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Abstract Periodic acid-Schiff (PAS)-positive deposits
have been demonstrated in the central nervous system
(CNS) of patients suffering from a wide variety of neu-
rodegenerative disorders including Alzheimer’s disease,
presenile dementia, Parkinson’s disease, diabetes mellitus,
myoclonic epilepsy, and cerebral palsy. The etiology of
these deposits and their relationship to mechanisms of
progressive neurodegeneration is unknown. In the present
study, we demonstrate that the kainic acid model of limbic
status epilepticus provides a useful system for the study of
PAS-positive staining. The relationship between PAS-pos-
itive deposition, induction of fos-like immunoreactivity
(FLI), neuronal necrosis, reactive gliosis, and blood-brain
barrier breakdown following the kainic acid induction of
status epilepticus was investigated. Epileptiform activity
was elicited in rats by intraperitoneal administration of 10
mg/kg kainic acid and brains were examined 3, 5, 12, 24,
72, and 168 h after drug injection. Four distinct types of
PAS-positive staining in rat brain were observed: type 1,
extracellular matrix (ECM) or blood vessel associated-
material; type 2, granular deposits; type 3, glial labelling;
and type 4, neuronal labelling. Results demonstrated that
the four types of PAS-positive staining were differentially
associated with specific markers of neuropathology: (1)
type 1 ECM staining and type 3 glia were preferentially
localized to edematous tissue; (2) the majority of type 3
glia were identified as reactive astrocytes, while a minor-
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ity of appeared to be proliferating microglia; (3) type 1
blood vessels labelled hemorrhaging vasculature; (4)
early deposition of type 2 granules was predictive of sub-
sequent cell loss; (5) chronic type 2 granular deposits and
type 4 neuronal labelling not associated with cell death
could be predicted by early changes in FLI; and (6)
chronic deposition of all four forms of PAS-positive ma-
terial was correlated with earlier, transient blood-brain
barrier compromise. The results support the growing liter-
ature that local carbohydrate metabolism may be one of a
constellation of parameters important to the development
of progressive neurodegeneration.

Key words Neurodegeneration - Epilepsy - Kainic acid
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introduction

The periodic acid-Schiff (PAS) reaction has been used
clinically to identify progressive neurodegeneration in Alz-
heimer’s disease [12, 19, 24, 26], presenile dementia [19,
24, 39], Parkinson’s disease [5, 12], diabetes mellitus [32],
myoclonic epilepsy [5], and cerebral palsy [10]. However,
the chemical identity, etiology, and relative importance of
these deposits to pathological mechanisms are unknown.
The PAS reaction stains a variety of carbohydrate-con-
taining components of both cells and the extracellular ma-
trix (ECM), including glycogen, glycoproteins, glyco-
lipids, sphingolipids, and some proteoglycans [7]. Dime-
done (5,5-dimethyl-1,3-cyclo-hexanedione) can be used
to improve the selectivity of the PAS reaction by blocking
sugars that undergo only minimal oxidation during perio-
date treatment. This selection effectively reduces the
amount of PAS-positive material in oxidized tissue, ac-
centuating the reactivity of highly polymerized carbohy-
drates. PAS-dimedone (PAS-D)-positive material includes
glycogen, highly sialated glycoproteins as, for example,
members of the cell adhesion molecule (CAM) family,
and heavily sialated glycolipids as, for example, members
of the ganglioside family. Under such selective condi-



tions, pathological PAS-positive material has been noted
in the central nervous system (CNS) of senescence-accel-
erated mice [1], aged cats [41] and dogs [40] and in the
rodent brain following irradiation [43] or stab-wounding
[15].

The kainic acid model of status epilepticus produces
progressive neurodenegeration and long-term plastic al-
terations in limbic and other closely related brain regions.
Cell death occurs as a consequence of sustained neuronal
excitation, edema, inflammation, reactive gliosis, and
blood-brain barrier breakdown [3, 4, 9, 22, 23, 27, 29, 38,
42]. These pathologies are also observed in clinical disor-
ders. Focal sites of inflammation, activation of reactive
astrocytes, and disruption of the blood-brain barrier are
characteristic features of myoclonic epilepsy [22], Alz-
heimer’s disease [2, 17, 18], Pick’s disease [2], Creutz-
feldt-Jakob degeneration [35], and multiple sclerosis [2,
33, 35]. In the present series of experiments, we have be-
gun to explore the relationship between specific types of
PAS-D staining and induction of fos-like immunoreactiv-
ity (FLI), neuronal loss, reactive gliosis, and blood-brain
barrier;breakdown in an attempt to establish temporal cor-
relations between the development of PAS-D deposits and
several other markers of brain damage.

