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associated with copper deficiency in the CNS of lambs

Summary

The localizations of metallothionein I and II (MT), a small molecular weight heavy metal binding proteins,
and 70-kDa heat shock protein (Hsp70) were investigated by immunohistochemical techniques in brains of lambs
that had been injured by congenital copper deficiency. The results were compared with those obtained from
control lambs. The morphological findings of the congenital copper deficiency in the central nervous system
(CNS) were recorded. The amount of copper in the brain and liver of the lambs and feed of breeding ewes and
soil was also assayed by atomic absorption spectrophotometry. The amount of copper in the brain, liver, soil and
feed were low. Inmunohistochemically, MT and Hsp70 expressions were found to be markedly increased in the
CNS of congenital copper deficient lambs compared with control lambs. MT immunoreactivity was prominently
found in the astrocytes while strong Hsp70 labelling was in both astrocytes and neurons in the cerebrum,
cerebellum, thalamus/hypothalamus and medulla oblongata. Immunohistochemical labelling for both MT and
Hsp70 was also seen in the pia mater, ependymal cells and choroid plexi. Present results suggest that the elevated
expressions of MT and Hsp70 in astrocytes and neurons are possibly indicating that they are less susceptible to
the consequences of cell stress factors and could be exploited to increase selectively their survival in copper

deficiency.
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Neurologic diseases associated with copper deficien-
cy in lambs include swayback (enzootic ataxia) and
cerebral oedema (1, 10). Fetal copper deficiencies
result in bilaterally symmetrical lesions in cerebral
white matter that range from small focal changes to
extensive lesions that can result in porencephaly (1,
18).

Functionally, the 70-kDa heat shock protein (Hsp70)
family is a group of chaperones that assist in folding,
transporting, and assembly of proteins in the cytoplasm,
mitochondria, and endoplasmic reticulum (9). Hsp70
induction has been shown to take place in the central
nervous system (CNS) in response to a number of stres-
sors, such as hyperglycemic cerebral ischemia (13),
and hypoxic brain injury (6). This is the first report
depicting changes in Hsp70 expression in the CNS due
to congenital copper deficiency in lambs.

Metallothioneins (MT) are a group of cysteine-rich,
inducible, metal-containing (copper, zinc), low mole-

cular weight proteins, expressed in most tissues and
organs. MT occurs in different isomeric forms, mainly
MT I and II (2). The main functions of M T are copper
(Cu) and zinc (Zn) homeostasis, detoxification of
heavy metals, metal transport and scavenging free
radicals (5).

It is important to improve the knowledge about the
regional and cellular location of MT in the mamma-
lian brain since this information may help to interpret
the neural function of MT. MT immunoreactivity also
occurs after ischemic and traumatic brain injury (19).
MT induction has been reported in copper-enhanced
sheep brains (4). However, there are no reports con-
cerning MT location in the brains of lambs with con-
genital copper deficiency.

The aim of this study was to investigate the mor-
phological findings of copper deficiency in lambs and
correlate these findings with MT and Hsp70 expres-
sions.
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Material and methods

Animals and farms. The animals were obtained from
12 farms with about 1600 pregnant ewes at different loca-
tions in the Kars region of Turkey between 2005-2006. The
signs generally appeared at birth (congenital type). The
lambs were born dead, died immediately after birth or were
underweight. The most obvious clinical signs of the
disease in the new born lambs were an inability to raise
unaided, posterior un-coordination seen as hind limb weak-
ness, posterior wobbling, unsteady gait, and/or muscular
tremors and blindness. The clinical incidence of disease
was about 20% n in the affected 12 farms. A total of 20
lambs were collected from the farms for necropsy and
histopathology investigations. They consisted of still born
(6 cases), or dead immediately following delivery (4 cases),
or dead within 7 days of delivery (10 cases), and 7 lambs
that had died from 0-7 days of age from various other cau-
ses and did not have brain lesions were used as controls.

Virology. Blood and tissue samples were collected from
the ewes and lambs for a panel of tests including ELISA
and PCR analysis for bluetongue virus, border disease
virus, and Akabane virus.

Metal analysis. Liver and brain samples from the affec-
ted lambs and ration and soil samples were taken from
all farms and pastures where the ewes had grazed. The
samples were dried to a constant weight and homogenized.
They were then acid digested with a mixture of nitric,
perchloric and sulphuric acids and the copper content was
measured by atomic absorption spectrometry.

