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Abstract 
The major symptoms of Parkinson's disease (PD) are tremors, hypokinesia, rigidity, and abnormal posture, 

caused by degeneration of dopamine (DA) neurons in the substantia nigra (SN) and deficiency of DA in the 
neostriatal dopaminergic terminals. Norepinephrine, serotonin, and melanin pigments are also decreased and 
cholinergic activity is increased. The cause of PD is unknown. Increased methylation reactions may play a role 
in the etiology of PD, because it has been observed recently that the CNS administration of S-adenosyl-L- 
methionine (SAM), the methyl donor, caused tremors, hypokinesia, and rigidity; symptoms that resemble those 
that occur in PD. Furthermore, many of the biochemical changes seen in PD resemble changes that could occur 
if SAM-dependent methylation reactions are increased in the brain, and interestingly, L-DOPA, the most effec- 
tive drug used to treat PD, reacts avidly with SAM. So methylation may be important in PD; an idea that is of 
particular interest because methylation reactions increase in aging, the symptoms of PD are strikingly similar 
to the neurological and functional changes seen in advanced aging, and PD is age-related. For methylation to 
be regarded as important in PD it means that, along with its biochemical reactions and behavioral effects, 
increased methylation should also cause specific neuronal degeneration. To know this, the effects of an increase 
in methylation in the brain were studied by injecting SAM into the lateral ventricle of rats. The injection of 
SAM caused neuronal degeneration, noted by a loss of neurons, gliosis, and increased silver reactive fibers in 
the SN. The degeneration was accompanied with a decrease in SN tyrosine hydroxylase (TH) imrnunoreactiv- 
ity, and degeneration of TH-containing fibers. At the injection site in the lateral ventricle it appears that SAM 
caused a weakening or dissolution of the intercellular substances; observed as a disruption of the ependymal cell 
layer and the adjacent caudate tissues. SAM may also cause brain atrophy; evidenced by the dilation of the 
cerebral ventricle. Most of the SAM-induced anatomical changes that were observed in the rat model are similar to 
the changes that occur in PD, which further support a role of SAM-dependent increased methylation in PD. 

Index Entries: Parkinson's disease; methylation S-adenosyl-L-methionine; dopamine tyrosine hydroxylase; 
neuronal degeneration. 
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Introduction 
Parkinson's disease (PD) is a neurodegenerative 

disorder. Dopamine (DA)-containing cells located 
in the substantia nigra (SN) and with terminals in 
the neostriatum degenerate. The degeneration is 
associated with the disappearance of melanin pig- 
ments from the pars compacta of the SN (1-3), and 
the depletion of DA from the neostriatum (4,5). 
Tyrosine hydroxylase, the rate limiting enzyme for 
the synthesis of DA, is also depleted (6). The ratio 
of the concentration of homovanillic acid (HVA) to 
that of DA (HVA/DA) increased in the neostriatum 
(7) and urine (8) in PD patients, showing that 
there is an increase in the turnover of DA in PD. 
The methylation step of DA metabolism seems to 
be particularly affected, because a substance with 
reactive properties similar to 3,4-dimethoxy- 
phenylethylsmine (DIMPEA), the 3,4-dimethoxy- 
metabolite of DA, was detected in the urine of PD 
patients (9). Furthermore, the relative increased lev- 
els of HVA in PD could occur as a consequence of 
an increase in the methylation of DA, because HVA 
is formed primarily from the 3-methoxy-metabolite 
of DA (10), 3-methoxy-4-hydroxy phenylethyl- 
amine (3-MT). Cerebral levels of serotonin (5-HT) (11) 
and norepinephrine (NE) (12) are also decreased, and 
the activity of acetylcholine (ACH) increased in the 
brain of PD patients. 

