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ABSTRACT Early glial changes have consistently been reported in experimental
thiamine deficiency (TD) (Tellez and Terry, Am. J. Pathol. 52:777–794, 1968.) and in
Wernicke Encephalopathy in humans (Victor et al., F.A. Davis Co., Philadelphia, 1989.).
However, the precise nature of these changes and their relationship to the phenomenon
of selective neuronal cell loss in TD has not been elucidated. In the present studies,
antibodies against GFAP and ED1 were used to evaluate astrocytic and microglial/
macrophagic changes respectively in adjacent sections of the brains of thiamine-deficient
rats at various stages (n 5 6 per stage) during the progression of encephalopathy.
Additionally, the integrity of the blood–brain barrier at the same stages was assessed
using IgG immunohistochemistry. Counts of immuno-positive cells revealed significant
increases of ED1-immunostaining in the inferior olive, medial geniculate nucleus, and
medial thalamic nuclei on day 8 of the treatment paradigm, prior to any evidence of
increased IgG immunostaining or significant neuronal cell loss. ED1 immunostaining
increased over time, resulting in intense staining by the loss of righting reflex stage (day
13–15). Focal increases of IgG-immunoreactivity in inferior olive, medial dorsal thala-
mus, and medial geniculate nucleus were observed on day 10, followed by increased
GFAP-immunostaining consistent with reactive gliosis. Early microglial activation
leading to the release of cytotoxic substances including reactive oxygen species,
glutamate and cytokines appears to be the initial cellular response to TD and could be
responsible for the focal neuronal loss characteristic of this disorder. GLIA 25:190–198,
1999. r 1999 Wiley-Liss, Inc.

INTRODUCTION

In the central nervous system (CNS), the reaction of
tissue to focal damage, such as that induced by a local
ischemic lesion or neurotoxin injection, is characterized
by proliferation of reactive astroglia and microglia/
macrophages and infiltration of blood-borne phago-
cytes. It was reported that activated microglia were the
predominant glial cell type in early CNS injury and as
such likely play a key role in the evolution of cellular
constinuents in area of subsequent neuronal loss (My-
ers et al., 1991).

Severe thiamine deficiency (TD), in humans and
animal models, results in highly selective focal lesions
in the CNS. Neuropathologic studies in animals with
experimentally induced TD have consistently shown

that the initial cellular insult involves glial cells rather
than neurons (Collins, 1967; Robertson et al., 1968;
Tellez and Terry, 1968; Watanabe and Kanabe, 1978;
Aikawa et al., 1984). Alterations of both astrocytes and
microglia/macrophages were described in these early
reports. The majority of these studies focussed on
morphological changes such as soma swelling and
swelling and vacuolation of astroglia end-feet (Collins,
1967; Watanabe and Kanabe, 1978).
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However, the temporal sequence of astrocytic vs.
microglial/macrophagic changes in relation to known
alterations in permeability of the blood-brain barrier
and neuronal cell loss due to TD has not been estab-
lished. Therefore, the purpose of the present studies,
was to investigate astrocytic and microglial changes at
different stages of evolution of TD and to relate these
changes to alterations in blood–brain barrier permeabil-
ity and to neuronal cell loss.

To assess the regional and temporal distribution and
relative densities of astrocytes, antibodies against glial
fibrillary acidic protein GFAP were used as immunohis-
tochemical markers. For identification of activated
microglial/macrophages, ED1 antibodies were em-
ployed. ED1 recognizes an as yet uncharacterized cyto-
plasmic antigen in adult CNS, and labels perivascular
as well as activated microglia/macrophages (Graeber et
al., 1990; Gehrmann and Kreutzberg, 1993; Aihara et
al., 1995). Blood–brain barrier (BBB) permeability was
assessed by using immunoglobulin G (IgG) one-step
immunohistochemistry. This method of measuring BBB
integrity was selected as it has been used previously in
experimental TD and was shown to be sensitive to early
changes in the BBB that occurred prior to neuronal cell
death in this condition (Calingasan et al., 1995).