Materials and methods

Induction of epileptiform seizures

Epileptiform seizures were induced in 41 male Wistar rats (Charles

" River, Canada), weighing 250-300 g. Subjects received intraperi-
toneal injections of either 10 mg/kg kainic acid (Sigma, USA) (n =
35) or physiological saline vehicle 1 ml/kg (n = 6). Rats were
monitored for 10 h following drug injection and their behavior was
rated according to previously published criteria [25]: 0, normal ac-
tivity; 1, increased frequency of “freezing” and “wet-dog shakes”;
2, weak clonic convulsions with rearing; 3, increasingly severe
convulsions with loss of postural control; 4, generalized limbic
seizures; and 35, severe limbic seizures with respiratory difficulty.
Three animals were implanted with electrodes and induction of
epileptiform activity confirmed electrographically. All manipula-
tions were carried out according to the strict ethical guidelines for
animal expgrimentation established by the Medical Research
Council of Canada. Subjects reaching stage 4 were anesthetized
with sodium pentobarbital at 3, 5, 12, 24, 72, or 168 h after treat-
ment (n = 5/time point) and were perfused with 60 ml of sodium
phosphate-buffered saline (PBS: 10 mM, pH 7.2), followed by 120
ml of a modified Zamboni fixative (4% paraformaldehyde, 0.2%
picric acid in 0.16 M phosphate buffer, pH 6.9). Brains were re-
moved and postfixed for 4 h in the same fixative at 4°C and then
transferred to 10% sucrose in 10 mM PBS for 24 h. Coronal sec-
tions, 15 pm in thickness, were cut on a cryostat and thaw-
mounted on gelatin-coated microscope slides.

Morphological studies

Sections were routinely stained using either cresyl violet or hema-
toxylin eosin to assess morphological degeneration associated with
seizure agtivity. Edematous tissue was identified as areas exhibit-
ing macroscopic swelling of perineuronal and perivascular as-
troglia accompanied by neuropil vacuolization and herniation [22].
Swollen processes were confirmed as astroglial by Nissl staining
sections immunoreacted with anti-glial fibrillary acidic protein
(GFAP) as described below.
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PAS-D staining

Sections were briefly hydrated and reacted at room temperature for
20 min in 0.5% periodic acid in distilled H,0, dehydrated through
progressively higher concentrations of ethanol, incubated for 1 h at
60°C in 5% dimedone in 100% ethanol, rehydrated through a de-
scending series of ethanols, reacted for 20 min at room tempera-
ture in Schiff’s reagent (14 mM parasanoline, 42.4 mM sodium
bisulfite in 1 M HCI) and developed for 10 min in distilled H,O.
All chemicals were purchased from Sigma. Densitometry using a
Zeiss scanning microscope attached to a Macintosh L.C475 was
performed on representative sections to determine the intensity of
the reaction.

FLI and GFAP immunoreactivity

Sections were incubated with either a rabbit anti-fos antibody (1 :
500; Medac, USA) or a monoclonal mouse anti-GFAP antibody (1:
40; Boehringer Mannheim, USA) overnight at 4°C. Primary and
secondary antibodies were diluted in 10 mM PBS (pH 7.2) con-
taining 0.3% Triton X-100. FLI was visualized by immunoperoxi-
dase staining. Sections were washed repreatedly in PBS, incubated
with biotinylated goat anti-rabbit antibodies (1:100; Amersham,
USA), washed repeatedly in PBS, and incubated with streptavidin-
horseradish peroxidase (1:100; Amersham) in PBS. Secondary
and tertiary reactions were carried out at room temperature for 1 h.
Immunoreactivity was developed by incubation in a 0.02% solu-
tion of 3,3’-diaminobenzidine tetrahydrochloride (Sigma) in 50
mM TRIS buffer (pH 7.4) followed by addition of H,0, to a final
conceniration of 0.005%. GFAP immunoreactivity was assessed
by immunofluorescence. Following incubation with anti-GFAP,
sections were washed with PBS as above and reacted for 30 min at
37°C with FITC-labelled rabbit anti-mouse antibodies (1:20;
Amersham) in PBS/Triton. Sections were coverslipped under glyc-
erol containing 0.1% p-phenylenediamine. To assess specificity,
adjacent sections were processed as described above but in the ab-
sence of primary antibody. Some sections were double-labelled
with both anti-GFAP and PAS-D or anti-GFAP and either hema-
toxylin eosin or cresyl violet. These sections were incubated for 1
h with anti-GFAP antisera followed by fluorescence labelled sec-
ondary antibodies as described above. Because PAS-D staining is
itself fluorescent under both FITC and rhodamine filters, anti-
GFAP-labelled sections were examined and photographed prior to
PAS-D processing. The short immunohistochemical incubation
periods were required to preserve PAS-D reactivity and were suf-
ficient to identify individual reactive astrocytes.

