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Abstract

Previous reports indicate that dopaminergic systems play an important role on gastric mucosal erosions. In the present study, the

participation of intrinsic neurons of the substantia nigra (SN) and ventral tegmental area (VTA) on the occurrence of stomach ulceration was

investigated. It was found that bilateral microinfusions of a neurotoxic dose (20 Ag/Al) of N-methyl-D-aspartate (NMDA) into the SN, but not in

the VTA, lead to gastric erosions 24 h after the surgery. A decrease in dopamine levels in the caudate 24 h after the microinfusion of NMDA

into the SN was also observed. Destruction of SN cell bodies with 6-hydroxydopamine (6-OHDA) did not induce gastric ulceration or changes

in dopamine levels in the caudate nucleus 24 h after the lesioning procedure. NMDA neurotoxicity is mediated by the acute excitatory or

activational effects, in contrast to 6-OHDA, suggesting that the occurrence of gastric ulceration after the infusion of NMDA into the SN is not

due to the cell death per se but is related to an overactivation of these cells that precede their death. Taken together, these results suggest that

modulation of dopaminergic levels by neurons located within the SN may play an important role for the development of gastric erosions.
D 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Considerable evidence indicates that dopaminergic sys-

tems play an important role in several gastrointestinal

functions [14–17,19,29,32,35]. In addition, both central

and peripheral dopamine activities are affected by stress

and appear to modulate the consequences of stress expo-

sure on gastroduodenal injury. In general, experimental

stressors increase dopamine turnover in certain brain

regions (e.g., frontal cortex), whereas the central adminis-

tration of dopamine agonists reduce and dopamine antag-

onists augment gastric ulcer formation induced by stressors

[15].

There are three major dopaminergic pathways in the

central nervous system. The nigrostriatal pathway consists

mainly of cell bodies in the pars compacta of the substantia
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nigra (SN) and sends axons primarily to the caudate puta-

men and the central nucleus of the amygdala [3,6,39]. The

mesolimbic pathway originates in cell bodies in the ventral

tegmental area (VTA) that project axons ascending together

with the nigrostriatal dopaminergic axons and terminate in

different areas in the forebrain, including the nucleus

accumbens, olfactory turbeculum, septal complex, and

frontal cortex [36]. Finally, the mesocortical pathway also

has its origins in the VTA but contains ascending projec-

tions that follow a more medial route [39].

It has been reported that both VTA and SN play a role

on gastric erosion formation. For example, bilateral

lesions of the VTA and SN increase stress-induced

ulceration, whereas VTA lesions also lead to gastric

erosions in control nonstressed rats [32]. Moreover, elec-

trolytic lesions of the SN produce gastric erosions 24

h after surgery [34]. However, the electrolytic lesioning

procedure causes damage to both cell bodies and axons of

passage. This is an important issue because lateral hypo-

thalamic cell bodies, involved in the occurrence of gastric

erosions, send descending axons that travel dorsal to the

SN and across the VTA [5,23,26,42]. Therefore, the
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participation of SN or VTA on gastric erosions is apparently

not related to destruction of intrinsic neurons in either of

these two brain structures but is due to a disruption of

projections of descending fibers, possibly originating in the

lateral hypothalamus.

The excitatory amino acid N-methyl-D-aspartate

(NMDA) has been described as a highly specific neuro-

toxic agent. Prolonged stimulation of the NMDA receptor

eventually results in cell death sparing axonal fibers of

passage [21]. It has been reported that SN and VTA have a

high concentration of NMDA receptors and modulate the

firing activity of dopaminergic neurons [9,27]. In fact,

NMDA antagonist microinjected into the SN or VTA

attenuates the increased release of DA in the striatal area

that occurs when animals are exposed to stressful stimuli

[7]. Therefore, the first experiment investigated the influ-

ence of intrinsic neurons in the SN and VTA on the

incidence of gastric erosions 24 h after the bilateral micro-

infusions of a neurotoxic dose of NMDA into these two

brain areas.
2. Experiment 1

2.1. Methods

2.1.1. Subjects

Twenty male albino Sprague–Dawley (Bantin & King-

man, Fremont, CA) rats weighing 230–280 g served as

subjects. Animals were housed individually in a colony

room with a 12:12-h light/dark cycle and had ad lib access

to food and water at least 1 week prior to the beginning of

the experiment.

