal donkey serum for 1 hour to prevent non-specific primary antibody binding. Tissues were 

then placed in mouse anti-CD 11 b antibody (1 :500; Serotec, NC, USA) for 1 hour at room 

temperature and 24 hours at 4 °C. Tissues were washed for 10 minutes three more times and 

incubated for 1 hour at room temperature in donkey anti-mouse IgG secondary antibody 

conjugated to Cy5 (1 :800; Chemicon, CA, USA). Sections were kept in the dark for the 

remaining of the procedure. Tissues were washed three more times for 10 minutes each in PBS 
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and then re-entered a 1 hour incubation in 10% normal donkey serum. Sections were then placed 

in rabbit anti-TH antibody (1 :500; Chemicon, CA, USA) for 1 hour at room temperature and 24 

hours at 4°C. Tissues were rinsed in PBS for three 10 minute PBS washes and subsequently 

incubated in donkey anti-rabbit IgG, conjugated to Cy3 (1 :800; Chemicon, CA, USA) for 1 hour 

at room temperature. The sections were then rinsed three more times for 1 0 minutes each and 

mounted onto (3-aminopropyl)triethoxysilane-coated slides and covered slipped with 

Vectashield mounting medium for fluorescence (Vector Laboratories, CA, USA). 

Quantitative Morphometry 

Slides were coded and the treatment regimen was blinded to the person quantifying the section. 

Tissues were manually counted forTH- and OX-42-immunoreactive cells at 20x magnification 

for both the left and right hemispheres. Due to the high magnification, the entire SN could not 

be seen in the field of the microscope. The SN was divided into three areas (lateral, central and 

medial) for counting. When the cell counting was completed, slides were decoded and arranged 

due to treatment group. The cell counts were then averaged within groups and a mean± standard 

error of the mean (SEM) was calculated. Cell sizes were also quantified forTH-immunoreactive - -
cells by measuring the diameter of the cells in both the x and y directions, with the aid of 

MetaMorph software. 

Statistical Analysis 

The cell count data and cell diameter data were analyzed using a one-way analysis of variance 

(ANOV A), followed by post-hoc Tukey test. Significance was determined at the p < 0.05 level. 

All statistics were performed using SPSS version 13.0. 

82 



RESULTS 

TH counts 

SN 

Analysis of cell counts produced a highly significant effect for F (3 ,36) = 5.4, p = 0.004. HAL 

produced a highly significant 21% reduction in TH-positive cell counts (p < 0.002) compared to 

controls. Caffeine and nicotine alone had no effect on dopaminergic cell counts compared with 

sham-pre-treated controls. Therefore, these controls were collapsed into the control and saline 

injected group. The HAL-treated animals were significantly different from both caffeine and 

HAL-treated animals (p = 0.033) and nicotine and HAL-treated animals (p = 0.043). Caffeine 

and HAL and nicotine and HAL-treated animals were not significantly different from control 

animals. Therefore, caffeine and nicotine independently blocked TH-downregulation by HAL. 

Cell counts were adjusted for cell sizes by the Abercrombie formula, as seen in Appendix I. 
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Cell counts for SN processed forTH-immunohistochemistry 
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Figure 36- Scatter plot of TH-positive cells in the substantia nigra per 40 ~m hemi 
section. Each dot represents the mean number ofTH-positive cell counts for one animal, with 
the horizontal line representing the group mean. TH-positive cell counts were significantly 
decreased in the SN of saline + HAL-treated rats by 21% (p < 0.002). This effect was 
completely blocked with caffein~r nicotine. 