Blood-brain barrier breakdown

Blood-brain barrier breakdown was assessed by examining the ex-
tent of rat Ig extravasation into brain following kainic acid treat-
ment essentially as described in [36]. Sections were incubated
overnight at 4°C with a goat anti-rat Ig (1:100; Amersham) in
PBS/Triton and processed for immunoperoxidase staining as de-
scribed above.

Results
Kainic acid-induced seizures

Intraperitoneal injection of 10 mg/kg kainic acid induced
stage 4 epileptiform activity within 2-3 h of treatment.
The time course of seizure induction has been well char-
acterized elsewhere [3, 4, 9, 22, 23, 27, 29, 38, 42].
Briefly, animals exhibited stage 1 ‘wet-dog shakes’ 15—
30 min after treatment. Stage 2 rearing and weak clonic
convulsions were observed 60 min after injection. Rats
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Fig.1 The pattern of periodic acid-Schiff-dimedone (PAS-D)
staining in control subjects 24 h after saline injection (A) or in

A kainic acid (10 mg/kg)-treated subjects at 24, 72, and 168 h after
excitotoxin administration (B-D). Representative photomicro-
graphs are depicted

demonstrated loss of postural control and increasingly se-

vere stage 3 convulsions within 90 min of treatment, pro-

2 gressing rapidly to generalized stage 4 limbic seizures

120-180 min after excitotoxin administration with the ex-

- ; ception of two animals that progressed to stage 5 within

e 130 min of treatment and were immediately sacrificed.

No further investigation was conducted on these subjects.

Behavioral indices of epileptiform activity continued for

approximately 7 h in the remaining animals subsiding 12

B h after kainate injection. Epileptiform activity was con-

firmed electrographically in three animals implanted with

electrodes (data not shown). By 2 h after treatment, ani-

mals were exhausted, severely dehydrated, and showed

signs of motoric impairment. Subjects exhibited normal

food and water intake within 48—72 h of kainic acid injec-

tion and demonstrated normal locomotion 96 h after treat-

ment. Rats receiving intraperitoneal injections of saline
showed no adverse effects.

Accumulation of PAS-D positive material

Animals receiving intraperitoneal injections of saline did
not exhibit any PAS-D positive staining at any time point.
By contrast, animals treated with kainic acid exhibited
C time-dependent accumulation of PAS-D-positive material
as depicted in Fig. 1. This accumulation was mapped and
densitometry was performed on representative sections to
determine the relative intensity of the PAS-D reaction

e ‘.,_“:,i- _ over time. Increases are expressed as percent of back-
Vi __ e s @ ground reactivity observed in saline-treated animals and
;? : g £ 15 W oare visually displayed in the graded shading of Fig. 2.
L4 i & 3) Moderate reactivity was first detected 12 h after kainic

v : acid treatment and was distributed diffusely throughout

Sy, S5 / ' the brain. By 24 h after kainic acid administration intense

\\ . o PAS-D staining was distributed predominantly within lim-

4 } G ﬁ‘_ A bic brain areas, most notably the piriform and entorhinal

\\ ot cortices, amygdaloid complex, hippocampal formation,

. . specific thalamic nuclei, layers I and II of the neocortex,

D > \f_:;/ N J and throughout all of the layers of the perirhinal cortex.

At 72 h after treatment, PAS-D-positive material was dis-

tributed in a penumbra of approximately 50-150 pm in

width around areas exhibiting neurodegeneration (see be-

low). At 168 h after kainic acid injection, lightly staining

PAS-D-positive deposits were noted in the entorhinal cor-

tex, layers I and II of the neocortex, around the third ven-
tricle, and within the hippocampal formation.