MATERIALS AND METHODS
Treatment Groups

Male Sprague-Dawley rats weighing 200–225 g were
used for the experiments described. Animals were
housed individually in wire mesh cages under constant
conditions of temperature and humidity, and with 12 h
light/dark cycles. Upon arrival at our animal housing
facilities, rats were allowed to acclimatize for three
days with ad libitum access to food and water. At the
initiation of the experiments, the animals were ran-
domly assigned to either pyrithiamine-induced TD
groups or pair-fed controls. All animal procedures con-
formed to guidelines of the Animal Ethics Committee of
Hôpital St-Luc and the University of Montreal.

Animals in the TD group were fed a thiamine defi-
cient diet (ICN, Nutritional Biochemical, Cleveland,
OH) and administered daily pyrithiamine hydrobro-
mide at a dose of 50 µg/100 g body weight, subcutane-
ously (sc). Pair-fed control (CON) animals were fed the
same thiamine deficient diet pair-fed to equal food
consumption to that of rats in the TD group. In addi-
tion, these rats received daily sc thiamine injections in
a dose of 10 µg/100 g body weight. Commencing on day
3 of the treatment protocol, groups of six TD and four
CON animals were sacrificed each day up to and
including day 15 by which time the final group of six TD
animals had all exhibited loss of righting reflexes. The
righting reflex was considered absent when the animal
was no longer able to right itself when placed on its
back. Any rats showing seizure activity were elimi-
nated from the protocol. The animals were sacrificed by
decapitation, the brains removed, flash frozen in isopen-

tane on dry ice, and stored at 280°C until sectioning on
a microtome cryostat.

Serial sagittal slices 20 µm thick from 0.9, 1.4, 1.9,
2.4, and 3.4 mm lateral according to the rat brain atlas
of Paxinos and Watson (1982) were used in the studies.
The areas included for immohistological and histologi-
cal assessment and classically considered to be vulner-
able to TD were thalamic nuclei (including the medial
and lateral geniculate nuclei); mammillary bodies; infe-
rior colliculus; and inferior olive, medial, and lateral
vestibular nuclei; those considered not vulnerable to
TD were the caudate nucleus and frontal motor cortex
(Victor et al., 1989; Zhang et al., 1995).

Immunohistochemistry

ED1 immunostaining was performed using silver
enhancement according to the protocol of Jackson Im-
munoResearch Laboratories Inc (West Grove, PA).
Briefly, slides were allowed to warm to room tempera-
ture for 1 h and then incubated with phosphate-
buffered saline (PBS) containing 0.05% Tween 20 (PBS-
Tw) and 4% normal mouse serum for 20 min at room
temperature. Sections were then incubated with mono-
clonal anti-mouse ED1 (1:500, Serotec, Ltd., Raleigh,
NC) for 24 h at 4°C in a humidified chamber followed by
three washes of 5 min with PBS-Tw. Pilot studies of
varying primary antibody concentrations showed that
this dilution resulted in very low to absent staining in
control rat brain, thus making any increases in immu-
nostaining more obvious. The secondary 4 nM (LM
grade) colloidal gold-antibody was then applied at a
dilution of 1:50 and incubated for 1 h in the humidified
chamber. After four 5 min washes in PBS-Tw and two
washes of 5 min in PBS without Tween-20, sections
were postfixed in 1% glutaraldehyde in PBS for 10 min.
Three more washes for 5 min with PBS were followed
by five changes of distilled water for a total of 10 min.
The silver enhancement reaction was carried out by
initially placing the slides for 5 min in citrate buffer
containing hydroquinone (pH 3.8). Slides were then
transferred to a developer containing equal volumes of
citrate buffer and a silver acetate solution for 10–15
min. After a quick rinse in distilled water, the slides
were placed in a commercial photographic fixative for 2
min, rinsed with tap water for at least 5 min, dehy-
drated in graded alcohols, cleared in xylenes, and
mounted in Permount.