Treatment 
Control Saline+ HAL Caffeine + HAL Nicotine + HAL 

Regimen 

Mean± S.E.M. 139.8 ± 2.3 110.6 ± 6.2 132.7 ± 5.8 132.1 ± 4.3 

Table 11- Mean cell counts± S.E.M. forTH-positive cells in the SN. 
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Photomicrographs (20x magnification) of SN processed for 
TH-immunohistochemistry 

Figure 37- Photomicrographs (20x magnification) of TH-positive immunoreactivity 
in the SN for each group taken at bregma -5 .3mm. There was a significant decrease in TH­
positive cell counts in the saline+ HAL treated group. 
A: Control 
B: Saline+ HAL 
C: Caffeine +HAL 
D: Nicotine +HAL 
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VTA 

Analysis of cell counts revealed that HAL produced no significant effect on TH cells, F (3,35) = 

2.04, p = 0.127. There was no significant reduction in TH-positive cell counts compared to 

saline-injected animals, although the HAL treated animals were tending towards a decrease. A 

non-significant 25% reduction in TH-immunoreactive cells compared to saline-injected controls 

was seen. There was a slight increase seen when the nicotine and HAL treated animals (7%) and 

caffeine and HAL treated animals (9%) were compared to control animals. These values were 

not significantly different from control values. Cell counts were adjusted for cell sizes by the 

Abercrombie formula, as seen in Appendix I. 
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Cell counts in VTA processed for TH-immunohistochemistry 
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Figure 38- Number of TH-positive cells in the ventral tegmental area per 40 )..lm hemi 
section. Each dot represents the mean number ofTH-positive cell counts for one animal, with 
the horizontal line representing the group mean. TH-positive cell counts were not significantly 
decreased in the VTA of HAL-treated rats, although the saline + HAL animals tended toward a 
decrease. 

Treatment 
Control Saline+ HAL Caffeine + HAL Nicotine + HAL 

Regimen 

Mean ± S.E.M. 203.3 ± 11.6 163.0 ± 21.0 225.2 ± 11.3 218.9±13.1 

Table 12- Mean cell counts± S.E.M. forTH-positive cells in the VTA. 
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Photomicrographs (20x magnification) ofVTA processed for 
TH-immunohistochemistry 

Figure 39- Photomicrographs (20x magnification) of TH-positive immunoreactivity 
in the VTA for each group taken at bregma -5.3mm. There was no significant changes in TH­
positive cell counts. 
A: Control 
B: Saline+ HAL 
C: Caffeine + HAL 
D: Nicotine +HAL 
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TH & OX-42 Double Label 

SN 

TH counts 

Analysis of cell counts revealed a significant HAL-induced effect on TH-immunoreactivity, F 

(3,33) = 2.93, p = 0.048. HAL produced a significant 21% reduction in TH-positive cell counts 

(p < 0.05). Caffeine and nicotine alone had no effect on dopaminergic cell counts compared with 

sham-pre-treated controls. Therefore, these controls were collapsed into the control and saline 

injected group. There was no significant difference between caffeine-treated animals or 

nicotine-treated animals compared to controls. Therefore, pre-treatment with either caffeine or 

nicotine completely blocked HAL-induced TH downregulation. 
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Figure 40 - Scatter plot of TH-positive cells in the substantia nigra per 40 Jlm hemi 
section. Each dot represents the mean number ofTH-positive cell counts for one animal, with 
the horizontal line representing the group mean. TH-positive cell counts were significantly 
decreased in the SN of saline+ HAL-treated rats by 21% (p < 0.05). This effect was completely 
blocked with caffeine or nicotine:"' · --

Treatment 
Control Saline+ HAL Nicotine + HAL Caffeine + HAL Regimen 

Mean ± S.E.M. 110.0 ± 6.7 86.8 ± 4.5 105.4 ± 5.9 112.2 ± 2.9 

Table 13- Mean cell counts± S.E.M. forTH-positive cells in the SN. 