As shown in Fig. 3, four different types of PAS-D posi-

£ B A e ; tive material could be identified: type 1, ECM- and/or
\ >‘\3_L/ < A blood vessel-associated staining; type 2, granular deposi-
.\\ ‘_’,,r 3 e s’ tions; type 3, glial-labelling; and type 4, neuronal-labelling.

b The time course of these deposits and their relationship to
other markers of neuropathology are described below.
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Fig.2 Pattern of PAS-D staining at 12, 24, 72, and 168 h after
seizures induced by intraperitoneal injection of kainic acid (10
mg/kg). Staining was not detected at earlier time points. Drawings
represents coronal sections localizing PAS-D stained material
from a minimum of five rats per time period. Shading represents
denistometric analysis of staining intensity. No attempt has been
made to differentiate between types of PAS-D staining during den-
sitometric analysis. Shading key: (i) very light (25-fold increase
over background); (E) light (50-fold increase over background);
(B) moderate (100-fold increase over background); (M) intense
(200-fold increase over background). (cc corpus callosum, AOP
anterior olfactory posterior nucleus, Pir piriform cortex, RF rhinal
fissure, Shi septohippocampal nucleus, MS medial septal nucleus,
CPu caudate/putamen, Ach nucleus accumbens, LS lateral septal
nucleus, SFi septal fimbrial nucleus, f fornix, PO preoptic nucleus,
AC anterior commissure, SY striohypothalamic nucleus, HDB nu-
cleus of horizontal limb diagonal band, MCPO magnocellular pre-
optic nucleus, B Bed nucleus, st stria terminalis, VP ventral pal-
lidum, GP globus pallidum, ic internal capsule, CA1-3 fields
CA1-3 of Ammon’s horn, PV paraventricular thalamic nucleus,
LhB lateral habenular nucleus, DG dentate gyrus, LD lateral dorsal
thalamic nucleus, CL centrolateral thalamic nucleus, MD medio-
dorsal thalamic nucleus, CM centromedial thalamic nucleus, RE
reuniens thalamic nucleus, DMD dorsal medial hypothalamic nu-
cleus, VMH ventromedial hypothalamic nucleus, ME median emi-
nence, PC paracentral thalamic nucleus, PO posterior thalamic nu-
cleus, VPL ventroposterolateral thalamic nucleus, VPM ventropos-
teromedial thalamic nucleus, EB entopeduncular nucleus, CeA
central amygdaloid nucleus, BLA basolateral amygdaloid nucleus,
LA lateral amygdaloid nucleus, MeA medial amygdaloid nucleus,
ACo anterior cortical amygdaloid nucleus, DLG dorsal lateral
geniculate, LP lateral posterior thalamic nucleus, MG medial
geniculate nucleus, PV paraventricular nucleus, PF parafascicular
nucleus, Ri rostral interstitial nucleus mlf, Etk ethnoid thalamic nu-
cleus, SNR substantia nigra, SuM supramammillary nucleus, MM
mediamammaillary nucleus, AHi amygdaloid hippocampal area,
APir amygdaloid/piriform transition area, SC superior colliculus,
PRS presubiculum, PaS parasubiculum, DSC lamina dissecans en-
torhinal area, ml medial leminiscus, Pr pontine nucleus, Cli caudal
linear nucleus raphe, DR dorsal raphe nucleus, DT dorsal tegmen-
tal nucleus)

Neurodegeneration and PAS-D-positive deposits

Examination of Nissl-stained brain sections revealed two
distinct phases of neuronal damage in subjects experienc-
ing seizures. Data are presented in Table 1 for select mid-
brain structures. The first phase, 3-24 h after treatment,
was characterized by the appearance of hyperchromatic,
pyknotic neurons in around edematous tissue. Swollen as-
troglial processes in areas of neuropil vacuolization were
anti-GFAP immunoreactive (described below). The de-
gree of vacuolization within affected tissue increased with
time as did the number of focal capillary hemorrhages
preferentially localized to limbic structures. Blood vessel
disruptions were assessed by extravasation of rat Ig into
brain parenchyma around Nissl- and type 1-PAS-D delin-
eated blood vessels (described below). By 12 h after treat-
ment, large cystic cavities could be seen in the piriform
and entorhinal cortices and entire cell fields within these
areas were profoundly disrupted. Morphological alter-
ations peaked with the cessation of epileptiform activity.
By 24 h post-treatment, many neurons within affected ar-
eas had fragmented and hyperchromatic debris was ob-
served throughout the hippocampal formation, thalamic
nuclei, entorhinal and piriform cortices, and throughout

the neocortex in the vicinity of the rhinal fissure. The de-
gree of neuropil vacuolization and astroglial swelling was
most pronounced at this time point. The second phase of
neurodegeneration, 72—-168 h after treatment, was charac-
terized by a reduction in the degree of edema observed,
morphological recovery of large numbers of affected neu-
rons, accompanied, however, by permanent cell loss in
discrete brain regions. By 168 h after kainic acid adminis-
tration, lesions, consisting of small cystic cavities scat-
tered throughout fields of large, hypochromatic neurons,
were preferentially localized to discrete regions within the
hippocampal formation, entorhinal and piriform cortices,
and amygdaloid complex. Pyknotic and hyperchromatic
neurons were rarely detected. In areas that had exhibited
cell fragmentation, substantial cell loss was noted, most
notably in CAl and CA3 pyramidal cells of the hip-
pocampal formation, throughout the piriform cortex and
amygdaloid complex, and within the entorhinal cortex im-
mediately surrounding the piriform cortex as previously
reported [3, 4, 9, 22, 23, 27, 29, 38, 42].