2.1.2. Surgery and procedure

Rats were food deprived overnight (approximately 8–10

h) and then anesthetized with sodium pentobarbital (Nem-

butal; 65 mg/ml ip) and mounted in a Kopf model 900

stereotaxic instrument with the skull oriented in the hori-

zontal plane. One group of animals (SN, n = 9) received two

bilateral infusions of 1 Al of NMDA (Sigma, St. Louis,

MO) dissolved in 0.1 M phosphate-buffered saline (PBS;

pH 7.4) in adjacent sites within the SN. The NMDA dose

was 20 Ag/Al and the drug was made fresh. With reference

to the Paxinos and Watson atlas [31], injections were placed

5.3 mm posterior to bregma, 2.6 and 2.0 mm lateral to each

side of the midline, and 6.9 and 7.3 mm, respectively,

ventral to dura. A second group (VTA, n = 6) received

single bilateral injections of 1 Al of NMDA (20 Ag/Al) in
the VTA region with stereotaxic coordinates set to 4.8 mm

posterior to bregma, 0.8 mm lateral to each side of the

midline, and 8.1 mm ventral to dura. Although the dose of

NMDA infused bilaterally into the SN and VTA was the

same (20 Ag/Al), the SN group was given a larger total

volume of NMDA than the VTA group (SN, 2 Al; VTA, 1
Al). This was done because the SN constitutes a larger brain
area than the VTA, and to affect as many SN cells as

possible with NMDA, adjacent 1 Al infusions were given,

as noted above. Animals in the control (CONT) group

received PBS vehicle injections in either the SN (n = 3) or

the VTA (n = 2).

Infusion was made by a glass micropipette connected to a

10 Ag/Al Hamilton microsyringe via a PE tubing. The Ha-

milton syringe was mounted on an injection pump set up to

deliver 1 Al of the drug over 15 min. Following the infusion,

the micropipette was kept in place for an additional 5 min to

prevent the drug from diffusing up the micropipette track.

Before and after each injection, the flow at the tip of the

micropipette was verified by turning the pump on until a

droplet appeared. Control animals were infused with an

equal volume of PBS vehicle alone.

After surgery, animals were returned to their home cages

and were food deprived for an additional 24 h. This

additional postoperative food deprivation period was em-

ployed so that the rate of gastric erosion formation would

not be influenced by presence of food in the stomach in

some animals but not in others. Following the postoperative

deprivation period, animals were given a lethal injection of

sodium pentobarbital (100 mg/kg ip) and sacrificed by

decapitation. A ligature was placed around the duodenum

and the esophagus, and approximately 3 ml of 10%

formalin were infused into the stomach through the esoph-

agus. Ten minutes later, the stomach was opened along the

great curvature rinsed gently with water and spread on a flat

surface and fixed with 10% formalin. The stomachs were

stored in formalin for several weeks, and after this time, the

gastric mucosa was examined with a binocular dissection

microscope at � 8. One eyepiece was fitted with a reticle,

permitting gastric lesions to be quantified in terms of total

area (mm2). Any discontinuity in the gastric mucosa was

considered a gastric erosion. An independent rater who

was blind to the experimental conditions examined all

stomachs.

Brains of all animals were removed and stored in 10%

formalin for about 1 week, sectioned using the cryostatic

method at 50–60 Am, mounted on slides, and stained with

thionine. The extent of brain damage (neuronal cell loss)

produced by the microinjection of the NMDAwas evaluated

with the reference to the Paxinos and Watson [31] rat brain

atlas. Data obtained from animals with misplaced NMDA

injections were excluded from statistical analysis.