Necropsy and histopathology. A complete necropsy was
performed on all animals. Following the macroscopical
evaluation tissue samples were taken from the cerebrum,
cerebellum, thalamus/hypothalamus, medulla oblongata and
spinal cord and fixed in 10% buffered formalin. Selected
blocks were processed and embedded in paraffin wax.
Sections (8-10 um) were then cut from each block for
histological examination and immunohistochemical labeling.

Immunohistochemistry. Sections from all the tissue
samples were cut 5-7 um and processed for immunohisto-
chemical examination by a standard streptavidin-biotin-
-peroxidase method. Mouse monoclonal antibodies that
react with human and rabbit MT-I and MT-II. (Clone: E9,
Dako Corporation, CA, Carpinteria, USA, code M0639)
and Hsp70 (Clone: BRM-22, Sigma) were used at dilutions
of 1 : 600 and 1 : 1000 for 60 min, respectively. Negative
control tissue sections were incubated with normal rabbit
serum.

Analysis of immunostaining results. The percentage
of the total area of the MT and Hsp70 positive cells was
assessed semi-quantitatively under a light microscope with
a 10 x ocular with grids and a 40 x objective. The labeling
intensity in a given cellular compartment was assessed on
a semi-quantitative basis. The findings were categorized as
follows: (0) no positively staining cells; (1; weak) 1-5%;
(2; moderate) 6-10%; (3; marked) > 11% of cells positive.

Statistical analysis. Statistical analysis of the results was
performed using Mann Whitney and Kruskal-Wallis tests.
P < 0.01 was considered the limit of statistical significance.
All analyses were performed by Minitab 12 statistical
package (Minitab Inc, Pennsylvania, USA).
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Results and discussion

PCR and ELISA analysis of blood and tissue
samples collected from the ewes and lambs revealed
that all the samples were negative for the bluetongue
virus, border disease virus, and Akabane virus.

The copper content in liver and brain of the lambs
was very low (5.66+0.72; 4.34 + 0.41 ppm), respecti-
vely. The copper content in the soil samples and diet
of breeding ewes was also low (1.18 £0.32; 0.3 +0.07
ppm), respectively. The concentrations of copper in
the liver, brain, soil and feed are shown in tab. 1.

Grossly evident cerebral changes were present in all
cases. There were marked fluid-filled cavitations
in the cerebral hemispheres (fig. 1 A). Transverse
sections of the cerebral hemispheres revealed clear
fluid resembling normal cerebrospinal fluid. The
lesions affected the cerebral white matter bilaterally
and varied from small focal lesions to extensive cavi-
tations (fig. 1 B). These cavitations were, in most
cases, connected to lateral ventricles. Septum pellici-
dum was not present. A mild reduction in size of the
cerebellum was present in 3 cases (case Nos. 17-19)
and a marked reduction in size was present in 1 case
(case No. 20). The cerebellum was of normal
appearance in the remaining 16 cases.

Tab. 1. Brain and liver copper concentrations (ppm, dry mat-
ter) of studied lambs (X = Sd)

Samples Control lambs Copper deficient lambs
Liver 28.55 + 7.37 5.66 + 0.72
Brain 13.12 £ 1.07 4.34 + 0.41
Ration = 0.30 + 0.07
Soil = 1.18 + 0.32

4

Fig. 1. (A) Brain of a still born lamb affected with copper
deficiency. Note marked fluid-filled cavitations of the cere-
bral hemispheres. (B) Transverse section of the brain of a four
days old lamb affected with copper deficiency. Note bilateral
cyst formation (arrow) of the subcortical white matter and
dilated lateral ventricles
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Severe cerebral lesions were pre-
sent in all copper deficient lambs.
The lesions included degeneration
and cyst formation and porencepha-
ly within the cerebral white matter.
These were the most prominent
features. The remaining white matter
showed extensive losses of myelina-
ted nerve fibers which were replaced
by a loose glial meshwork of reacti-
ve astrocytes and their processes
(fig. 2 A and B). These cavities had
sharply demarcated edges with thin
glial walls, and showed very little, if
any, evidence of microglial activity
or phagocytosis (fig. 2 A). In severe
cases, regular cellular layers of the
cerebral cortex were not visible.
Laminar or patchy neuronal necrosis
was present in the cortex with rare-