The symptoms of PD are primarily related to the 
basal ganglia deficiency of DA and are expressed as 
slowness and awkwardness in executing skeletal 
muscles motor functions. There is difficulty in initi- 
ating movement, problems in maintaining move- 
ment, prolonged reaction time, flexed posture, 
deficiency in postural reflexes, muscular rigidity, 
and tremors. Treatments of PD are based mainly on 
managing the motor symptoms by replenishing the 
depleted DA, using L-DOPA, the precursor of DA, 
by stimulating DA receptors and by blocking mus- 
carinic ACH receptors. The changes that cause the 
loss of DA cells in PD patients and the consequen- 
tial symptoms are not known and therapy does not 
significantly change the progression of the disease. 

Although the degeneration of the nigrostriatal 
dopaminergic cells is responsible for the major 
symptoms of PD and forms the basis for the ratio- 
nal therapy, it should be noted that all the symp- 
toms seen in the PD patient are not related to the 
impairments of the nigrostriatal system (13). There 
are depression, cognitive impairments, loss of 
libido, sleep disturbance, anorexia, orthostatic 

hypotension (14,15), sweating (16), and other auto- 
nomic dysfunctions (17) that cannot be explained by 
the changes in the nigrostriatal system. Instead 
those symptoms may be related to lesions observed 
in the locus ceruleus (18,19), the hypothalamus (20- 
22) the dorsal nucleus of vagus (23-26), several other 
brain regions (27), and in the adrenal medulla (28). 

The multiregion degeneration in PD suggests 
that the process or factor that causes PD is not 
exclusively selective for the nigrostriatal system, 
but that the nigrostriatum may be more susceptible. 
The susceptibility may be related to the inherent 
physical and biochemical properties of the nigro- 
striatum and to other conditions that start early in 
life, for example, the endowment with a small 
population of SN DA neurons (29). 

The SN DA cells are suggested to be the most rap- 
idly aging neurons in the brain (30), and they 
decline in number as a function of aging (31), the 
cause of which is unknown. Since normal motor 
functions will be compromised when the popula- 
tion of SN DA neurons is decreased to a critical 
value, it means that an individual endowed with a 
small population of SN DA neurons will be likely 
to experience impaired motor functions compara- 
tively early. For that reason an endogenous factor 
or process that has a debilitating effect on SN DA 
neurons will preferentially victimize the individual 
with a small population of nigrostriatal dopamin- 
ergic neurons, and likely result in PD. 

Increased methylation reactions may have an 
adverse accumulative effect on DA neurons, thus 
may be seen as a secondary process, precipitating 
PD in an individual endowed with a small popula- 
tion of SN DA neurons. The basis for the assump- 
tions are: 

1. SAM, the methyl donor, caused parkinsonian- 
types of behavioral and neurological changes 
(32-35); 

2. The process of methylation can cause similar bio- 
chemical changes to those seen in PD (33,34); 

3. Certain metabolites of methylation reactions 
are cytotoxic (36,37); 

4. There is a net age-related increase in methyla- 
tion reactions (38-44); 

5. PD is age-related; 
6. The afflictions of aging share many similarities 

with the symptoms of PD; 
7. The nigrostriatum is enriched with substrates 

that avidly react with SAM and it is critically 
dependent on reaction products of methyla- 
tion; and 
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8. L-DOPA, the most effective drug for PD, avidly 
reacts with SAM and can deplete its level. 

The chemistry and physiology of SAM show 
marked similarity with the symptoms of PD. The 
depletion of DA, NE, and 5-HT seen in PD could be 
a result of the fact that all of these biogenic amines 
react avidly with SAM, the methyl donor. The 
increased ACH activity could occur because SAM 
is required to produce choline, the precursor of 
ACH, through the methylation of phosphatidyle- 
thanolamine to produce phosphatidylcholine, 
which hydrolyzes to form choline (45). Further- 
more, the increased HVA/DA and the presence of a 
DIMPEA-like substance in PD patients indicate that 
there is an increase in the methylation and turnover 
of DA, although a decrease in the metabolism of 
HVA may explain the relative increased levels. The 
SAM-dependent methylation of phospholipids (46) 
and other compounds (37) will produce cytotoxic 
and behaviorally active metabolites (37). The 
chemical relevance of excess methylation to the 
symptoms of PD is also highlighted by the fact that 
L-DOPA, which is the most effective therapy for PD, 
avidly reacts with SAM to produce methylated L- 
DOPA in PD patients undergoing w.-DOPA therapy 
(47-50), and L-DOPA is also an effective depletor of 
SAM (51). A more broad-based examination of the 
chemistry and physiology of methylation also 
suggests that methylation could play a role in PD. 
Regenerative processes and protein synthesis 
decline in the aged, which is a major predisposing 
condition for PD. The decline in regenerative 
processes and in protein synthesis are related to 
the decline in transcriptional and translational 
activities. In this connection methylation may be 
involved, because the methylation of DNA has been 
correlated with transcriptional silence of many 
genes (52) and unmethylation of DNA with gene 
transcription activity (53). 