The cellular distribution of PAS-D-positive material
varied over time in parallel with the gross morphological
alterations accompanying neurodegeneration (Table 2).
Type 1 staining of blood vessels and ECM components
and type 3 positive glia first appeared towards the end of
epileptiform activity (12 h after treatment) and were
preferentially localized to edematous tissue. The intensity
of type 1 and type 3 staining peaked 24 h after kainic acid
administration when cerebral edema was at its most pro-
nounced and morphological alterations were the most ex-
tensive. Staining intensity decreased with time until, by
168 h after treatment, type 3 glial staining could only be
observed within areas exhibiting residual edema.

While type 1 labelling of blood vessels and ECM and
type 3 glial staining appeared to be correlated with the
presence of edema, the appearance of type 2 granules was
more indicative of subsequent cell death. PAS-D-positive
granular deposits were first observed 24 h after treatment
and were preferentially localized to regions that, at later
time points, invariably exhibited cell loss. Staining disap-
peared prior to gross morphological evidence of necrosis
until, by 168 h after induction of epileptiform activity,
type 2 granules were absent from necrotic brain sites and
could only be found in conjunction with type 1 ECM ma-
terial forming a penumbra around damage tissue.

Type 4 neuronal staining was only observed 168 h af-
ter excitotoxin administration and was almost exclusively
localized to regions of substantial cell loss with the ex-
ception of specific staining of striatal neurons in associa-
tion with type 1 staining of ECM.

FLI and PAS-D-positive deposits

Epileptiform activity elicited neuronal expression of the
fos family of proto-oncogenes (Table 2). Control subjects
did not exhibit significant immunoreactivity (Fig. 4, panel
A, B). FLI was observed early in the first phase of neu-
rodegeneration and was highly predictive not only of cell



e

Fig.3A-D Photomicrographs of four different types of PAS-D-
positive material found in rat brain following kainic acid (10
mg/kg)-induced seizures. A Type 1, blood vessel-associated stain-
ing 24 h after drug injection. Example taken from entorhinal cor-
tex. B Type 1, extracellular matrix (ECM)-associated staining of
layers I and II of the neocortex and type 2 granular depositions (ar-
rows) 24 h after drug injection. Example taken from neocortex in
the vicinity of the rhinal fissure. C type 3 glial labelling 24 h after
drug injection. Example taken from entorhinal cortex. D type 4
neuronal labelling 168 h after drug injection. Example taken from
dorsal striatum. A~D Bars = 40 um

loss but also of later type 1 ECM, type 2 granular, and
type 4 neuronal PAS-D staining. Of particular note is the
temporal pattern of fos-like immunoreactivity observed in
the hippocampal formation and piriform cortex. By 3 h af-
ter treatment, FLI was seen in neurons of the pyramidal
cell layers of the hippocampal formation and within the
dentate gyrus. Neurons in the piriform cortex also demon-
strated intense labelling (Fig. 4, panels C, D). These areas
corresponded to sites of type 4 neuronal labelling ob-
served 168 h after treatment. By 5 h after drug injection,
FLI was absent from both the CA4 and CA2 cell fields of
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the hippocampal formation and from the piriform cortex
although immunoreactive cells could still be detected in
the dentate gyrus, CA1 and CA3 of the hippocampus (Fig.
4, panels E, F), the amygdaloid complex, entorhinal cor-
tex, layers I and II of the neocortex and throughout the
cortical cell layers in the vicinity of the rhinal fissure,
around the third ventricle, surrounding select thalamic nu-
clei, and, more anteriorly, along the dorsolateral border of
the striatum. This distriubtion corresponded with residual
type 1 ECM PAS-D staining observed 72 h after treatment
and accurately predicted long-lasting type 2 granulr depo-
sitions and type 4 neuronal staining observed 168 h after
treatment. By 24 h after treatment, FLI expression was no
longer detected in the hippocampal formation with the ex-
ception of some weak staining in the dentate gyrus. FLI
was absent from the entorhinal and piriform cortices but
could be detected in the perirhinal region throughout areas
that would express intense type 2 granular deposits 72 h
after kainate administration. FLI reappeared 72 h after
treatment in pyramidal cells of the hippocampal formation
(but not in the dentate gyrus) and within neurons of the
piriform cortex remaining immunoreactive 168 h post
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Fig.4 c-fos-like immunoreactivity in control subjects 3 h after
saline injection (A, B) and kainic acid (10 mg/kg)-treated animals
3h(C, D) and 5 h (E, F) and 24 h (G, H) after drug injection. A,
C, E, G are taken from the piriform cortex. B, D, F, H are taken
from the hippocampal formation. A-H Bars = 80 um