For GFAP immunostaining, frozen 20 µm sections
were allowed to warm to room temperature and incu-
bated for 20 min at room temperature in alcohol /H2O2
(99:1) to quench endogenous peroxidase activity. Sec-
tions were then rinsed in Tris buffer (pH 7.4) and
incubated in normal horse serum (1:10 in Tris) for 30
min to block nonspecific background. Sections were
incubated with polyclonal rabbit anti-cow GFAP (Dako,
Ltd., Mississauga, Ontario, Canada; 1:1,000) in a hu-
midified chamber for 2 h. After three rinses for a total of
15 min in Tris buffer, the secondary antibody (anti-
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rabbit IgG, 1:200 for GFAP) was applied for 1 hr. After 3
rinses (5 min each) in Tris buffer, the avidin-biotin
complex (Vector Laboratories, Burlingame, CA; 1:100)
was applied and the reaction product visualized using
3,38diaminobenzidine tetrahydrochloride-hydrogen per-
oxide (DAB). Sections were dehydrated in graded alco-
hols, cleared in xylenes and mounted in Permount.

IgG immunohistochemistry was carried out as de-
scribed by Calingasan et al. (1995) with minor modifica-
tions. Briefly, sections were incubated for 20 min with
0.1% H2O2 and 1% normal goat serum followed by three
rinses for a total of 15 min in PBS containing 0.3%
Triton-X 100 (PBS-TX, pH 7.4). Anti-rabbit IgG second-
ary antibody diluted 500 times in PBS was applied to
the sections for 1 h, followed by application of the
avidin-biotin complex (1:100) and the reaction product
visualized with DAB. Negative control slides for all
antibodies were treated in an identical manner except
they were incubated without primary antibodies.

Adjacent sections to those used for immunohistochem-
istry were stained with standard histological protocols
using cresyl violet for neuronal cell counting. ED1 and
GFAP-immunoreactive cells and cresyl violet stained
neurons were counted and averaged in at least two
fields of 0.025 mm2/image field for smaller nuclei, and
at least six fields for larger nuclei, resulting in approxi-
mately 75% of the total nuclei being sampled.

Anatomical borders based on the atlas of Paxinos and
Watson (1982) were used to define the various nuclei.
Clusters of ED1-positive cells were counted as one cell,
thus a conservative counting strategy was employed.
Individual cells positively stained for GFAP were easily
identified and quantified. Criteria for neuronal count
inclusion was based upon nuclear size and the presence
of a nucleolus as described previously (Todd and Butter-
worth, 1998). IgG immunolabelling was graded as
either absent (2), mild (1, occasional IgG labelling
outside a vessel wall), moderate (11, 50–75% of the
region showing intense labelling), or intense (111,
more than 75% of the region showing intense labelling).
Evaluation of all sections were carried out by an
investigator unaware of the treatment groups.

Statistical Analysis

Two-way analysis of variance (ANOVA, InStat com-
puter program), with treatment as one factor and day
as the other, was used to compare the number of
positively stained cells after ED1 and GFAP-immuno-
staining and after cresyl violet staining. Where signifi-
cant main effects were achieved, post hoc Newman
Keuls multiple comparisons were run to ascertain
significantly different groups. For albumin immuno-
staining, non parametric Kruskal-Wallis Tests were
run to identify significantly different groups. A probabil-
ity of P , 0.05 was chosen to represent statistical
significance.

RESULTS
Behavioral Observations

On day 10, TD animals developed anorexia, and
significant weight loss was observed in these animals
by days 11–14. Equivalent weight loss was observed in
the control animals pair fed to the TD animals (data not
shown). TD animals showed neurological symptoms
including ataxia, exophthalmos, and increased startle
reflex commencing on day 11. By day 12, individual
animals started to exhibit severe ataxia and ultimately
lost their righting reflex. Pair-fed control animals
showed no signs of neurological impairment.