2.1.3. Statistical analysis

Results for gastric ulceration are presented as mean-

sF S.E.M. Because group means and variances tended to

covary, and the distributions were positively skewed, a

log(X + 1) transformation was conducted on the gastric

erosion raw data for each animal. A one-way analysis of

variance (ANOVA) was used to detect overall differences

followed by Fisher’s Least Significant Difference Post

Hoc Tests to determine specific differences between

groups.



Fig. 2. Histological section taken through the midpoint of a representative

NMDA (20 Ag/Al) infusion into the VTA (thionine stain).
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2.2. Results and discussion

2.2.1. Histology

Three animals were excluded from the experiment due to

death during surgery or infusion misplacement. The final

size of each group was as follows: SN= 7, VTA= 5, and

CONT= 5 (which had PBS vehicle infused into the SN or

VTA). A representative brain section from an animal in the

SN group is shown in Fig. 1. Lesions tended to be

symmetrical and were in both pars compacta and pars

reticularis of the SN. Damage frequently extended to the

parabrachial nucleus, peripeduncular nucleus, minimus nu-

cleus, retroenthmoid nucleus, posterior intralaminar thalam-

ic nucleus, and posterior areas of the VTA. Some animals

(n = 3) had more extensive lesion encompassing the red

nucleus, deep mesencephalic nucleus, anterior pretectal

nucleus, and some portions of the medial geniculate body.

A representative brain section from an animal in the VTA

group is shown in Fig. 2. Lesions tended to be symmetrical

and damaged most of the VTA region with some destruction

of the caudal portion of the LH, posterior hypothalamic

area, visual tegmental nucleus, relay zone, parabrachial

pigmented nucleus, and paranigral nucleus.

2.2.2. Volume of tissue damage and cell count

Mean volume of brain tissue affected was as follows:

SN = 7.84F 0.51 mm3, VTA= 5.50F 0.56 mm3, and

CONT= 0.18F 0.04 mm3. ANOVA indicated an overall

difference among the groups [F(2,14) = 66.2, P < .0001].

Post hoc comparisons revealed that both SN and VTA groups

infused with NMDA had a greater volume of brain tissue

affected than the CONT group (all Ps < .01). Additionally,

the SN group had significantly more tissue affected than the

VTA group (P < .01). This difference in volume between the

SN and the VTA groups was expected because, as noted

previously, the SN group was given a larger amount of

NMDA to compensate for its larger size as compared with

the VTA group. In either case, a major portion of each brain

structure displayed apparent cell loss. Representative areas
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Fig. 1. Histological section taken through the midpoint of a representative

NMDA (20 Ag/Al) infusion into the SN (thionine stain).
of smallest and largest regions affected by NMDA are shown

in Fig. 3 for the SN and in Fig. 4 for the VTA.

To get ordinal index of the extent of cellular involvement

after the NMDA infusion into the SN and VTA, cells were

counted in each side of the brain in the region of maximal

expression of apparent cell lost (i.e., midpoint of the

infusion site) and equivalent area in the CONT group. This

procedure, described in detail elsewhere [24], consisted in

counting the all-stained cells defined as a blue dot within an

area of 1.0� 1.0 mm at a magnification of � 100. Fig. 5

presents the results for cell count. All animals in the CONT

groups (vehicle injection into either SN or VTA) had no

apparent cell loss and were not different from each other.

NMDA lesions in either SN or VTA lead to a reduction in

the number of cells. NMDA lesions in the SN destroyed

approximately 50% of cells (50.7% in the right hemisphere

and 50.1% in the left hemisphere), whereas NMDA lesions

in the VTA destroyed about 37% of cells (35.6% in the right

hemisphere and 38.9% in the left hemisphere). ANOVA

revealed an overall difference among the groups

[F(3,18) = 40.7, P < .001 for the right hemisphere and

F(3,18) = 62.7, P < .001 for the left hemisphere]. Post hoc

comparisons demonstrated a reliable difference between the

NMDA lesion in both structures in comparison with the

CONT groups in both hemispheres (all Ps < .005). A reliable

difference between the VTA and the SN NMDA lesion

groups indicate that SN lesions were reliably larger than

those produced in the VTA. The difference in the cell count

number between the SN and the VTA groups is probably

due to the difference in the amount of NMDA injected in

each of the structures.