90 



Confocal images (20x magnification) of SN processed for 
TH-immunofluorescence 

Figure 41 -Fluorescent images of TH-Iabelled cells of the SN taken per drug 
treatment group as visualized on the confocal microscope at 20x magnification. A 
significant decrease was seen in HAL-treated animals. 
A: Control 
B: Saline +HAL 
C: Caffeine+ HAL 
D: Nicotine+ HAL 



OX-42 counts 

Analysis of cell counts revealed a highly significant HAL-induced effect on OX-42-

immunoreactive cells, F (3,33) = 8.68, p < 0.001. There was no significant difference between 

the caffeine and nicotine treated controls compared to control animals. A significant 29% 

increase in OX-42 positive cells was seen in the HAL treated animals compared to the control 

group (p = 0.03). Both the caffeine and HAL treated animals (p < 0.001) and the nicotine and 

HAL-treated animals (p = 0.004) were significantly different from the saline and HAL-treated 

group. Therefore, the increase in OX-42 immunoreactivity was attenuated by independent 

treatment with caffeine or nicotine. 
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Cell counts for SN processed for OX-42 fluorescent­
immunohistochemistry 
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Figure 42 - Scatter plot of 0~42-positive cells in the s-ubstantia nigra per 40 J.tm hemi 
section. Each dot represents the mean number of OX-42-positive cell counts for one animal, 
with the horizontal line representing the group mean. OX-42-positive cell counts were 
significantly increased in the SN of saline+ HAL-treated rats by 29% (p = 0.03). This effect 
was completely blocked with caffeine or nicotine. 

Treatment Control Saline+ HAL Caffeine + HAL Nicotine + HAL Regimen 

Mean ± S.E.M. 46.4 ± 3.1 65.2 ± 3.3 42.5 ± 3.3 38.6 ± 4.6 

Table 14- Mean cell counts± S.E.M. for OX-42-positive cells in the SN. 
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Confocal images (20x magnification) of SN processed for 
TH-immunofluorescence 

Figure 43 -Fluorescent images of OX-42-labelled cells of the SN taken per drug 
treatment group as visualized on the confocal microscope at 20x magnification. A 
significant increase was seen in saline + HAL-treated animals. Treatment with caffeine 
or nicotine attenuated the increase in OX-42 immunoreactivity seen in the saline+ HAL 
treated groups. 
A: Control 
B: Saline+ HAL 
C: Caffeine + HAL 
D: Nicotine +HAL 



TH cell diameter 

SN 

There were no significant differences in cell sizes between any groups in the substantia nigra, 

F (3,36) = 0.82, p = 0.489. See figure 37. 

VTA 

There were no significant differences in cell sizes of HAL-treated or saline treated animals, 

F (3,36) = 0.59, p = 0.627. See figure 39. 
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Mean cell diameters in the Substantia Nigra processed for 
TH-immunohistochemistry 
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Figure 44 -Mean cell diameter (,....m) of TH-positive cells of the substantia nigra 
per 40 J..lm hemisection. Each doirepresents the mean diameter of 10TH-positive cells for one 
animal, with the horizontal line representing the group mean. There was no significant 
difference seen between any of the groups. 

Treatment 
Control Saline+ HAL Caffeine + HAL Nicotine + HAL 

Regimen 

Mean ± S.E.M. 33.7 ± 0.68 33.5 ± 0.46 34.7 ± 0.28 34.5 ± 0.34 

Table 15- Mean cell diameter± S.E.M. forTH-positive cells in the SN. 
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Mean cell diameters in the Ventral Tegmental Area processed for 
TH-immunohistochemistry 
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Figure 45- Mean cell diameter (J.tm) ofTH-positive cells of the ventral tegmental 
area per 40 )liil hemi section. Each dot represents the mean diameter of 10 TH-positive cells for 
one animal, with the horizontal line representing the group mean. There was no significant 
difference seen between any of the groups. 