cerebral cortex, degeneration and

faction and vacuolation of the neu-
ropil. The cytoplasm of small pyra-
midal cells present in the middle layer
of the cerebral cortex showed exten-
sive eosinophilia, pyknosis or loss of

cyst formation within cerebral white matter surrounded by astrocytes (arrows).
HE. x 260. (B) Status spongiosis around the lateral ventricle of the cerebral cor-
tex. HE. x 110. (C) The neuronal vacuolisation, central chromatolysis, swelling
and hyalinization of neurons (arrows) of the brain stem. HE. x 260. (D) Status
spongiosis, neuronal degeneration, necrosis and mineralization (arrows) of the
brain stem. HE. x 260

nucleus. Gitter cell proliferation was

quite limited and was mainly ob-

served in the white matter and parti-
cularly around the cavitations. Wide- | 31
ning of Virchow-Robin spaces was
present in all the brains. In the brain-
stem, lesions were most frequently
seen in the neurons of the red and
vestibular nuclei. The main feature | 11
was the presence of neuronal dege-
neration characterized by vacuolisa-
tion, central chromatolysis, swelling
of the cell body, and hyalinization
(fig. 2 C). Laminar neuronal necro-

MT HSP' MT HSP' MT HSP' MT HSP ' MT HSP' MT HSP
Cerebrum Thalamus-
-hypothalamus

l H Copper deficient lambs H Control lambs

Cerebellum M. oblongata Pia mater Ependimal

cells

sis with mineralization was also ob-
served (fig. 2 D). Similar lesions were
less frequently seen in the pontine,
facial and olivary nuclei. The spinal
cord was affected in all cases. Large
multipolar nerve cells were present
in the cervical and lumbosacral regions indicating chro-
matolysis, vacuolisation, and necrosis. Lesions in the
spinal cord white matter included tract degeneration
which involved both axons and myelin sheaths and
was confined to the ventral columns.

In various places in the cerebellum the Purkinje cells
indicated some loss, chromatolysis, necrosis or coarse
vacuolisation. There was a widening of the normally
thin external granular layer and a corresponding thin-
ning and rarefaction of the internal granular layer. The
external granule cells had decreased in number and
some showed degenerative changes. In one case (case
No. 20) with severe cerebellar hypoplasia there were

died lambs

staining

Fig. 3. Mean immunohistochemical score* of the Hsp70 and MT levels in the stu-

Explanation: *the labelling intensity in a given cellular compartment was categorized
as follows: (—) no positively staining cells; (1; weak); (2; moderate); (3; marked)

folial changes which varied from presumably partial
formation to complete destruction of the cortical parts.
Prominent Purkinje cell loss and focal to diffuse
depletion of granule cells were evident.

Markedly increased MT and Hsp70 immunoreacti-
vity were found in all the copper deficient lamb brains
examined. The mean immunohistochemical score of
Hsp70 and MT compared with copper deficient and
control lamb brains are shown in fig. 3.

Enhanced MT immunoreactivity occurred in the
astrocytes and their processes in copper deficient lamb
brains (fig. 4 A and B). Cerebral MT localization was
prominent in the astrocytes surrounding the cavitations
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(fig. 4 A). MT expression decreased
gradually from substantia alba to sub-
stantia grisea. Intense cytoplasmic
and intranuclear MT immunoreacti-
vity was present in the astrocytes
forming a narrow band beneath the
pia mater. Rather weak and sparse
MT immunoreactivity occurred in the
cerebral neurons.

Marked Hsp70 immunoreactivity
was found in the astrocytes surround-
ing lesions present in the substantia
alba (fig. 5 A). Prominent Hsp70
labeling also occurred in the endo-
thelial cells of the vessels present in
the newly formed cavitations and
astrocytes. Both neurons (chiefly in
the pyramidal neurons) and astro-
cytes of the stratum polymorphicum
adjacent to substantia alba and endo-
thelial cells of the vessels showed
Hsp70 immunolocalization. Hsp70
expression was less pronounced in
the stratum moleculare.

In the pia mater and ependymal
cells of the ventricular system, Hsp70
immunoreactivity was more pro-
nounced than that of MT labeling
(fig. 5 B). In the cerebellum, which
showed consistently strong reacti-
vity, intense MT and Hsp70 labeling
occurred within the astrocytes (Berg-
man cells). The astrocytes of the sub-
stantia alba of the cerebellum often
showed marked labeling of the
whole cell, cytoplasmic processes
and nuclei for both MT and Hsp70.
While there was not any MT expres-
sion, a prominent Hsp70 reaction
was found in the Purkinje cells — par-
ticularly in those regions where
severe cerebellar lesions were evident
(fig. 6 A).