2.2.3. Gastric erosions

Animals injected with PBS vehicle in either the SN or the

VTA exhibited relatively normal-looking stomachs. There-

fore, results from the two control groups were pooled for the

purpose of statistical analysis. Fig. 6 shows the mean total

area of stomach erosions observed in the SN, VTA, and

CONT groups. ANOVA revealed a reliable main effect
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among groups [F(2,14) = 6.28, P=.011]. Post hoc compar-

isons indicated that rats in the SN group had significantly

more gastric erosions that those in either the VTA or the

CONT group (all Ps < .05). Moreover, no significant differ-

ence in gastric erosions was found between VTA and CONT

groups (P>.4). These results indicate that damage to neurons

in the SN, but not in the VTA, produces gastric mucosal

damage 24 h after surgery. These results also replicate the

findings of Roland and Grijalva [34], who showed that

electrolytic lesions of the SN, but not of the VTA, reliably

produced gastric erosions. The gastric erosions observed in
Fig. 3. Diagrammatic representation of the smallest (solid area) and largest

(striped area) diffusion area produced by NMDA infusion in the SN. With

reference to the Paxinos and Watson [31] atlas, the numbers on the right

side of each plate indicate the distance (mm) from bregma.

Fig. 4. Diagrammatic representation of the smallest (solid area) and largest

(striped area) diffusion area produced by NMDA infusion in the VTA. With

reference to the Paxinos and Watson [31] atlas, the numbers on the right

side of each plate indicate the distance (mm) from bregma.
the SN group were also similar to those noted by Roland and

Grijalva. They were confined to the glandular portion of the

stomach and were in gross appearance, typically spherical or

oblong, and superficially covered with blood.
3. Experiment 2

Experiment 1 showed that a neurotoxic dose of NMDA

infused into the SN induced stomach erosions within 24

h after surgery. Although the SN contains dopaminergic

neurons highly sensitive to NMDA agonist [9], it not

possible to conclude that gastric ulceration induced by



Fig. 5. MeanF S.E.M. cell count in the left and right VTA and SN under

high-power magnification 24 h after NMDA (20 Ag/Al) or CONT (PBS)

infusions. * P < .05 in comparison with VTA control; * * P < .05 in

comparison with SN control.

Fig. 6. MeanF S.E.M. total area of gastric mucosal erosions in rats 24

h after bilateral NMDA (20 Ag/Al) infusion in the SN or VTA. Control

vehicle infusions (CONT) consisted of PBS microinjections into the SN

(n= 3) and VTA (n= 2). *P < .05 compared with CONT group.
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NMDA infusion in the SN is mediated by dopaminergic

mechanisms. The pars reticularis of the SN contains many

GABAergic neurons with projections to the ventromedial

nucleus of the thalamus [1,11], superior colliculus [41], and

tegmental reticular formation [8]. This nigrotegmental

projection innervates the pedunculopontine tegmental nu-

cleus, dorsolateral portion of the central gray, deep mesen-

cephalic nucleus, parabrachial nuclei, locus coeruleus, and

dorsal and medial raphe nuclei [12]. Because NMDA

lesions can also destroy GABAergic neurons [2,30,43],

gastric ulceration induced by NMDA infusion in the SN

is apparently not mediated by dopaminergic neurons but by

some other neurochemical system. The second experiment

addressed this issue by examining the effects of micro-

injections of a neurotoxic dose NMDA or the highly

specific dopaminergic neurotoxin, 6-hydroxydopamine (6-

OHDA), into the SN on gastric erosion formation. Addi-

tionally, dopamine levels in the caudate nucleus were

measured through the high-pressure liquid chromatography

(HPLC) technique 24 h after the 6-OHDA or NMDA

microinfusions in the SN.