Histology

Histopathological evaluation of sections from ani-
mals sacrificed from days 3–10 revealed no significant
neuronal loss in the areas considered vulnerable to
thiamine deficiency. Figure 1 displays representative
photomicrographs obtained from the medial geniculate
nucleus after cresyl violet staining in CON rats (a), and
TD rats at 8 days (b), and at loss of righting reflex (c).
Gross inspection did however reveal occasional pin-
point haemorrhagic lesions in individual animals after
10 days of TD in the inferior olive, lateral vestibular
nucleus, and medial geniculate nucleus. On day 12,
moderate neuronal loss was apparent (33% loss) in
some thalamic nuclei. In all animals sacrificed at the
loss of righting reflex stage, histological examination
revealed evidence of more marked neuronal loss, pallor
of the neuropil, necrosis, and marked gliosis in tha-
lamic nuclei, inferior colliculus, inferior olive, medial
ventricular nucleus, and mammillary bodies. No evi-
dence of neuronal loss or gliosis was observed in the
striatum or frontal motor cortex.

Immunohistochemistry

Alterations of ED1 and GFAP-immunostaining were
regionally and temporally distinct. Starting on day 8 of
treatment, ED1 immunostaining was significantly in-
creased in the mammillary bodies (lateral), inferior
colliculus, inferior olive, medial and lateral vestibular
nuclei, and thalamus of TD animals compared to con-
trol animals. On day 7, sections obtained from three TD
animals showed increased ED1 immunostaining con-
fined to the periventricular nucleus of the thalamus
(data not shown). These cells appeared rod-like, with
short, stout processes. ED1 immunostaining in the
periventricular nucleus and all other vulnerable re-
gions increased progressively over the subsequent days
and was maximal at day 12. Figure 2 displays represen-
tative photomicrographs of ED1 immunostaining in the
medical geniculate nucleus of CON (a) and TD rats on
day 8 (b), and at the loss of righting reflex stage (c). A
similar staining pattern was obtained in other areas
considered vulnerable to TD including other thalamic
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nuclei, inferior colliculus, mamillary bodies, and the
medial vestibular nuclei. On day 12, the majority of
ED1-positive cells appeared spherical, with round cell
bodies, and, if present, short, stout processes (i.e., these
cells lacked ramified-type processes).

In contrast, increased GFAP immunostaining was
not observed until day 11 of the TD treatment protocol.
GFAP immunostaining was initially observed in the
medial thalamic, inferior olivary, and medial and lat-

eral vestibular nuclei extending, at later stages, to the
lateral thalamic nuclei and inferior colliculus. These
cells typically had larger cell bodies with thickened
stellar processes compared to those of control rats.
Representative photomicrographs from the medial ge-
niculate nucleus of the thalamus from CON (a) and TD
animals at 8 days (b), and at the loss of righting reflex
stage (c) are displayed in Figure 3.

Examination of sections from TD animals also re-
vealed focal increases of IgG immunostaining in vulner-

Fig. 1. Representative photomicrographs after cresyl violet stain-
ing for identification of neurons in the medial geniculate nucleus.
a: From a control rat. b,c: sections from TD rats sacrificed after 8 days
and at the loss of righting reflex stage, respectively (all 3250). There is
an increased number of glial cells without apparent loss of neurons
after 8 days of TD compared to the control animal. At the loss of
righting reflex stage, the region is almost devoid of neurons, and shows
extensive glial proliferation.

Fig. 2. Representative photomicrographs of ED1 immunostaining
in the medial geniculate nucleus. a: From a control rat. b,c: Sections
from TD rats sacrificed after 8 days and at the loss of righting reflex
stage, respectively (all 3250). Positive ED1 immunostaining is ob-
served after 8 days of treatment and the number of immuno-positive
cells is significantly increased by the loss of righting reflex stage (c).
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able brain regions including the inferior olive, medial
thalamus, vestibular nuclei, and the inferior colliculus.
Focal increases of IgG immunostaining were observed
as early as 9 days into the TD protocol in two of six
animals, and in the remainder after 10 days of TD. IgG
immunostaining was initially confined to areas around
small blood vessels. More widespread increases in IgG
immunostaining were observed by day 13 (Fig. 4).

Figures 5, 6, and 7 compare IgG, ED1, GFAP immuno-
staining, and neuronal cell counts from the inferior

olivary nucleus, medial geniculate nucleus, and medial
dorsal nucleus of the thalamus, respectively. These
specific nuclei were representative of all vulnerable
brain nuclei assessed.