Treatment Control Saline+ HAL Caffeine + HAL Nicotine + HAL 
Regimen 

Mean ± S.E.M. 27.4 ± 0.60 27.2 ± 0.79 27.2 ± 0.76 28.4 ± 0.51 

Table 16- Mean cell diameter± S.E.M. form-positive cells in the VTA. 
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DISCUSSION 

This study demonstrates that caffeine and nicotine can protect against downregulation ofTH in 

midbrain dopamine neurons. Parkinson's disease is characterized by selective death of 

dopaminergic cells of the substantia nigra. Microglia have been increasingly implicated in 

Parkinson's disease models (Beal, 1998; Vila, et al., 2001; Hirsch, et al., 2003). Epidemiological 

evidence has shown that caffeine, an adenosine receptor antagonist, affords protection against 

Parkinson's disease (Hughes, et al., 1998). Adenosine receptors, which are found on microglial 

cells, have been shown to activate COX-2 and PGE2 formation in microglia (Fiebich, et al., 

1996). Treatment with caffeine, an adenosine receptor antagonist, could prevent COX-2 and 

PGE2 formation. COX-2 formation by microglia has been reported to sensitize neurons to 

excitotoxicty by impairing astrocytes ability to resorb glutamate (Mirjany, et al., 2002). This 

could create a cytotoxic environment for dopaminergic neurons, initiating cell death processes. 

In this study, nicotine has also showed a neuroprotective effect on dopaminergic neurons of the 

substantia nigra. Microglial activation by HAL has also been inhibited by treatment with 

nicotine. Although this does not-indicate that microglia are inducing TH-downregulation, it does 

point to a correlative effect. Nicotinic receptors, namely a7 nAChR's, are present on microglial 

cells. Stimulation of these receptors by nicotine has been reported to prevent massive TNF 

release induced by LPS (Suzuki, et al., 2006). TNF-a binds to TNFl receptors and causes 

receptor aggregation on the neuronal surface. The aggregation ofTNFl receptors subsequently 

activates caspase-8 and induces apoptosis (Giunta, et al., 2004). Another function of the 

microglial release ofTNF-a is to act in synergy with stromal derived factor-1 (SDF-1) to 

potentiate glutamate release from neighbouring microglia and astrocytes (Garden, 2002). This 
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would increase glutamate binding at NMDA receptors on dopaminergic neurons, sensitizing 

them to excitotoxicity. Therefore, by preventing TNF-a release, nicotine may have protected 

dopamine neurons from TH-downregulation. 

The nicotine-stimulation at nAChR's has also been found to inhibit the activation ofJNK and 

p38 in the post-transcriptional pathway ofTNF synthesis (Suzuki, et al., 2006). Therefore, when 

the HAL-treated animals were also co-administered nicotine, TNF production could have been 

inhibited. Not only does nicotine prevent the synthesis ofTNF, but stimulation of the a7 nAChR 

attenuates cytokine release intracellularly through negative modulation of p44/42 MAPK 

phosphorylation (Giunta, et al., 2004). Since nicotine prevents the synthesis and release ofTNF, 

this could be a potential mechanism of neuroprotection. Potentially, caffeine and nicotine can 

prevent microglial response to APDs, sparing surrounding neurons. 

The ventral tegmental area cell counts were not significantly decreased with HAL-treatment 

compared to controls, unlike in the SN. This finding is not surprising once the distribution of 

microglia in the brain is noted. Microglia, in mouse brain, are densely populated in the - --
hippocampus, olfactory telencephalon, basal ganglia and substantia nigra (Lawson, et al., 1990). 

Outside of these areas, the microglial populations are less dense. Therefore, activated microglia 

in densely populated areas would release an abundance of toxic inflammatory mediators creating 

a toxic environment for neurons to survive in. Another study reported that microglia also 

differentially express mRNA of inflammatory mediators. For example, microglia in the 

hippocampus express significantly higher mRNA levels ofTNF-a compared to cerebellum and 

cortex microglia (Ren, et al., 1999). Therefore, it is possible that microglial production levels of 
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TNF-a and other cytokines could vary between the VTA and the substantia nigra. This would 

induce differing microenvironments for the dopamine neurons, causing specific dopaminergic 

damage to neurons in the substantia nigra. 