3.1. Methods

3.1.1. Subjects and procedure

Nineteen male rats weighing 220–270 g were em-

ployed as subjects. Animals were maintained as described

previously in Experiment 1. Prior to surgery, all animals

were food deprived but not water deprived overnight and

then anesthetized. Bilateral NMDA lesions in the SN

(n = 7) were accomplished following the same procedure

as in Experiment 1. Brain coordinates and general infusion

procedures for bilateral 6-OHDA lesion (n = 6) were the

same as for the NMDA lesion group. The 6-OHDA

lesions were induced by bilaterally infusing 8 Ag/Al 6-

OHDA hydrobromine (Sigma) dissolved in 0.2% of ascor-

bic acid. To protect noradrenergic neurons, rats receiving

6-OHDA were intraperitoneally injected with 15 mg/kg
paragyline hydrochloride and 15 mg/kg desipramine hy-

drochloride (both from Sigma) 30 min prior to surgery.

The CONT group (n = 6) were subjected to the same

procedure as the experimental groups, with the exception

that PBS (n = 3) or 0.2% of ascorbic acid (n = 3) was

infused into the SN.

3.1.2. Tissue dissection

Twenty-four hours after surgery, all animals were sacri-

ficed by decapitation and brains were rapidly removed,

frozen in powdered dry ice, and stored for 1–2 days at

� 80 jC prior to dissection. Brains were placed in a cold

steel blocker and two 1 mm sections were cut for samples of

caudate nucleus and frontal cortex. From these sections,

samples of the caudate nucleus and frontal cortex were

dissected and placed in a 300 Al of 0.1 M perchloric acid

solution containing 10 AM ascorbate, 10 AM EDTA, and

DHBA (10 � 5 M) for an internal standard. This sample was

sonicated for 5 s and then centrifuged at 21,000� g (4 jC)
for 7 min. Supernatants were removed, transferred to Rainin

filterfuge tubes (0.2 Am nylon 66 filters), and centrifuged for

2 min at 515� g (4 jC). Protein pellets from first centrifu-

gation were stored at � 80 jC until analyzed for protein

content using the Bradford assay.

3.1.3. HPLC analysis

Filtered samples were analyzed for dopamine content

using HPLC electrochemical detection under isocratic con-

ditions. During both assays, the samples were kept at 3 jC
in a Gilson autosampler tray and 40 Al samples were

injected onto a reversed-phase column (Rainin C-18, 25

cm, 5 Am) with a flow rate of 0.7 ml/min. The samples were

processed using an ESA Coulochem II electrical chemical

detection system (guard electrode= + 0.7 V, oxidation elec-

trode= + 350 mV, and reduction electrode =� 250 mV) with

a mobile phase containing 0.1 M citric acid, 0.75 mM

NA2HPO4, 1.0 mM EDTA, and 13% methanol (pH 4.0).



Fig. 8. MeanF S.E.M. dopamine content in the caudate nucleus and frontal

cortex 24 h after NMDA (20 Ag/Al) or 6-OHDA (8 Ag/Al) microinjections

into the SN. Control animals consisted of PBS (n= 3) or 0.2% of ascorbic

acid (n= 3) microinjected into the SN. *P=.02 compared with control.
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An EZchrom analysis program was used for acquisition and

analysis of all sample data.

3.2. Results and discussion

3.2.1. Histology and cell count

Two animals were excluded from the experiment due to

error during the HPLC analysis. The final size of each group

was as follows: CONT= 6 (PBS = 3, ascorbic acid = 3),

NMDA= 5, and 6-OHDA= 6. Control animals injected with

either PBS or 0.2% of ascorbic acid did not exhibit any

evidence of neural damage, except for the cannula tract.