Tremor and impaired motor functions occurred 
in rodents (32-35) following the injection of SAM 
into the lateral ventricle. The onset, intensit3~ and 
duration of the effects were dose-dependent and 
were antagonized by L-DOPA. SAM possibly 
decreased the motivation or capability to move, as 
well as the ability to continue moving once a move- 
ment is initiated (34,35). Marked physiological simi- 
larities between SAM-induced impairments and the 
impairments seen in parkinsonism were noted (33- 
35), and the SAM-induced motor aberrations in rats 
(34) showed many of the features reported for the 

subacute toxicity of 1-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine (MPTP) (54,55), an agent used 
to produce animal models of parkinsonism. 

SAM is the endogenous methyl donor and is a 
limiting factor in methylation reactions, therefore 
methylation reactions will be increased in the brain 
if the activity of SAM is increased. The nigro- 
striatum may serve as a focal point for SAM-depen- 
dent reactions because the nigrostriatum is enriched 
with biochemicals, e.g., the catechols and other 
biogenic amines that avidly react with SAM, and 
the function of the nigrosriatum is highly depen- 
dent on the products of methylation, for example, 
choline, which is the precursor of acetylcholine. To 
further determine whether an excess of methylation 
can precipitate conditions that resemble parkin- 
sonism SAM was injected into the lateral ventricle 
of rats. Behavioral, biochemical, and neurological 
changes that show commonality with parkinsonism 
were studied. The SAM-induced changes in specific 
measures of behavior were reported in other com- 
munications (34,35). This report will document the 
anatomical and histological degenerative changes 
and the depletion of tyrosine hydroxylase immu- 
noreactivity that occur in the rat's brain follow- 
ing the administration of SAM into the lateral 
ventricle. 

Materials and Methods 
Animal Preparation 

Sprague-Dawley male rats weighing 250-350 g 
(Harlam Labs, OH) were used in the experiments. 
The rats were acclimatized for about 1 wk in a 
colony room with 12-h light and 12-h dark cycle. 
Water and food were supplied ad libitum. Under 
chloral hydrate anesthesia (400 mg/kg) a stainless 
steel guide cannulae was stereotaxically placed for 
injection into the lateral ventricle of each rat. The 
cannulae was affixed with dental cement secured to 
the skull with two screws. The placement of the 
cannulae, with reference to bregma, was 1.4 mm lat- 
eral, 0.5 mm caudal, and the tip extended to the 
inner surface of the cranium, above the dura mater. 
A stainless steel rod was inserted into each cannulae 
to maintain its opening. The rats were allowed to 
recover for about 2-3 d. Injections were made in the 
right lateral ventricle 5 mm from the surface of 
the cranium, via a premeasured insertion cannulae, 
attached by polyethylene tubing (PE20) to a 10 ~tL 
Hamilton syringe. The injection in each rat was 2.5- 
5 ~tL of phosphate buffered saline (PBS) at pH 7.4, 
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for controls, or the toluenesulfonate salts of SAM 
prepared in 2.5--5 ~tL of PBS. 

