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Methylmercury intoxication in cat brain
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histochemical demonstration of
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Abstract

The effects of methylmercury (MeHg) on histochemical demonstra-
tion of the NADPH-diaphorase (NADPH-d) activity in the striate
cortex were studied in 4 adult cats. Two animals were used as control.
The contaminated animals received 50 ml milk containing 0.42 µg
MeHg and 100 g fish containing 0.03 µg MeHg daily for 2 months.
The level of MeHg in area 17 of intoxicated animals was 3.2 µg/g wet
weight brain tissue. Two cats were perfused 24 h after the last dose
(group 1) and the other animals were perfused 6 months later (group
2). After microtomy, sections were processed for NADPHd his-
tochemistry procedures using the malic enzyme method. Dendritic
branch counts were performed from camera lucida drawings for
control and intoxicated animals (N = 80). Average, standard deviation
and Student t-test were calculated for each data group. The concentra-
tions of mercury (Hg) in milk, fish and brain tissue were measured by
acid digestion of samples, followed by reduction of total Hg in the
digested sample to metallic Hg using stannous chloride followed by
atomic fluorescence analysis. Only group 2 revealed a reduction of the
neuropil enzyme activity and morphometric analysis showed a reduc-
tion in dendritic field area and in the number of distal dendrite
branches of the NADPHd neurons in the white matter (P<0.05). These
results suggest that NADPHd neurons in the white matter are more
vulnerable to the long-term effects of MeHg than NADPHd neurons in
the gray matter.

Correspondence
C.W. Picanço-Diniz

Passagem São Pedro, 99

Rodovia do Coqueiro

67113-000 Ananindeua, PA

Brasil

E-mail: leal@marajo.ufpa.br

Presented at the XIII Annual Meeting
of the Federação de Sociedades de

Biologia Experimental, Caxambu,
MG, Brasil, August 26-29, 1998.

Research supported by FNMA,

FINEP, CNPq, CAPES, PROPESP/
UFPa. W. Gomes-Leal was the
recipient of a PIBIC-CNPq fellowship.

Received April 13, 1998

Accepted June 29, 1998

Key words
• NADPH-dehydrogenase
• Visual cortex
• Neurotoxicity
• Neuropil
• Mercury

Mercury (Hg) in both organic and inor-
ganic forms is a potent neurotoxic chemical.
Methylmercury (MeHg), the organic form,
is a poison which can affect different organs
and systems. However, in all species the
main target is the nervous system. In the
central nervous system (CNS), the visual
cortex and granular layer of the cerebellum
are the major targets for the effects of MeHg.

These effects depend on factors such as the
dose and time of exposure. Adult individuals
contaminated with MeHg present neuronal
lesions and the earliest clinical symptoms
include dysarthria, ataxia and tunnel vision
(1). The specific mechanism by which MeHg
damages neurons is not fully understood. It
was recently proposed that MeHg may im-
pair astrocyte function with subsequent neu-
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ronal lesion (2-4). Indeed, a number of pa-
pers suggest that glial cells have an impor-
tant role in neurotoxicity (4). Nevertheless,
MeHg inhibits several mitochondrial en-
zymes, interferes with protein synthesis and
alters the activity and transport of enzymes
such as glutathione peroxidase, adenyl cy-
clase and dehydrogenases (1,5,6). Inhibition
of protein synthesis is observed after in vivo
or in vitro exposure to MeHg and may be an
early effect of MeHg (5). Thus, MeHg may
alter the synthesis and activity of key en-
zymes in cell metabolism. These effects may
extend to neurons that contain NADPH-dia-
phorase (NADPH-d), an NADPH-depend-
ent enzyme that has been identified to be
resistant to several neuropathological condi-
tions such as NMDA neurotoxicity, stroke
and some neurodegenerative disorders, such
as Huntington, Parkinson and Alzheimer dis-
eases (7,8).

Mapping of NADPH-d throughout the
nervous system became possible due to the
pioneering work of Thomas and Pearse (7)
who described “active solitary neurons” in
non-fixed matter in the cerebral cortex and
basal ganglia of various species. These cells
were shown to be resistant to metabolic poi-
soning by substances such as carbon monox-
ide, sulfanylamide, thalidomide and tetra-
chloromethane vapor. Studies on these neu-
rons were intensified after the discovery by
Scherer-Singler et al. (9) that the enzyme
activity was preserved in matter fixed with
aldehydes. The work of Hope et al. (10)
demonstrated that neuronal NADPH-d is a
nitric oxide synthase (NOS), the enzyme that
synthesizes nitric oxide (NO), a novel and
unusual gaseous messenger molecule in
mammalian tissues (11). Throughout the
brain and peripheral paraformaldehyde-fixed
tissues, all NOS-staining neurons also stain
for NADPH-d (12). Paraformaldehyde fixa-
tion presumably inactivates virtually all
NADPH-dependent oxidative enzymes ex-
cept NOS, supporting the idea that the
NADPH-d stain labels NOS neurons selec-

tively (11). Therefore, NADPH-d histochem-
istry provides a simple method for the local-
ization of this novel messenger system in the
CNS. NO has been implicated in several
physiological as well as pathological roles in
the CNS which have been recently reviewed
(13).