Tissue damage of the SN produced by NMDA was similar

to that observed in Experiment 1. Lesions destroyed por-

tions of both pars compacta and pars reticularis of the SN

and tended to extend to the parabrachial, minimus, retro-

enthmoid, and peripeduncular nuclei. Lesion in the SN

produced by 6-OHDA affected a similar region of structures

to the lesions produced by NMDA. Quantification of SN

lesions produced by NMDA and 6-OHDA was determined

by cell count. Fig. 7 presents the cell count results in both

hemispheres. An overall difference among the three groups

was found [F(2,16) = 23.1, P < .001 for the right hemisphere

and F(2,16) = 58.5, P < .001 for the left hemisphere]. Both

NMDA and 6-OHDA reliably decreased the number of SN

cells (all Ps < .001) and no difference in the number of cells

between NMDA and 6-OHDA groups was found. NMDA

lesions destroyed about 53% of the SN cell population

(51.8% in the right hemisphere and 54.2% in the left

hemisphere), whereas 6-OHDA lesions destroyed about

56.8% of SN cells (60.4% in the right hemisphere and

53.2% in the left hemisphere). Therefore, both NMDA and

6-OHDA similarly and effectively destroyed cell bodies in

the SN within 24 h after surgery.

3.2.2. HPLC analysis

Dopamine concentration in the striatum and frontal

cortex from the three groups is depicted in Fig. 8. In
Fig. 7. MeanF S.E.M. cell count in the left and right SN under high-power

magnification 24 h after NMDA (20 Ag/Al) or 6-OHDA (8 Ag/Al)
microinjections into the SN. Control animals consisted of PBS (n= 3) or

0.2% of ascorbic acid (n= 3) microinjected into the SN. *P< .001.
agreement with previous results [41], frontal cortex samples

contained very low levels of dopamine in all three groups

and no difference among the groups was found [F(2,16) =

0.7, P>.5]. On the other hand, NMDA lesions in the SN

produced a reliable reduction of 34.8% in dopamine levels

in the caudate measured 24 h after surgery in comparison

with the CONT and 6-OHDA groups (all Ps < .02). This

result indicates that dopaminergic neurons located at the SN

are highly sensitive to NMDA agonist [9,27].

By contrast, 6-OHDA lesions of the SN did not affect the

content of dopamine in the caudate. This result appears to

indicate that the degenerative effect of 6-OHDA on the

dopaminergic neurons in the caudate does not occur during

the first 24 h postsurgery. It is known that 6-OHDA

effectively destroys dopaminergic neurons [22,39,40]. How-

ever, microinjection of 6-OHDA in the SN apparently only

leads to a reduction in the nigral dopaminergic terminals

during the first week after lesion [20]. Because the present

procedure requires that the animals be sacrificed 24 h after

lesion, animals infused with 6-OHDA in the SN might

apparently not display a reduction of dopamine in the

striatum 24 h postlesion. In support of the present finding

is the fact that intraventricular injections of 6-OHDA do not

alter levels of dopamine in the striatum 24 h after its

injection [4,25].

3.2.3. Gastric erosions

Bilateral NMDA lesions of the SN lead to gastric

mucosal erosions 24 h after surgery, replicating the findings

in Experiment 1 of the present study. On the other hand,

lesions in the SN produced by 6-OHDA had no apparent

effect on the gastric mucosa. These results are presented in

Fig. 9. ANOVA revealed an overall difference among

groups [F(2,16) = 6.62, P=.009]. Pair-wise comparison con-

firmed that the NMDA group displayed reliably more

gastric ulceration than the CONT or 6-OHDA groups (all

Ps < .005). Absence of a reliable difference between 6-



Fig. 9. MeanF S.E.M. total area of gastric mucosal erosions in rats 24

h after bilateral NMDA (20 Ag/Al) or 6-OHDA (8 Ag/Al) microinjections

into the SN. Control animals consisted of PBS (n= 3) or 0.2% of ascorbic

acid (n= 3) microinjected into the SN. *P=.005 compared with control.
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OHDA and CONT groups indicate that 6-OHDA infusion

into the SN did not produce stomach erosions 24 h after

surgery.
4. General discussion

The main purpose of the present study was to investigate

the participation of dopaminergic systems on stomach

erosion formation through the use of NMDA, an excitotoxic

agent that selectively destroys cell bodies without affecting

fibers of passage. The present results indicate that NMDA

lesions of cell bodies in the SN, but not in the VTA, induce

gastric erosions within 24 h after surgery. These results

replicate a previous report that found the same result pattern

using an electrolytic procedure, which not only destroys cell

bodies but also disrupts axonal fibers of passage [34]. The

present study demonstrates that intrinsic neurons of the SN

play an important role for the occurrence of gastric mucosal

erosions.