No increases of immunostaining above background
levels were observed in any of the sections processed
without primary antibodies. Similarly, no significant
immunostaining for any of the antibodies tested was
observed in non vulnerable regions such as the stria-

Fig. 3. Representative photomicrographs of GFAP immunostaining
in the medial geniculate nucleus. a: From a control rat. b,c: Sections
from TD rats sacrificed after 8 days and at the loss of righting reflex
stage respectively (all 3250). Unlike the ED1 immunostaining, no
increase in GFAP immunostaining was observed at day 8 of TD (b) as
compared with controls. GFAP-positive astrocytes are observed
throughout the field at the loss of righting reflex stage (c).

Fig. 4. Representative photomicrographs of IgG immunostaining
staining in the medial geniculate nucleus. a: From a control rat.
b,c: Sections from TD rats sacrificed after 10 days and at the loss of
righting reflex stage respectively (all 3250). On day 10 of TD, IgG
immunostaining is observed primarily in close proximity to blood
vessels. By the loss of righting reflex stage, intense immunostaining
extends to the surrounding parenchyma.
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tum and frontal motor cortex of TD animals (data not
shown).

DISCUSSION

The results of the present study reveal early, region-
selective, increased ED1-immunostaining in specific
thalamic nuclei including the periventricular nucleus,
medial dorsal nucleus, and medial geniculate nucleus,
as well as in the medial and lateral vestibular nucleus,
inferior colliculus, and inferior olive regions of brain,
which ultimately manifest significant neuronal loss in
this experimental model of thiamine deficiency (Tron-
coso et al., 1981, Victor et al., 1989; Zhang et al., 1995;
Todd and Butterworth, 1997a). Focal IgG immunostain-
ing indicative of early loss of integrity of the blood–brain
barrier was observed in these brain structures starting
2 days later (on day 10 of the treatment protocol) than
the ED1 changes. These findings of increase IgG immu-
nostaining confirm those of previous studies in pyrithia-

mine-induced TD (Calingasan et al., 1995, Harata and
Iwasaki, 1995). Increases of GFAP-immunostaining
were an even later event with significant changes
occurring from day 11 of TD. These findings confirm
and extend those of early histopathologic studies in
which glial cell changes were reported to precede
neuronal cell loss in experimental TD (Collins, 1967;
Robertson et al., 1968; Tellez and Terry, 1968; Watan-
abe and Kanabe, 1978; Aikawa et al., 1984).

The ED1 antibody selectively labels a cytoplasmic
antigen in microglia/macrophages (Dijkstra et al., 1985).
Following neuronal injury, activated microglia and
reactive (phagocytic) microglia express the ED1 anti-
body (Graeber et al., 1990). However, it was previously
demonstrated in an experimental model of global isch-
emia that ED1-positive cells accumulate not only in
areas of significant neuronal loss but also in areas in
which no neuronal loss is initially apparent (Gehrmann
et al., 1992). Results of the present study provide
another example of this phenomenon. Furthermore, the
present finding of increased ED1 immunostaining prior

Fig. 5. Comparison of the timecourse of IgG, ED1, and GFAP
immunostaining and neuronal cell counts from the medial geniculate
nucleus of the thalamus of control and TD rats. Data represent
mean 6 SD of control animals (open bars, n 5 4) and TD animals
(closed bars, n 5 6). a: Data significantly different from same day
control values: b: Data significantly different from TD day 8 values. c:

Data significantly different from TD day 10 values (P , 0.05). For
neuronal cell counts, ED1, and GFAP immunostaining, two-way
ANOVA was applied to the data. Kruskall-Wallis non parametric
statistic was used for comparison of the IgG immunoreactivity scores
at the various time points.
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to any evidence of blood–brain barrier breakdown sug-
gests that early activation of resident microglia rather
than infiltration of blood-borne macrophages is the
initial glial change due to TD. Further studies to assess
this intriguing possibility are therefore warranted.