Histochemistry 
Groups of rats were studied for the effects of 

SAM on brain histochemistry. These rats were 
reanesthetized with chloral hydrate (400 mg/kg)  
and transcardially perfused with cold PBS followed 
by 4% paraformaldehyde prepared in PBS. The 
brains were  removed  and placed in cold 15% 
sucrose, prepared in PBS, and kept at 4~ for about 
24 h. The brains were then frozen in powdered dry 
ice and stored at -78~ Fifteen to thirty micron sec- 
tions were prepared in a cryostat and mounted on 
gelatin chrome-alum coated slides. 

Tyrosine Hydroxylase Immunohistochemistry 
A modified indirect immunohistochemical pro- 

cedure (56) was used to determine the tyrosine 
hydroxylase (TH) immunoreactivity (IR). The slide 
mounted slices were preincubated in 0.3% Triton X- 
100 in PBS, pH 7.4, for three 5-rain periods, then 
incubated in a similar buffer containing rabbit anti- 
TH serum, approx 1:1000 dilution and obtained 
from Pel-Freeze, or with non-TH-immune rabbit 
serum, as control, for about 24 h at 4~ The slides 
were washed in 0.2% Triton X-100 PBS buffer for 
three 5-rain periods and incubated in the buffer 
containing f luorescent  labeled goat antirabbit  
serum, 1:300 dilution, in reduced light for 30 rain. 
The slides were washed in Triton X-100 buffer for 
one 5-rain period and in PBS for two 5-rain periods. 
The sections were drained and coverslipped using 
Fluoromont, then viewed with an epifluorescent 
equipped microscope. 

Nissl Staining 
One set of the brain slices was stained with 

th ionin  or cresyl violet  according to s tandard 
methods (57). They were observed for degenera- 
tion and the morphological changes in nerve cell 
bodies and for the histological verification of the 
specific degeneration. 

Silver Impregnation 
Another  set of slices was used for the silver 

impregnation of degenerating fibers. For these stud- 
ies a modification of the Fink and Heimer (1966) (58) 
method was used. The slide mounted slices were 
rinsed in water for 5 min and soaked for 15 rain in 
0.05% potassium permanganate, then rinsed for 3 
consecutive 3 rain periods in distilled water, and 

bleached in a mixture of equal parts of 1% oxalic 
acid and 1% hydroquinone for 1 min. The slices 
were rinsed 3 times for 3 rain each in distilled water, 
transferred to a solution of 1.5% silver nitrate and 
0.5% lead nitrate for 45 min or longer, rinsed, and 
placed into a mixture of 0.25% sodium hydroxide 
and 0.25M ammonium hydroxide. The slices were 
rinsed again and placed into another solution of 
1.5% silver nitrate for 45 min, drained and lightly 
rinsed (to obtain a light-dark staining), and placed 
into Nauta-Gygax reducing solution consisting of 
8% ethyl alcohol, 0.25% formalin, and 0.025% citric 
acid for 1 min. They were then rinsed and trans- 
ferred for 1 min in 0.5% sodium thiosulfate and 
rinsed 3 times for 2 min each. The slices were then 
dehydrated in graded alcohol and xylene, dried, 
rehydrated, counterstained with cresyl violet, and 
coverslipped with permount. The slices were micro- 
scopically examined and photographed. 

Results 
Rats that were sacrificed 1 d after receiving a 

single injection of SAM (1 ~tmol) showed no signifi- 
cant damage to the brain. At 4 d postinjection, the 
ependymal cell layer of the ipsilateral SAM-injected 
lateral ventr ic le  s h o w e d  d i s rup t ion  (Fig. 1C, 
arrows) and the cells of both caudate nuclei of the 
SAM-injected rats showed dense Nissl substances 
(Fig. 1B,C), as compared to the PBS control (Fig. 1A), 
however there was no apparent loss of neurons. The 
SAM-injected lateral ventricle was also enlarged as 
compared to the PBS injected rats. The substantia 
nigra, which contains the cell body of origin for 
the dopaminergic nerve endings in the caudate 
nucleus, did not show anatomical  damage,  as 
determined with cresyl violet staining following the 
single treatment. 