The fact that NMDA lesions of the VTA did not lead to

any disruption in the gastric mucosa is in contrast to the

findings of Ray et al. [33], who showed that electrolytic

lesions of the VTA lead to gastric erosion in nonstressed

animals and facilitated gastric erosion formation induced by

cold-water restraint. A possible explanation for difference in

the present findings and those reported by Ray et al. is that

they employed an electrolytic lesioning procedure; thus, the

occurrence of gastric erosions may have been due to

additional damage to axonal fibers of passage within the

VTA area. Roland and Grijalva [34] also observed the

presence of gastric erosions 24 h postoperatively in some

rats given electrolytic lesions of the VTA. On the other

hand, we measured the stomach erosions 24 h after surgery

in the present study, whereas Ray et al. examined the

stomachs of their animals 2 weeks after the VTA lesions.

This suggests that the pathophysiologic processes involved
in gastric erosion formation may be time dependent and

related to neurodegenerative mechanisms associated with

different lesioning techniques.

Destruction of SN cell bodies with the neurotoxic dose of

NMDA also leads to a decrease in dopamine levels in the

caudate 24 h after surgery, supporting the view that SN

dopaminergic neurons may also be involved with gastric

mucosal damage. For example, dopamine agonists reduce

while dopamine antagonists increase stress-induced gastric

lesions when microinjected in the cell body in the SN [14].

Moreover, subcutaneous administration of 1-methyl-4-phe-

nyl-1,2,3,6-tetrahydropyridine (MPTP) over 2–3 days pro-

duced gastrointestinal ulcers in rats, which could be

prevented with the application of dopamine agents [37].

Because MPTP is rapidly metabolized by monoamine

oxidase into 1-methyl-4-phenlypyridinium ion (MPP + )

and induces selective destruction of dopaminergic neurons

in the pars compacta of the SN, influence of MPTP on

gastric function is apparently mediated through the nigros-

triatal pathway. Interestingly, it has been reported that

NMDA antagonist blocks SN lesions produced by MPP +

[38], demonstrating the importance of NMDA receptors on

SN neurons.

Present results also indicate that although both NMDA

and 6-OHDA destroyed the similar amount of cells in the

SN, only NMDA lesioning procedure leads to gastric

erosions and a reduction in dopaminergic levels in the

caudate 24 h after the lesion. These results confirm

previous reports, which found that lesions of the SN with

6-OHDA or excitatory amino acids, such as NMDA, might

lead to different patterns of results [10,28]. It has been

suggested that NMDA and 6-OHDA have different cyto-

toxic actions in the central nervous system [21]. Increase

of intraneuronal 6-OHDA results in the destruction of

cellular enzymes and energy-producing cytochromes or

related elements of the respiratory chain, which lead the

cell to lose its ability to conduct action potentials [22]. On

the other hand, NMDA leads to the destruction of the cell

by an increase in sodium permeability, which results in a

continuous depolarization of the neuron, causing a contin-

uous influx of chloride and other cations, which eventually

results in an osmotic lysis [13].

The fact that NMDA neurotoxicity is mediated by the

acute excitatory or activational effects, as opposed to 6-

OHDA, might indicate that occurrence of gastric ulceration

after the infusion of NMDA into the SN is not due to the cell

death per se but is related to an overactivation of these cells

that precede their death [24,34]. Destruction of SN cell bodies

was achieved by either NMDA or 6-OHDA. However, only

the microinjection of the neurotoxic dose of NMDA into the

SN was able to induce gastric erosions and decrease dopa-

minergic levels in the caudate. In agreement with this ‘‘hyper-

activation hypothesis’’ is the fact that NMDA infusions into

the SN increase firing rate and induce burst firing [27].

Finally, axonal transactions of the nigrostriatal tract produced

by knife cuts do not lead to erosion formation [18,23],
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suggesting that neurons in the SN must be activated before

their death to induce the gastric mucosal damage.
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