In the thalamus/hypothalamus and
medulla oblongata, moderate to mar-
ked MT and Hsp70 immunoreactivi-
ty occurred within the astrocytes of
both white and grey regions (fig4 C).
While MT was negative, moderate
Hsp70 immunoreactivity was seen in
the nucleus paraventricularis, nucleus
of the solitary tract, nucleus infundi-
bularis and nuclei of cranial nerves
of the thalamus/hypothalamus and

medulla oblongata (fig. 5 C). Epithelial cells of the
choroid plexus of the ventricular system showed mo-
derate to marked Hsp70 expression (fig. 5 D). In the
choroid plexus, MT staining distribution was similar
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Fig. 4. MT immunoreactivity in lamb brains. Marked MT immunoreactivity
in the astrocytes and their processes of the copper deficient lamb brains (A, B
and C). (A) In the cerebral cortex, increased MT expression around the cystic
formation (arrows). Diaminobenzidine x 110. (B) Cerebral cortex, MT immuno-
reactivity in the astrocytes (arrows). Diaminobenzidine x 460. (C) Medulla
oblongata, MT immunoreactivity in astrocytes around the blood vessel (arrows)
Diaminobenzidine x 110. (D) Cerebral cortex of the control lamb brain. Weak
MT immunoreactivity in the astrocytes (arrows). Diaminobenzidine x 260
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Fig. 5. Marked Hsp70 immunoreactivity in copper deficient lamb brains. (A)
Cerebral cortex, Hsp70 immunoreactivity in neurons (arrows) and astrocytes.
Diaminobenzidine x 260. (B) Hypothalamus, Hsp70 immunoreactivity of the epen-
dymal cells (arrows) of the ventricle system and astrocytes and their processes.
Diaminobenzidine x 260. (C) Medulla oblongata, Hsp70 immunoreactivity in both
cytoplasm and nucleus of neurons (arrows) and astrocytes. Diaminobenzidine
x 260. (D) Choroid plexus of the fourth ventricle, Hsp70 immunoreactivity in
epithelial cells. AEC. x 180

to Hsp70 but staining intensity ranged from weak to
moderate.

In the control brains, Hsp70 labeling was seen in all
the brain regions; moderate staining was particularly
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ked Hsp70 immunoreactivity in the Purkinje cells (arrows),
astrocytes and their processes in the copper deficient lamb.
AEC % 460. (B) Weak Hsp70 immunoreactivity in the astro-
cytes (arrow heads). No immunoreactivity in the Purkinje cells
(arrows). AEC. x 460

found in the astrocytes while sparse and light labeling
was seen in the cerebral neurons and more diffuse but
weak reactions were present in the polymorphic neu-
rons. The astrocytes of the cerebrum (grey and white
matter), medulla oblongata, thalamus and hypotha-
lamus were labeled weak to moderate for both MT and
Hsp70 (fig. 4 D). In the cerebellum, weak to moderate
MT labeling occurred particularly within the Berg-
mann’s glia and Golgi type II cells of the granular
layer. Hsp70 labeling of the cerebellar astrocytes was
either absent or sparse and intensity varied from weak
to moderate and the pia mater exhibited generally mild
to moderate staining (fig. 6 B). Labeling of the epen-
dymal cells was absent for the MT and it was weak to
moderate for the Hsp70.

The histopathology of affected lambs in the present
study was similar to what has previously been descri-
bed in lambs with swayback (1, 18). The disease has
been described very well in earlier studies (1, 8, 10,
11, 18). Lambs that were severely affected showed
gross cerebral cavitations of varying severity. PCR and
ELISA analysis revealed that all of the samples were
negative for the bluetongue, border, and Akabane
virus. If these viruses had been present during pregnan-
cy they may have caused porencephaly even though
they were not present at the time of examination. They
would not have caused neuronal lesions in spinal cords
and brain stem nuclei such as the red nucleus nor
would they have caused lesions in the white matter of
the spinal cord. The neurological signs, distribution
and nature of gross and histopathological lesions and
low liver copper concentrations were consistent with
a diagnosis of congenital copper deficiency in the lambs
of the present study.