Rats that received 4 consecutive daily injections 
of SAM (1 ~tmol/rat) or PBS and were sacrificed on 
d 6 after the last injection showed a disruption at 
the ventricular injection site (Fig. 2A,B). SAM 
caused a disruption of the adjacent caudate nucleus 
tissues, both at the site of injection (Fig. 2B) and cau- 
dal to the injection site (Fig. 2D), as compared to 
PBS (Fig. 2A,C). This disrupt ion apparently is 
caused by a dissolution of the intercellular sub- 
stances, because cellular loss was not evident. SAM 
also caused the dilation of the lateral ventricle (Fig. 
2B,D), as compared to the PBS controls (Fig. 2A,C). 
This SAM-induced ventricular dilation is reminis- 
cent of the dilation of the cerebral ventricles seen in 
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Fig. 1. Photomicrographs of the ventricular border of the caudate nucleus (cn) of rats. The disruption of the 
ventricular ependymal cell layer and caudate nucleus tissues is shown in (C), as compared with the similar 
tissues in the PBS-injected rat (A). Densed staining of Nissl substances are seen in the ipsilateral (C) and 
contralateral CN (B) of the SAM-injected rat, as compared to the PBS-injected rat (A). Bar = 50 ~tm. 

PD victims and which is associated with cerebral 
atrophy. 

Nissl staining showed degeneration in the sub- 
stantia nigra (SN). The damage occurred predomi- 
nantly at the level of, and rostral to the red nucleus 
(Figs. 3 and 4). The substantia nigra, especially the 
zona compacta region (C), shows a decrease in the 
population of neurons (Figs. 3D and 4D). The ipsi- 
lateral  SN of the SAM-injected  rats appears  
denuded and hypochromatic and contains an accu- 
mulation of phagocytic cells or showed gliosis, seen 
at the point of the arrows, in the pars reticulata (R) 
(Figs. 3D and 4D), as compared to the contralateral 
SN (Figs. 3C and 4C). At the level of the red nucleus 
the SN degeneration occurred both ipsilateral and 
contralateral, identified as a sparsity of cells in the 
SN of the SAM-injected rats (Figs. 3C,D), as com- 
pared to the PBS (Figs. 3A,B). In Fig. 5 a higher 
magn i f i ca t ion  of the dense  accumula t ion  of 
phagocytic cells or gliosis in the pars reticulata 
region of the ipsilateral SN of the SAM-injected 
rats is highlighted. 

Shown in Fig. 6 are horizontal sections of the SN, 
highlighting the SAM-induced cytological changes 
at a higher magnification. The rats in this study 
were treated with I ~tmol/rat/d of SAM or with PBS 
for 3 consecutive days and sacrificed on d 4 follow- 

ing the last injection. Figure 6A shows a photomi- 
crograph of the pars compacta region, taken from 
the side ipsilateral to the injected lateral ventricle of 
a PBS-treated rat, and Fig. 6B,C show the contralat- 
eral and ipsilateral pars compacta of a SAM-injected 
rat. A reduction in the cell population is shown in 
the SAM-injected rat (Fig. 6B,C), as compared to the 
PBS-treated rat (Fig. 6A). Note the marked reduc- 
tion in the cell population in the ipsilateral pars 
compacta (Fig. 6C), as compared to the contralat- 
eral pars compacta of the SAM-injected rat (Fig. 6B) 
and the ipsilateral pars compacta of the PBS-treated 
rat (Fig. 6A). Several neurons in the substantia nigra 
of the SAM-injected rat (Fig. 6B,C) appear swollen 
and oval in shape when  compared to the PBS- 
treated rat (Fig. 6A). Neurons in a degenerative 
fragmented state are also shown (Fig. 6B,C, arrow 
heads). Figure 6D-F show matching sections to A, 
B, and C, and highlight  silver impregnat ion of 
degenera t ing  fibers. A significant quant i ty  of 
labeled fibers in both SNs of the SAM-injected rats 
is shown (Fig. 6E,F), as compared to the SN ipsilat- 
eral to the injected lateral ventricle of the PBS- 
injected rat (Fig. 6D). 