Overall, caffeine and nicotine have been found to prevent TH-downregulation in dopaminergic 

neurons of the substantia nigra. This implies that patients who drink coffee or smoke cigarettes 

should be protected against Parkinson's disease. As well, patients who are medicated with 

haloperidol in treating Schizophrenic symptoms might be protected against HAL-induced 

parkinsonism by drinking coffee or smoking cigarettes. The mechanism by which this occurs is 

postulated through the microglia, which have been shown to be inactivated by both of these 

compounds. 
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4. GENERAL DISCUSSION 

APDs are the mainstay treatment for Schizophrenia. Specifically, Haloperidol has been used to 

treat psychotic episodes for decades. Although effective in treating the positive symptoms of 

this disorder, HAL treatment has been associated with extra pyramidal symptoms. Parkinsonian 

symptoms are among these side effects and this includes muscular rigidity and a resting tremor. 

Upon HAL administration, dopamine receptors are immediately blocked, even though 

parkinsonian symptoms begin 2-3 weeks later. This suggests that receptor blockade is not solely 

inducing the parkinsonian symptoms. Investigation into this phenomenon has been the subject of 

this thesis. 

Previous investigations in our lab have shown that chronic HAL administration causes 

downregulation of tyrosine hydroxylase within midbrain dopamine neurons. To further 

understand the neurobiology of this phenomenon, a timecourse experiment was conducted. In 

this series of experiments, we found that TH immunoreactivity was significantly decreased at 5 

minutes post-HAL administration, with further downregulation seen at 10 minutes. Microglial 

activation has increasingly been implicated in Parkinson's disease and Parkinson's disease 

models. Therefore, we have also investigated the ability of the microglia to be potential 

mediators of the TH downregulation. Microglial activation was found to be significantly 

different from control animals by 5 minutes post-HAL administration, although they were 

increased by 22% by 2 minutes. This suggests that microglia could be mediating the HAL 

toxicity to dopamine neurons. 
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Minocycline, a semi-synthetic tetracycline, has been recently used as a microglial inhibitor. To 

further clarify the role' of the microglia in mediating HAL toxicity, we co-administered 

minocycline and HAL to experimental animals. Again, HAL alone induced TH downregulation, 

but co-treatment with minocycline partially-protected the dopamine neurons. Therefore, this 

suggests that the microglia are involved in HAL toxicity and able to partially mediate TH 

downregulation in dopamine neurons. 

Another body of literature has examined epidemiological evidence suggesting that caffeine and 

nicotine are neuroprotective in Parkinson's disease patients. Therefore, we also investigated the 

potential of caffeine and nicotine to independently protect against TH downregulation, using the 

HAL model of Parkinson's disease. We found that caffeine and nicotine can independently 

prevent TH downregulation in dopamine neurons. Keeping with the microglial mechanism, 

microglia have been found to express both nicotinic acetylcholine receptors and adenosine 

receptors. Therefore, we postulated that caffeine and nicotine can inhibit microglial activation. 

After investigating this, we found that caffeine and nicotine can both prevent microglial 

activation. This finding correlates with sparing of TH immunoreactivity seen in this experiment. -
Therefore, microglia have a role potentially mediating HAL toxicity to midbrain dopamine 

neurons. 

Microglia are an integral part of the innate immune system. The innate immune system is 

present in both the peripheral and central nervous systems and functions as a first defense to 

destroy invading pathogens. It involves cells such as T -cells, dendritic cells, neutrophils, and 

macrophages. Microglia are specialized macrophages, in that they are only present in the brain. 
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Microglia are always present in a non-activated state, but can activate once an insult is detected. 