Despite the growing literature on the par-
ticipation of NADPH-d/NOS in pathologi-
cal conditions, at this time no studies have
investigated the effects of MeHg on
NADPHd-positive neurons (NADPHdn) of
the striate cortex. Our study describes the
histochemical activity pattern of this cell
subgroup in the striate cortex of adult cats
intoxicated with methylmercury chloride
(MeHgCl). Four cats were fed contaminated
fish and milk daily for 2 months. Two ani-
mals were used as control. The contami-
nated animals received 50 ml milk contain-
ing 0.42 µg MeHg and 100 g fish containing
0.03 µg MeHg. Two intoxicated and 1 con-
trol cats were perfused 24 h after the last
dose (group 1). The other 3 cats were per-
fused 6 months later (group 2) to compare
the short- and long-term effects of MeHg.
Perfusion was performed transcardially un-
der deep anesthesia with intramuscular in-
jection of ketamine (11 mg/kg body weight)
and xylazine (0.55 mg/kg body weight) with
0.9% NaCl, 4% paraformaldehyde in 0.1 M
sodium phosphate buffer, pH 7.2-7.4, fol-
lowed by sucrose/glycerol cryoprotective
solutions (10, 20 and 40%). After perfusion,
sections of 200 µm were prepared with a
freezing microtome. All sections from the
different animals were processed under the
same incubation conditions for diaphorase
histochemistry procedures using the malic
enzyme method (9). Qualitative and quanti-
tative analyses were done using photomicro-
graphs and camera lucida drawings. A mi-
crocomputer program (Autocad) was used
to measure soma and dendritic field area.
Dendritic branch counts were performed from
camera lucida drawings for control and in-
toxicated animals (N = 80). Average, stan-
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dard deviation and Student t-test were calcu-
lated for each data group. The concentra-
tions of mercury in milk, fish and brain
tissue were measured by acid digestion of
samples, followed by reduction of total Hg
in the digested sample to metallic Hg using
stannous chloride followed by atomic fluo-
rescence analysis.

The morphologic pattern of NADPHdn
in the control animals was similar to that
already described elsewhere (14). The final
concentration of MeHg in the visual cortex
was 3.2 µg/g wet weight brain tissue. No
differences in NADPHdn in gray matter were
found between groups 1 and 2 for all param-
eters analyzed (P>0.05). Analysis of
NADPHdn in the white matter showed a
reduction of the number of distal branches
(Figure 1) in group 2 (P<0.05) and of the
dendritic area field (Figure 2). However,
morphological alterations in NADPHdn in
the white and gray matter were virtually
impossible to distinguish by qualitative light
microscopy analysis. The enzyme activity in
the neuropil was considerably less intense in
the brains of intoxicated animals belonging
to group 2 when compared to control (not
illustrated). No alterations were observed in
group 1.

Different results for NADPHdn were
observed in adult cat striate cortex after a
short and long time of severe intoxication.
The long-term effects of MeHg seem to af-
fect mainly NADPH-diaphorase neurons in
the white matter and the neuropil activity in
the gray matter. Neurons in the gray matter
did not seem to be altered by the schedule of
treatment with MeHg. Our results for the
gray matter are similar to those reported by
other authors who suggest a resistance of
NADPH-positive neurons in gray matter to
pathologic conditions like neurotoxicity me-
diated by NMDA receptors underlying stroke
and neurodegenerative disorders, such as
Huntington, Parkinson and Alzheimer dis-
eases (7-8). It is unknown why these cells are
resistant. This phenomenon may be a char-

acteristic of gabaergic neurons, which have
been shown to be resistant to toxic levels of
NMDA in mouse cell culture (15). Cortical
NADPHdn seem to synthesize GABA in the
cerebral cortex (16). These inhibitory cells
may present some protective “intrinsic safety
factor” due to their important role in regulat-
ing cerebral excitability (15). Teleologically,
this may denote that critical neuronal sys-
tems may be less vulnerable to pathological
conditions in the CNS. Inhibitory cells con-
stitute a critical neuronal system in cerebral
cortex in that, despite their small number
(only 20 to 25% of the total neurons in the
cerebral cortex), they control the excitability
of the entire brain. The resistance of
NADPHdn to pathological insults is likely to
be due to a number of functional adaptations
including - perhaps the major characteristic -
an unusual metabolism.

The fact that the effects of MeHg were
observed only after a long survival time of 6
months (group 2) may indicate that a long
silent period is necessary for the effects of
MeHg to appear. Indeed, it has been reported
that some patients with Minamata disease
developed the clinical features of severe poi-
soning after they had stopped eating the
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Figure 1 - Number of dendritic
branches of white matter
NADPHd-positive neurons in the
striate cortex of the adult cat 6
months after intoxication. Note
that the number of more distal
dendritic branches is significant-
ly decreased in the treated ani-
mal compared to the control one
(*P<0.05).