Microglial activation occurs as a result of a well-
established sequence of mechanisms involving cell pro-
liferation and recruitment to the site of insult as well as
by morphological, immunophenotypical, and functional
modifications, regardless of the metabolic insult (Streit
et al., 1988; Gehrmann et al., 1992, 1995; Dickson et al.,
1993). Once activated, microglia release several media-
tor substances and cytotoxins including reactive oxygen
intermediates (Gehrmann et al., 1992; Banati et al.,
1993, 1994) and glutamate (Piani et al., 1991), both of
which have been implicated in the pathogenesis of
neuronal cell loss in experimental TD. Evidence for
cerebral damage due to reactive oxygen species per se
in experimental TD comes from reports of increased
reactive oxygen species (Langlais et al., 1997) and of
increased immunostaining for the free radical metabo-
lizing enzyme superoxide dismutase (Todd and Butter-
worth, 1997b) in the brains of these animals. Moreover,

microglia release large amounts of H2O2 (Flaris et al.,
1993) and L-deprenyl, a monoamine oxidase B inhibitor
known to reduce the enzymatic production of H2O2, is
neuroprotective in experimental TD (Todd and Butter-
worth, 1998). Other reports provide evidence for in-
creased concentrations of extracellular glutamate in
vulnerable brain structures in this experimental model
of TD (Hazell et al., 1993; Langlais and Zhang, 1993).
Although it is likely that this increased glutamate
release originates from depolarization of presynaptic
nerve terminals, a microglial source could also be
implicated.

The present findings of increased ED1 immunostain-
ing prior to the occurrence of increased GFAP-immuno-
reactive cells supports previous findings in experimen-
tal global ischemia, where it was suggested that
microglial activation could be causally related to the
phenomenon of astrocytic proliferation (Gehrmann et
al., 1995). It has been suggested that metabolically
compromised neurons could initiate, by cell-to-cell sig-
nalling pathways, microglial activation as an initial
cellular event in experimental cerebral ischemia (Gehr-
mann et al., 1992). Similar mechanisms could explain

Fig. 6. Comparison of the timecourse of IgG, ED1, and GFAP immunostaining and cresyl violet
staining from the medial dorsal nucleus of the thalamus of control and TD rats. Remainder of legend as for
Figure 5.
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the early increases of ED1 immunoreactivity observed
in the present study.

The nature of the metabolic insult in pyrithiamine-
induced TD is well established and consists of region-
selective alterations of thiamine-dependent enzymes
(Gibson et al., 1984; Butterworth et al., 1985, 1986;
Giguere et al., 1987), lactate accumulation (Hakim,
1984), and reduced synthesis of ATP (Aikawa et al.,
1984; McCandless, 1985). It is unlikely that the above
metabolic changes are implicated in the triggering of
early microglial activation as they typically occur later
in the experimental paradigm (day 10 or later). There-
fore, the results of the present study suggest that TD
triggers an early and presently unknown injury leading
to microglial activation. Future studies aimed at the
investigation of the possible involvement of other micro-
glial-derived cytotoxins including the cytokines interleu-
kin-1 and interleukin-4 in the pathogenesis of neuronal
cell loss in this experimental model of TD are presently
underway.

In summary, the pyrithiamine model of TD in the rat
recapitulates many of the cardinal neuropathologic
(Troncoso et al., 1981) and biochemical (Heroux and
Butterworth, 1992) features of Wernicke Encephalopa-

thy (WE) in humans. It has therefore been extensively
used as an experimental animal model for the study of
pathophysiologic mechanisms responsible for neuronal
cell death in this disorder. Mechanisms so far proposed
include cellular energy failure (Hakim and Pappius,
1983), focal lactic acidosis, (Hakim, 1984), disruption of
the blood–brain barrier (Calingasan et al., 1995; Harata
and Iwasaki, 1996), and NMDA-mediated cytotoxicity
(Hazell et al., 1993; Langlais and Zhang, 1995; Todd
and Butterworth, 1997a). Results of the present study
suggest that the initial cellular event due to TD in-
volves microglial activation. Interestingly, pathological
findings in human WE tissue reveal that in minimally
affected cases, a proliferation of microglia precedes any
signs of neuronal cell loss (Victor et al., 1989), further
suggesting the possibility of early microglial involve-
ment in the pathogenesis of selective neuronal cell
death in this disorder.
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