treatment (Fig. 4, panels G, H). These areas demonstrated
considerable cell death and chronic accumulation of type
1 ECM and type 4 neuronal PAS-D staining. Finally, FLI
could also be detected 72 h after kainate injection in a dis-
crete areas of the dorsolateral striatum; a region exhibiting
intense type 4 neuronal labelling 168 h after seizure in-
duction without showing any signs of cell loss.

GFAP immunoreactivity and PAS-D-positive deposits

Reactive gliosis, as assessed by GFAP immunoreactivity,
was evident 3 h after treatment and was largely confined
to the proximity of large blood vessels (Table 2). By 5h
after treatment, intense GFAP-labelling was evident
throughout the hippocampal formation, the entorhinal and
piriform cortices, and neocortical cell layers in the vicin-
ity of the rhinal fissure. Swollen astroglial processes in ar-
eas of neuropil vacuolization were anti-GFAP immunore-
active. There was a substantial increase in GFAP im-
munoreactivity 24 h aftef treatment (Fig. 5, panel A) and
this increase correlated with both the appearance of type 3



Fig.5 Photomicrographs of anti-GFAP immunoreactive glia after
kainic acid (10 mg/kg) administration. A depicts staining in the
hippocampal formation 24 h after drug injection. B depicts resid-
ual labelling in the entorhinal cortex 72 h after excitotoxin admin-
istration. Bar = 20 um

PAS-D astrocytes within identical areas and with the in-
crease in neuropil disruption and tissue vacuolization.
Double labelling with PAS-D and GFAP confirmed that
the majority of PAS-D-positive cells observed throughout
regions of profound edema were reactive astrocytes, al-
though not all GFAP-reactive astrocytes were PAS-D pos-
itive. A minority of type 3-labelled glial cells were GFAP
negative and had the morphological appearance of mi-
croglia. By 72-168 h after treatment, PAS-D-positive,
GFAP-immunoreactive astrocytes were confined to the
neocortical layers in and around the rhinal fissure, within
small portions of the hippocampus, and scattered sporadi-
cally throughout the entorhinal cortex (Fig. 5, panel B).

Blood-brain barrier breakdown
and PAS-D-positive deposits

Increases in blood-brain barrier permeability were assessed
by extravasation of rat Ig into brain parenchyma (Table 2).
In sections from control brain, only vessels in the circum-
ventricular organ such as the arcuate nucleus and the me-
dian emminence showed permeability to blood Ig and in
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Fig.6 The pattern of blood-brain barrier breakdown after kainic
acid (10 mg/kg)-induced epileptiform activity. Representative
photomicrographs illustrate the extent of rat Ig extravasation into
brain parenchyma 3, 12, and 24 h (A-C) after drug injection

these loci there was no associated PAS-D staining. Within
3-5 h of kainate administration, rats demonstrated a large
number of focal hemorrhages distributed randomly through-
out the brain (Fig. 6, panel A). By 12 h after treatment, the
distribution of Ig immunoreactivity had changed (Fig. 6,
panel B). Staining was no longer confined to damaged
blood vessels but was also detected throughout the peri-
rhinal, piriform and entorhinal cortices in a pattern congru-
ent with that of type 1 ECM and type 3 glial PAS-D stain-
ing observed at the same time point. Blood vessels in areas
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Fig.7 Relationship between neuronal-labelling of cells with rat Ig
(A) and type 1 ECM accumulation of PAS-D staining (B) 24 h af-
ter kainic acid (10 mg/kg) administration. Representative photomi-
crographs depict a single section stained for both rat Ig immunore-
activity and PAS-D staining. Abbreviations as in Fig. 1. A, B Bars
=200 pm

that had exhibited focal extravasation of rat Ig were type 1
PAS-D positive. Some neurons in the hippocampal forma-
tion, centromedial, laterodorsal and reuniens nuclei, piri-
form cortex, and throughout layers 1 and. II of the neocortex
had taken up blood proteins and as such were Ig immunore-
active. Many of these Ig-positive celis were surrounded by
PAS-D type 2 granules.