The present investigation is the first to compare
immunohistochemical expression of MT I-II and
Hsp70 associated with copper deficient lamb brains
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and normal lamb brains. There is much current
interest for the regional and cellular localization of MT
in mammalian brains since this information may help
in the interpreting the neural functions of MT. MT is
expressed in the mammalian brain and its synthesis
can increase in this tissue following treatment with
glucocorticoid hormones, bacterial endotoxins and
ischemia (5, 19).

The present study exhibited modest MT immuno-
reactivity located within astrocytes, pia mater, choroid
plexus and ependyma in the normal lamb brains.
Similar observations have been made in normal sheep
(4), and in adult mice but not in adult rats (14). The
study also showed that was an increased MT immuno-
reactivity in these sites in copper deficient lamb
brains. It is interesting to note that increased MT
expression was also evident in copper enhanced sheep
brains in the same sites (4). Similarly, cadmium admi-
nistered rat brains exhibited increased MT expression
in the vascular endothelial, ependymal and subepen-
dymal cells (14). Yamasaki et al. (19) observed an
increased immunoreactivity for MT in the CNS after
ischemic brain damage using rats. Based on evidence
that MT is an endogenous antioxidant (17), the pre-
sent results suggest that expression of MT may be
important step in protective degenerative processes
following brain damage. In this respect, the induction
of MT is possibly related to cellular protective mecha-
nisms. There is substantial evidence that the induction
of MT is neuroprotective, based on the study of trans-
genic mice over expressing MT (7).

Astrocyte processes encircling blood vessels con-
stitute a functional syncytium to facilitate molecular
exchange throughout the glial compartment. The trans-
port function of astrocytes between the blood and
cerebrospinal fluid gives them an essential role in the
monitoring of intracerebral metal transport and the
storage of metal ions (12). Consistent MT immuno-
positivity of the cell body and their processes in this
study has indicated the functional importance of this
protein and its multifunctional aspects. Additionally,
it suggests that not only does it have a transport and
storage function (12), but it also sequestrates copper
(4) as well as functioning as a free radical scavenger
in reactive astrocytes indicating that MT is a major
neuroprotective protein within the brain. The present
results provide further evidence that MT plays an
important role in the cellular response to neuronal
injury.

Induction of Hsp70 protein occurs within 24 h fol-
lowing injury in experimental models (3, 15) and the
present study showed an increase in Hsp70 in brain
tissue samples from Cu deficient lambs. Brain in-
juries in rats (3), humans (16) and lambs (present
study) result in an increase in Hsp70 protein expres-
sion, including astrocytes and neurons in the brain cells.
The enhancement of Hsp70 protein expression was
particularly prominent in and around the lesions. This
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is possibly due to increased cellular stress genes
and/or an elevation of the quantity of stress proteins.
Human (16) and rodent studies (3) have not been able
to determine if the increase in Hsp70 is sufficient
enough to afford cellular protection following traumatic
brain injury; although Yenari et al. (20) showed that
over-expression of Hsp70 using viral vectors could
protect neurons in rat models of stroke and epilepsy.
Similarly, cells expressing Hsp70 were more resistant
to apoptosis induced by hyperglycemic cerebral ische-
mia in the rat (13).

In conclusion, the present study suggests that Hsp70
expression in astrocytes and neurons may possibly
indicate that they are less susceptible to the conse-
quences of cell stress factors and can thus be ex-
ploited to selectively increase their survival in copper
deficiency. The results also provide further evidence
that MT may also play an important role in the cellular
response to neuronal injury in copper deficiency.

References

1.Barlow R. M.: Further observations on swayback. Transitional pathology.
J. Comp. Pathol. 1963, 73, 51-60.

2.Blaauwgeers H. G., Smitt S. P. A., De Jong J. M., Troost D.: Localization of
metallothionein in the mammalian central nervous system. Biol. Signals 1994,
3, 181-187.

3.Chen M., Clark R. S., Kochanek P. M., Chen J., Schiding J. K., Stetler R. A.,
Simon R. P, Graham S. H.: 72-kDa heat shock protein and mRNA expres-
sion after controlled cortical impact injury with hypoxemia in rats. J. Neuro-
trauma 1998, 15, 171-181.