TH-IR was also determined in rats treated once/  
d for 3 d and sacrificed on d 4. The intensity of TH- 
IR was strikingly reduced in the SNs of rats injected 
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Fig. 2. Slices of the septum (s), lateral ventricle (Iv) and caudate nucleus (cn) region of a rat brain. (A) and (B) 
represent slices prepared from the injection site and (C) and (D) slices caudal to the injection site. SAM caused 
disruption in the ependymal cell layer and cn (B) and (D) and dilation of the cerebral ventricle (D), as compared 
with PBS treated rats, lv = lateral ventricle, cn = caudate nucleus, s = septum. Bar = 125 ~tm. 

unilaterally into the lateral ventricle with SAM 
(Fig. 7B,C), as compared to the injection with PBS 
(Fig. 7A). The decrease in the intensity of the TH- 
IR was more pronounced in the SN ipsilateral to 
the injection site (Fig. 7C), than in the contralat- 
eral s ide (Fig. 7B) of the SAM-treated animals, 
and both SNs showed  reduced TH-IR than the 
intensity shown in the PBS controls (Fig. 7A). The 
photomicrographs also highlight the sparsity of 
cells in the SAM-injected SN, notably the ipsilat- 
eral side (Fig. 7C). 

Brain slices of the caudate nucleus highlighting 
the cerebro-caudate border are shown in Fig. 7D-F. 
The injection of SAM did not cause a dramatic  
change in the intensity of the TH-IR in the caudate 
nucleus (Fig. 7D-F), however, there was a notice- 
able degeneration of fibers in the cerebral border of 
the sections from the SAM-injected rats. The degen- 
eration appears as a disappearance of fine fiber 
from the adjacent cerebro-caudate border  (ec), 
which is more noticeable on the ipsilateral side to 
the injection site (Fig. 7F). This suggests that degen- 

Molecular Neurobiology Volume 9, 1994 



Hypothesis for Parkinson" s Disease 155 

Fig. 3. Cross-sections of the substantia nigra (SN) region of rat brain at the level of the red nucleus. The 
contralateral and ipsilateral sections of a PBS-treated rat (A and B) and SAM-treated rat (C and D) are shown. 
Marked degeneration occurred in both SN of the SAM-injected rat, noted by loss of cells from the pars compacta 
(C) region of both SNs and gliosis in the pars reticulata (R) of the ipsilateral SN (D). The arrows identify the 
accumulation of phagocytic cells (gliosis). Bar = 500 ~m. 

eration of fibers in higher brain regions occurred 
following the injection of SAM. 

Discussion 
The results of this study show that the injection 

of SAM into the lateral ventricle of rats caused SN 
degenerat ion.  The degenerat ion was most pro- 
nounced on the side ipsilateral to the injected lat- 
eral ventricle, evidenced by the disappearance of 
neurons and silver impregnation of fibers in the 
pars compacta and gliosis in the pars reticulata. The 
lesion consistently occurred at the level of the red 
nucleus, and may represent  a somatotopically 
related effect. The SN lesion may be caused by the 

retrograde degenerat ion of axons beginning at 
dopaminerg ic  nerve  terminals  in the caudate  
nucleus (CN), proximal to the injection site. The 
process may involve, first, the disruption of the pro- 
tective ependymal cell layer at the border of the lat- 
eral ventricle and the CN. This disruption may 
cause cerebrospinal fluid constituents, including 
SAM, to gain access to the adjacent CN tissues. In 
the CN it is conceivable that SAM will react within 
the vicinity of the dopaminergic nerve terminals. It 
will methylate DA, depriving the DA receptors as 
well as the DA uptake system of DA, thus creating 
a dopaminolytic state, which may precipitate the 
DA-def ic ient  m o v e m e n t  disorders ,  like those 
reported previously (32-35). Such an exposure of 
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Fig. 4. Cross-sections of the substantia nigra (SN) region of rat brain, caudal to the red nucleus. The 
contralateral and ipsilateral sections of a PBS-treated rat (A and B) and SAM-treated rat (C and D) are shown. 
Degeneration occurred in the SN of the SAM-injected rat (D), noted by the patches of cell-loss in the pars 
compacta (C) region and gliosis (highlighted by arrows) in the pars reticulata (R), mainly of the ipsilateral SN 
(D). Bar = 500 ~-n. 