The intensity of rat Ig labelling peaked 24 h after treat-
ment. Staining was detected only in limbic structures and
could no longer be observed to surround damaged blood
vessels (Fig. 6, panel C). Double labelling demonstrated
that PAS-D-positive deposits either surrounded areas con-
taining cells which had taken up Ig (Fig. 7, Panel A and
B) or overlapped areas exhibiting diffuse rat Ig labelling
(i.e., the hippocampal formation and entorhinal cortex).
Immunoreactivity dissipated with time until, by 72 h after
treatment, rat Ig could only be detected in the piriform
cortex and hippocampal formation. By 168 h after treat-

ment, brain sections of kainate-treated subjects were
equivalent to control with the exception of the some resid-
ual labelling in the piriform cortex.

Discussion

The kainic acid model of epileptiform activity consis-
tently results in a time-dependent accumulation of PAS-
D-positive material in rat brain. Four distinct types of de-
posits can be resolved: type 1, ECM- and blood vessel-as-
sociated material; type 2, granular deposits; type 3, glial
labelling; and type 4, neuronal labelling. These deposits
are similar in morphology to those detected in the human
CNS of patients with Alzheimer’s disease [12, 19, 24, 26],
presenile dementia [19, 24, 39], Parkinson’s disease [5,
12], diabetes mellitus [32], myoclonic epilepsy [5], and
cerebral palsy [10]. In an attempt to provide insight into
the nature of these deposits, we have examined the rela-
tionship between PAS-D-positive staining and the devel-
opment of edema, reactive gliosis, neuronal loss, and
blood-brain barrier breakdown during kainic acid-induced
limbic status epilepticus.

Two stages of nerve cell damage were observed fol-
lowing induction of epileptiform activity with kainic acid;
an acute phase (3—24 h after treatment), characterized by
the appearance of edema and the presence of hyperchro-
matic, pyknotic, and fragmenting neurons, and a chronic
phase (72—168 h after treatment), characterized both by a
marked improvement in acute parameters of neurodegen-
eration and substantial cell loss in discrete brain regions.
Identification of these stages is consistent with previous
studies of excitotoxin neurodegeneration [3, 4, 9, 17, 22,
23, 27-31, 38, 42]. These morphological changes were
accompanied by two phases of reactive gliosis and blood-
brain barrier breakdown [34]. In the acute phase, blood-
brain barrier breakdown, as assessed by extravasation of
rat Ig molecules into brain parenchyma, was distributed
randomly throughout the brain around hemorrhaging
blood vessels (medium and fine caliber). Early reactive
gliosis was initially confined to the vicinity of disrupted
vasculature. With time, extensive GFAP immunoreactiv-
ity could be observed throughout edemic tissue in and
around areas of blood-brain barrier breakdown. PAS-D
staining was first observed towards the end of the acute
phase. Type 3 staining of glial cells could be observed
throughout edematous tissue. The majority of these PAS-
D-positive cells were identified as GFAP-immunoreactive
astrocytes, while a small subpopulation were GFAP nega-
tive and morphologically characteristic of microglia. The
appearance of PAS-D-positive staining correlated with the
induction of a diffuse spread of blood proteins throughout
specific limbic structures. Initially, labelling type 1 of the
ECM could be observed throughout area of blood-brain
barrier breakdown, while specific labelling of hemorrhag-
ing vasculature could be detected around rat Ig-positive
capillaries. However, towards the end of the acute phase
of neurodegeneration, type 1 ECM staining formed a
penumbra around areas exhibiting serum protein accumu-



lation, while type 2 granular deposits were localized within
Ig-reactive tissue in specific association with Ig-positive
neurons. This distribution of type 2 granular deposits was
highly predictive of subsequent neuronal death observed
in the chronic phase of neurodegeneration. In this later
phase of damage, tissue was no longer grossly edematous.
Rat Ig immunoreactivity was minimal and confined to ar-
eas of residual edema and type 3 reactive gliosis. Sub-
stantial cell death was noted in areas that had exhibited
type 2 granular deposits during the acute phase of neuro-
toxicity and was surrounded by a penumbra of approxi-
mately 100 um in width of type 1 ECM material. The few
remaining cells within these regions were morphologi-
cally intact, but were hypochromatic. Many of these neu-
rons were type 4 PAS-D positive.