4. Dincer Z., Haywood S., Jasani B.: Immunocytochemical detection of metal-
lothionein (MT1 and MT2) in copper-enhanced sheep brains. J. Comp.
Pathol. 1999, 120, 29-37.

5.Gasull T, Giralt M., Hernandez J., Martinez P, Bremner 1., Hidalgo J.:
Regulation of metallothionein concentrations in rat brain: effect of gluco-
corticoids, zinc, copper and endotoxin. Am. J. Physiol. 1994, 266, 760-767.

6.Giffard R. G., Xu L., Zhao H., Carrico W., Ouyang Y., Qiao Y., Sapolsky R.,
Steinberg G., Hu B.,Yenari M. A.: Chaperones, protein aggregation, and brain
protection from hypoxic/ischemic injury. J. Exp. Biol. 2004, 207, 3213-3220.

Medycyna Wet. 2007, 63 (10)

7.Giralt M., Penkowa M., Lago N., Molinero A., Hidalgo J.: Metallothionein-
-1+42 protect the CNS after a focal brain injury. Exp. Neurol. 2002, 173, 114-
-128.

8.Gooneratne S. R., Buckley W. T., Christensen D. A.: Review of copper defi-
ciency and metabolism in ruminants. Can. J. Anim. Sci. 1989, 69, 819-845.

9.Kang P. J., Ostermann J., Shiling J., Neupert W., Craig E. A., Pfanner N.:
Requirement for Hsp70 in mitochondrial matrix for translocation and
folding of precursor proteins. Nature 1990, 348, 137-143.

10. Kaszubksewicz G., Madej J. A.: Pathomorphology of Cu deficiency in lambs.
Medycyna Wet. 1975, 9, 558-561.

11. Kaszubksewicz G., Madej J. A., Sobiech K. A.: Chosen biochemical induces
and heavy metals (Zn, Cu, Pb) in hypocupraemic lambs. Medycyna Wet.
1983, 3, 144-146.

12. Montgomery D. L.: Astrocytes: form, functions, and roles in disease. Vet.
Pathol. 1994, 31, 145-167.

13.Muranyi M., He Q. P,, Fong K. S. K., Li P.: Induction of heat shock proteins
by hyperglycemic cerebral ischemia. Mol. Brain. Res. 2005, 139, 80-87.

14. Nishimura N., Nishimura H., Gaffar A., Tohyama C.: Localization of metal-
lothionein in the brain of rat and mouse. J. Histochem. Cytochem. 1992, 40,
309-315.

15. Raghupathi R., Welsh F. A., Lowenstein D. H., Gennarelli T. A., McIntosh T. K.:
Regional induction of c-fos and heat shock protein-72 mRNA following
fluid-percussion brain injury in the rat. J. Cerebr. Blood F. Met. 1995, 15,
467-473.

16.Seidberg N. A., Clark R. S., Zhang X., Lai Y., Chen M., Gragam S. H.,
Kochaneg P. M., Watkins S. C., Marion D. W.: Alterations in inducible
72-kDa heat shock protein and the chaperone cofactor BAG-1 in human
brain after head injury. J. Neurochem. 2003, 84, 514-521.

17.Thornalley P. J., Vasak M.: Possible role of metallothionein in protection
against radiation-induced oxidative stress. Kinetics and mechanism of its
reaction with superoxide and hydroxyl radicals. Biochim. Biophys. Acta 1985,
827, 36-44.

18.Urman H. K.: Pathological investigation on the ,,enzootic ataxie” disease in
lambs. Vet. J. Ankara. Univ. 1967, 14, 329-353.

19. Yamasaki Y., Nakajima K., Shozuhara H., Onodere H., Kogure K.: Glial
immunoreactivity for metallothionein after ischemic brain damages.
J. Cerebr. Blood F. Met. 1993, 13, (Suppl. 1), 75.

20. Yenari M. A., Fink S. L., Sun G. H., Chang L. K., Paterl M. K., Kunis D. M.,
Onley D., Ho D. Y., Sapolsky R. M., Steinberg G. K.: Gene therapy with
HSP72 is neuroprotective in rat models of stroke and epilepsy. Ann. Neurol.
1998, 44, 584-591.

Author’s address: Dr. Recai Tunca, Adnan Menderes University,
Department of Pathology, Faculty of Veterinary Medicine, TR-09016,
Isikli, Aydin-Turkey; e-mail: rtunca26@hotmail.com