Microglia also have the ability to produce cytokines and chemokines, which function to attract 

other microglia and immune cells to the area of insult. In particular, microglia produce TNF-a, a 

toxic cytokine to many other cells, including dopamine neurons. TNF-a can bind to TNF 

receptors on microglia, causing the receptors to aggregate. This action causes activation of 

caspase-8, inducing apoptosis in the cell (Giunta, et al., 2004). This could account for some of 

the TH downregulation seen in the prior set of experiments. Previous work in our lab has shown 

apoptotic changes in dopamine neurons treated with HAL. 

Microglial cytokines and adenosine have been shown to activate the prostaglandin pathway, 

upregulating COX-2 expression after exposure to cytokines (Fiebich, et al., 1996; Fiebich, et al., 

2000; O'Banion, et al., 1996). This causes increased levels of prostaglandins, which furthers 

inflammation in the brain. This has been shown to induce apoptosis in neurons and activate 

resting microglia to produce more prostaglandins (Minghetti, et al., 1997; Takadera, et al., 2004). 

Subsequently, dopamine neurons would be under increased stress and increase sensitivity to 

apoptosis. In this case, further experimentation with neurodegeneration and COX-2 inhibitors 
.... 

may be a potential strategy to prevent Parkinson's disease. We have shown here that agents 

which inhibit microglial activation, including minocycline, nicotine and caffeine, have spared 

TH-immunoreactivity. The mechanism through which microglia are acting is postulated to be 

the prostaglandin pathway. Therefore, a COX-2 inhibitor can be used to prevent the synthesis of 

prostaglandins, reducing the inflammation and further neural damage. Parkinson's disease, and 

HAL-induced parkinsonism is caused by the depletion of dopamine cells in the substantia nigra. 
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If microglia are the mediating this loss, then co-administration of HAL and a COX-2 inhibitor, 

such as aspirin, might prevent further inflammation induced by microglial cytokines. 

All together, we have shown that HAL induces changes in both the microglia and dopamine 

neurons. Microglial inflammation has been shown to partially mediate the TH downregulation 

seen with HAL administration. 
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APPENDIX I 

Abercrombie Formula 

P= A M --=-=----
L+M 

Where P is the corrected number of cell counts per section 
A is the crude number of cell counts per section 
M is the section thickness (J.lm) 
Lis the average diameter of the cell (J.lm) 

Treatment Section thickness Diameter of cell 
condition (J.lm) (J.lm) 
Control 40 30.1 
1 min. 40 30.8 
2min. 40 32.6 
5 min. 40 31.5 
10 min. 40 32.9 

Crude cell counts Corrected cell 
counts 

139.6 79.7 
140.2 79.2 
155.5 85.7 
120.9 67.6 
101.2 55.5 

Table 17- Abercrombie corrected cell counts in the substantia nigra for timecourse experiment. 

Treatment Section thickness Diameter of cell Crude cell counts Corrected cell 
condition (J.lm) (J.lm) counts 
Control 40 30.1 139.6 79.7 
10 min. HAL 40 32.9 101.2 55.5 
Minocycline + 40 30.1 124.7 71.2 
HAL 

Table 18- Abercrombie corrected cell counts in the substantia nigra for minocycline experiment. 

Treatment Section thickness Diameter of cell Crude cell counts Corrected cell 
condition (J.Lm) (J.lm) counts 
Control 40 27.4 139.8 83.0 
HAL 40 27.3 110.6 65.7 
Caffeine + HAL 40 27.2 132.7 79.0 
Nicotine + HAL 40 28.4 132.1 77.3 

Table 19- Abercrombie corrected cell counts in the ventral tegmental area for caffeine & nicotine 
experiment. 
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Treatment Section thickness Diameter of cell Crude cell counts Corrected cell 
condition (~In) (~m) counts 
Control 40 33.6 203.2 '110.4 
HAL 40 34.3 163.0 87.8 
Caffeine + HAL 40 34.7 225.2 120.6 
Nicotine + HAL 40 34.5 218.9 117.5 

Table 20- Abercrombie corrected cell counts in the substantia nigra for caffeine & nicotine 
experiment. 
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