the dopaminergic nerve endings will stimulate an 
increase in the tu rnover  of DA, dr iven by the 
increased methylation/metabolic process, as well 
as the lack of DA on the presynaptic receptors that 
would normally stimulate the DA autoinhibitory 
release system. An increase in the methylation of 
DA will also increase HVA/DA and DIMPEA lev- 
els and will  cause the depletion of DA. Similar 
biochemical  changes are seen in PD (7-9), and 
increased HVA/DA and depletion of DA following 
the injection of SAM have been observed (59). SAM 
probably diffuses from the injected side to the con- 
tralateral CN where it may affect the DA nerve ter- 
minals and retrogradely cause contralateral SN 

degeneration. This suggests that the CN is a tar- 
geted site for the reaction of SAM and /o r  that the 
nigrostriatal region is particularly sensitive to the 
effects of SAM. 

SAM Caused Ventricular Dilation 

It also disrupted the ependymal  cell layer and 
CN tissues, without evidence of causing cell loss. 
These effects may be caused by the dissolution of 
intercellular substances. Dilation of the cerebral 
ventricles has been reported to occur in PD (62), and 
although it is clear that loss of dopaminergic cell ter- 
minals in the CN occurred in PD, changes in the 
structural integrity of the CN or neostriatum has not 

Molecular Neurobiology Volume 9, 1994 



Hypothesis for Parkinson" s Disease 157 

Fig. 5. High magnification of the pars reticulata of a SAM-injected rat and highlight the accumulation of 
phagocytic cells (gliosis). Bar = 125 ~tm. 

been reported to be a marker of PD. It would be of 
interest, therefore, to determine whether the protec- 
tive ependymal cell layer is breached and fine inter- 
cellular substances damaged in the neostriatum of 
PD patients. 

The depletion of TH-IR from the SN seems to 
parallel the extent of the damage seen, which sug- 
gests that the depletion of TH-IR may occur as a 
consequence of the degeneration. The mechanism 
for the neuronal lesion and TH-IR depletion that 
occurred following repeated injection of SAM may 
be caused by metabolic exhaust ion of the DA 
producing and releasing mechanisms, secondary to 
the demand for replenishing the methylated DA. 
Excess SAM at the nerve endings may also increase 
the accumulation of toxic metabolites, for example, 
methylated catecholamines (9), di-N-methylated 
betacarbolines (37), homocysteine, phosphatidyl- 
choline, and lysophosphatidylcholine. The methyl- 
ation of phosphalipids (46) and proteins (60,61), 
also, may cause the perturbation of nerve terminal 
membranes. 

The TH-containing fibers in the CN are derived 
from cell bodies located in the SN. The SN showed 
marked degenerat ion following the injection of 
SAM, therefore it was surprising that the TH fibers 
in the CN did  not  show similar  quant i ta t ive  
changes, but instead was slightly depleted only in 
the ipsilateral side following the injection of SAM. 

The sparing of the TH-IR in the CN suggests that 
the TH projections from the SN occurred in high 
density and in overlapping patterns, or TH may 
show a compensatory increase in synthesis and 
transport. The stability or the resistance of the CN 
TH may help to explain why PD symptoms are seen 
only when the SN DA cell population is substan- 
tially reduced; meaning that a small population of 
SN DA neurons is enough to maintain the spatial 
innervation of the CN. There were, however, notice- 
able degeneration of the dispersed TH-containing 
fibers seen along the frontal lobe caudate border on 
the ipsilateral side. If an excess of SAM is involved 
in PD, this may help to explain the association of 
cognitive impairments with PD (63). 