Figure 2 - Dendritic field area of
white matter NADPHd-positive
neurons in the striate cortex of
the adult cat, 6 months after in-
toxication. Note the significant
reduction of the values in the
treated animal compared to the
control one (*P<0.05).
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polluted fish (1). The silent period may rep-
resent the time necessary for MeHg to over-
come the compensatory function of the CNS.

The decreased number of more distal
branches in the white matter NADPH-dia-
phorase neurons matched the decreased den-
dritic field area. However, extensive quanti-
fication was necessary to show these results,
indicating that NADPH-diaphorase neurons
are affected only by high MeHg doses. Other
authors have demonstrated a similar fact for
NMDA excitoxicity in culture (15). Differ-
ences in neuronal vulnerability to pathologi-
cal insults between white and gray matter
may be related to glial function. A number of
recent papers have suggested that astrocytes
may play a major role in MeHg neurotoxicity
(2-4). Astrocytes show basal levels of
metallothioneins (MTs), metal-binding pro-
teins whose biosynthesis is greatly enhanced
by various factors including heavy metals
such as Zn, Co, Cd and Hg (2). By virtue of
their high thiol group (-SH) content, MTs
have a very high affinity for MeHg. Indeed,
wherever an MeHg compound was identi-
fied in biological fluids, it was complexed
with SH-containing ligands (2-3). The MeHg-
MT complex may keep MeHg in a relatively
nontoxic form in astrocytes, thereby protect-
ing both astrocytes and juxtaposed neurons
from the cytotoxic effects of the metal (3).
Thus, MT induction may cause CNS toler-
ance to MeHg, at least during the early stages
of intoxication. A recent report showed that
in the human brain MT immunoreactivity
was limited to a subpopulation that probably
represented protoplasmic astrocytes (17).
This astrocyte type is more characteristic in
the gray matter, a possible reason for its
lower vulnerability.

We found a striking decrease in diapho-
rase neuropil reactivity in group 2, six months
after MeHg intake. The anatomical substrate
for diaphorase neuropil reactivity has not
been fully determined. There is evidence
from electron microscopy studies that the
NADPHd reactivity in lamina 4C of pri-

mates is mainly due to presynaptic axon
terminals both from intra- and extracortical
projections (18). The alterations of the inten-
sity in NADPH-d activity in neuropil could
suggest changes in transport processes of
NADPH-diaphorase/NOS enzymes to distal
branch regions of dendrites and axon termi-
nals. This possibility agrees with the evi-
dence that MeHg acts by altering both pro-
tein synthesis and transport (1,5,6). The spe-
cific mechanism for these effects is unknown.
Alterations in the integrity of microtubules
has been reported in a variety of experimen-
tal systems (1). The decreased NADPHd
neuropil reactivity may also be related to
some type of astrocyte dysfunction. The as-
trocyte-mediated tolerance to MeHg (dis-
cussed above) may be an important factor to
be overcome during the silent period of MeHg
intoxication. Direct lesion of NADPHd ax-
onal terminals may then occur. This possi-
bility is under investigation by our group.
Axonal terminals stained by iontophoretic
injection of biocytin into the striate of the
cats belonging to group 1 did not display
qualitatively perceptible morphological al-
terations. However, we cannot rule out some
subtle alterations such as a reduced number
of axonal boutons (Gomes-Leal W, Jesus-
Silva SG, Oliveira RB and Picanço-Diniz
CW, unpublished results).

Further studies are necessary to elucidate
how MeHg damages the CNS as well as the
specific dehydrogenase responses to MeHg
neurotoxicity. However, for a proper esti-
mate of the chronic effects of MeHg, lower
doses of the compound should be adminis-
tered for prolonged periods of time. This
approach would be closer to the actual situ-
ation occurring in the food chain around the
contaminated environment. The fact that
MeHg has great affinity for -SH groups may
be both an important physiological and patho-
logical finding in the CNS. Vulnerable -SH
groups in both glial cells and neuron recep-
tors could be potential targets for the effects
of high MeHg levels during chronic expo-
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sure. Astroglial glutamate transporters carry
out most of the functional glutamate trans-
port and are essential for maintaining low
extracellular glutamate (19). Higher doses
and longer periods of exposure to MeHg
may impair astrocyte function in terms of
excitatory transmitter uptake (5). Thus, MeHg
may damage the CNS through excitotoxic
mechanisms like those mediated by NMDA.
Indeed, ligand and voltage-gated ion chan-
nels represent a plausible early target for the
action of MeHg (20). Since a large battery of
events are mediated by ion channels, it fol-
lows that their disruption by mercurials could
lead to potentially deleterious consequences
for the cell. Thus, studies on mercury and
other metal effects on the ion channels of

neurons (including the NADPHdn subpopu-
lation) and astrocytes represent a more sen-
sitive method than histochemistry to study
the chronic neurotoxic effects of metals on
the nervous system. Such studies are now
required to reveal the mechanisms that en-
sure protection of NADPHdn in the gray
matter described in the present study and to
determine why NADPHdn in the white mat-
ter and neuropil seem to be more vulnerable.
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