Surprisingly, early induction of the fos family of proto-
oncogenes was found to be highly predictive not only of
subsequent cell death but also of type 2 granular deposits
and type 4 neuronal labelling. fos genes are members of
the early response gene family that encodes for transcrip-
tion factors. During epileptiform seizures and other disor-
ders, their gene products are believed to couple neuronal
excitation to changes in target gene expression [6, 8, 11,
13, 14, 16, 20, 21, 31]. Early and long-lasting induction of
the protein (1-5 h after seizure induction) can be used to
determine the degree and extent of prolonged neuronal
excitation and, hence, identify neuronal populations most
likely to exhibit subsequent cell loss. In addition, it has re-
cently been demonstrated that renewed expression of c-
Jfos mRNA is also observed in apoptotic cell populations
72-168 h after kainate administration [37]. The resuits of
the present study are in accordance with these observations.
However, in addition to cell death, FLI could also be used
to predict PAS-D neuropathology. For example, FLI la-
belling was detected 24 h after treatment in the perirhinal
region immediately surrounding damaged portions of the
entorhinal cortex as well as 72 h after treatment in discrete
regions of the lateral striatum; areas that do not exhibit cell
loss. The distribution accurately predicted the appearance
of type 2 granular deposits 72 h after kainate injection and
specific populations of type 4 labelled neurons observed
168 h after treatment. These results indicate that FLI is in-
dicative both of cell loss and accumulation of PAS-D-posi-
tive material. FLLI may be either a coincident byproduct of
the breakdown in cell signalling observed after kainic acid-
induced seizures or may actually be a required component
in a gene regulation pathway mediating both neuronal death
and aberrant carbohydrate accumulation.

The identity of the PAS-D-positive components in dis-
eased brain remains ambiguous. The PAS-D stain is
known to be specific for highly polymerized carbohy-
drates such as glycogen or highly sialated glycoproteins
and glycolipids [7]. We have noted that type 2 granules
and type 4 neurons are resistant to amylase digestion (un-
published data), suggesting that this material is unlikely to
be glycogen. These observations are in accordance with
Akiyama et al. [1], who demonstrated that the PAS-D-pos-
itive granular depositions observed in the brain of senes-
cence-accelerated mice were amylase resistant and histo-
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chemically uncharacteristic of glycogen polymers. Further
studies are required to identify the carbohydrate compo-
nents of the PAS-D-positive material with any certainty.

Aberrant PAS-D-positive material has been detected in
the brain of patients with Alzheimer’s disease [19, 24],
presenile dementia [19, 24, 39], Parkinson’s disease [3],
diabetes mellitus [32], myoclonic epilepsy [5], and cere-
bral palsy [10], as well as in the brain of senescence ac-
celerated mice [1] and in the CNS of experimental ani-
mals following following X- and gamma-irradiation [43]
and stab wounding [15], suggesting that local carbohy-
drate metabolism is associated with progressive neurode-
generation. The present study describes the relationship
between PAS-D staining and induction of FLI, neuronal
necrosis, reactive gliosis, and blood-brain barrier break-
down in an aftempt to establish temporal correlations be-
tween the development of PAS-D deposits and several
other markers of brain damage using a well-characterized
animal model of neuropathology. We have identified four
types of aberrant PAS-D material in rat brain following
kainic acid induced seizures: type 1, ECM or blood vessel
associated-material; type 2, granular deposits; type 3, glial
labellling; and type 4, neuronal labelling. Results demon-
strate that (1) type 1 ECM staining and type 3 glia are
preferentially localized to edematous tissue; (2) the ma-
jority of type 3 glia are reactive astrocytes, while a minor-
ity of PAS-positive glia appear to be proliferating mi-
croglia; (3) type 1 blood vessels identify hemorrhaging
vasculature; (4) the early distribution of type 2 granules
accurately predicts subsequent cell loss; (5) chronic type 2
granular deposits and type 4 neuronal labelling not associ-
ated with cell death are predicted by early changes in FLI;
and (6) chronic deposition of all four forms of PAS-posi-
tive material is confined to areas that exhibited substan-
tial, transient blood-brain barrier compromise. We suggest
that the increase in PAS-D staining represents either the
synthesis of heavily glycosylated constituent(s) of the
ECM by both neurons and astrocytes in response to blood-
brain barrier breakdown or the accumulation of serum gly-
coproteins extravasating through a compromised blood-
brain barrier. The kainic acid model of neurodegeneration
may assist us in identifying the PAS-positive deposits as-
sociated with chronic neurodegeneration as well as pro-
vide a means of determining their relative importance in
human progressive neurodegenerative disorders.
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