PD is an age-related disorder and shows many of 
the disabling characteristics that are seen in aging, 
so there may be some commonality between the 
factors that underlie PD and those that are involved 
in the aging process. One such factor may be an 
increase in SAM-dependent methylation. Inciden- 
tally, methylation is increased as a function of aging, 
noted by the increase in the utilization of SAM, 
the biological methyl donor (38-42), increases in the 
activity of methionine-adenosyl  transferase, the 
enzyme that synthesizes SAM (43), as well as 
increases in the activities of various methyl trans- 
ferases (38-40,42). The increase in methylat ion 
reactions as a function of aging may account for the 
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Fig. 6. Photomicrographs of a high magnification of horizontal sections of the pars compacta region of the 
substantia nigra of rats treated with PBS or with I ~-aol of SAM. The ipsilateral pars compacta of a PBS-injected 
rat (A and D), and the contralateral (B and E) and ipsilateral (C and F) pars compacta of a rat treated with SAM 
are shown. A, B, and C were Nissl stained. They highlight the loss of cells caused by SAM (B and C). The cell 
loss was more severe in the ipsilateral (C) as compared with the contralateral side (B) of the SAM-injected rat. 
Note also the degenerated cell fragments (arrows) in B and C. D, E, and F are matching sections to A, B, and C 
and show silver impregnation of degenerating fibers in the SAM-injected rat pars compacta (E and F), as 
compared to the PBS-injected rat pars compacta (D). Bar = 50 ~ra. 

observed decreased levels of SAM (39,41,42) and in 
creased levels of S-adenosylhomocysteine (SAH) 
and adenosine (41) in aged animals. 

Increased methylation in aging and the proposed 
increase in PD (33-35) may be responsible for the 
fact that the markers of aging are strikingly similar 
to the symptoms of PD. In both conditions move- 

ment  is slower, strides are shorter (64), reaction 
time increases, posture is flexed, and facial expres- 
sions are blank and emotionally deficient. There are 
lesions in the SN and the locus ceruleus and DA, 
NE, and TH are depleted. There seems to be a pre- 
ponde rance  of chol inergic  activity,  increased  
lipofuscin, and gliosis. The similarity between PD 
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Fig. 7. Decrease in tyrosine hydroxylase immunoreactivity (TH-IR) in the pars compacta region of the 
substantia nigra (SN) of PBS or SAM-injected rats. Shown are the ipsilateral pars compacta (A) to the side of 
injection of a PBS-injected rat and the contralateral (B) and ipsilateral pars compacta of a SAM-injected rat. A 
reduction of TH-IR and TH immunoreactive cells in the pars compacta occurs following the injection of SAM 
(B and C), as compared with PBS (A). The loss of TH-IR and TH-IR-containing cells was severe in the ipsilateral 
side (C), as compared with the contralateral side (B) and with the pars compacta of a rat injected with PBS (A). 
(D-F) Photomicrographs representing rat caudate nucleus bordering the cerebrum (dark area). The sections 
matched A, B, and C. Moderate loss of TH-IR occurred in the caudate nucleus (F) ipsilateral to the SAM- 
injected lateral ventricle, and marked reduction of fine fibers occurred in the cerebrum region (ec) of the SAM- 
injected rats (E and F), with more severe reduction seen in the ipsilateral cerebrum (F). Bar = 50 j~rn. 

and aging may support the description of PD as a 
premature rapid aging of the striatal DA system 
(31), probably precipitated by an excess of SAM- 
dependent  methylation reactions (33), in individu- 
als endowed with a small number of SN DA cells. 
Methylation may induce reactions that chronically 
debilitate the sensitive nigrostriatal motor control- 
ling system, causing a gradual age-related decline 
in motor functions. The onset of parkinsonism will 
vary and will be dependent  on whether, or when, 

the number of DA neurons decline below the mini- 
mum value necessary to maintain the negrostriatal 
motor functions. 
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