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111.6.1 ABSTRACT

Increases in APP proteins, which contain the BA4 senile plaque protein present
in patients with Alzheimer disease (AD), have been shown to occur in models of
neuronal damage and neurotoxic cell injury. This observation lead us to examine
the espression of these proteins after transient ischemic episodes in the gerbils.
Animals sacrified 2 to 28 days after ischemia .and APP detected by
immunocytochemistry at the light microscopic level with an antibody raised against
the C-terminal region of these proteins. The gliotic reaction was also examined
using glial fibrillary acid protein (GFAP) immunoreactivity. Two days after ischemia
neuronal cell death was observed in the hippocampal CA1 region accon;pained by
astrocyte hypertrophy. These hypertrophic astrocytes were found to be GFAP
positive but stained weakly for APP. Seven days after ischemia both astrocyte
hypertrophia and hyperplasia, with identified mitotic figures, were observed. These
hyperplasic astrocytes were intensely stained by the APP antibody. These stained
APP positive astrocytes were observed up to 28 days after ischemia. These results
show that neuronal cell death produced by transient ischemia is followed by an
increased APP expression which appears to be associated with the hyperplasic
astrocytes but not with the initial hypertrophy of this cell population. These results
when taken together with those obtained in other models of neuronal damage or
death, clearly suggest that APP expression follows neuronal death and is

associated with astrocyte proliferation.

Key words: Brain ischemia, Ramyloid precursor protein, Astrocyte, Alzheimer’s

disease, gerbil brain, hippocampus, glial fibrillary acidic protein.
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111.6.2 INTRODUCTION

B-Amyloid precursor proteins (APP) form a family of polypeptides all encoded
by the same gene localized on chromosome 21. Abnormal expression or
proteolysis of APP has been proposed as being responsible for R-amyloid
deposition and senile plaque formation in the brains of patients with Alzheimer-type
dementia (AD) (Selkoe, 1991; Joachim and Selkoe, 1992). The origin of the B-
amyloid plaque has not yet been resolved since potentially all cells in the central
nervous system, including neurons, astrocytes, microglia, oligodendroglia anf
endothelial cells, express and contain the APP mRNAs and their products and may
be the primary source of R-amyloid (Bahmanyar et al., 1987; Tanzi et ’al., 1988;
Card et al., 1988; Higgins et al., 1988; Kawarabayashi et al., 1991a; Manning et
al., 1988; Mita et al., 1989; Shivers et al., 1988).

Modifications in the APP expression pattern have been demonstradted in several
central nervous system injuries such as kainic and ibotenic acid injection (Siman
et al., 1989; Kawarabayashi et al., 1991b; Shigematsu et al., 1992; Nakamura et
al., 1992), stab lesion (Otsuka et al., 1991), axotomy (Palacios et al., 1992; Sol4

et al., 1993b), and colchicine administration (Shigematsu and Mc Geer, 1992).

It is well known from structural and ultrastructural studies that hippocampal
pyramidal neurons in the CA1 sector are selectively vulnerable to ischemia after
both short and long survival times (ito et al., 1975; Kirino, 1982; Kirino and Sano,
1984a,b; Petito and Pulsinelli, 1984a,b; Yamamoto et al., 1986a; Mudrick and

Baimbridge, 1989; Kirino et al., 1990; Bonnekoh et al., 1990; Yamamoto et al.,
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1990; Schmidt-Kastner and Freund, 1991; Desphande et al., 1992; Bonnekoh et
al., 1992). However, a small population of pyramidal neurons present in the CA1
region and GABAergic interneurons may escape injury (Nitsch et al., 1989;
Bonnekoh et al., 1992; Tortosa and Ferrer, 1993). Post-ischemic neuronal damage
is accompanied by astrocyte activation and increases in glial fibrillary acidic protein
(GFAP) expression and immunoreactivity (De Leo et al., 1987; Hatakeyama et al.,
1988; Yamamoto et al., 1986b; Yoshimine et al., 1985; Petito et al., 1990;
Schmidt-Kastner et al., 1990; Rischke and Krieglstein, 1991; Kindy et al. 1992).

Up until now, limited information has been available on the participation and
function of APP protein and its mRNA in post-ischemic changes (Abe et al., 1991;

Stephenson et al., 1992; Wakita et al., 1992).

In the present study we have used a well characterized polyclonal antibody
raised against the carboxy terminal sequence (Palacios et al., 1992) common to
all known forms of APP, to examine selective changes in APP immunoreactivity

following hippocampal ischemia in the gerbil.
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111.6.3 MATERIALS AND METHODS
Animals surgery and tissue processing

Male Mongolian gerbils (Meriones unguiculatus) from our own colony (aged from
3 to 6 months) were used in this study, and kepts in conditions previously reported
by Tortosa and Ferrer, (1993). The animals were initially anaesthetized with 3%
halothane mixed with room air and subsequently reduced to 1.5% for manteinance
during the operation. The carotid arteries were exposed through a midline cervical
incision and were temporarily occluded with small clips for 20 min. Anaesthesia
was discontinued whilst the clips were in place. The animals 'were the
anaesthetized again, the clips removed and the incisions sutured with silk. The
absence of blood flow during occlusion and the reperfusion periods were controlled
visually. During the operation the body temperature was monitored and maintained
at 36-37°C (Freund et al., 1990). Sham-operated controls were treated identically
except that occlusion was not performed. Following ischemia, gerbils were allowed
to survive for 2,7,15, and 28 days. The animals were divided in groups of two and
under ether anasthesia the brains were perfussed transcardially firts with
physiological saline for 2 min and then with 150 ml of 4% paraformaldehyde and
0.1% glutaraldehyde in 0.1M phosphate buffer pH 7.4 (PB) for 20 min. The brains
were removed, further fixed for 3-4 h at 4°C by immersion in the same fixative,
and left overnight in 5% sucrose in PB at 4°C. Coronal sections (40 ym) were cut
with vibratome (Lancer) at the hippocampal region level. Sections were washed for

12 h in PB at 4°C.
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Antisera

An antibody against APP was obtained by immunizing New Zeland female
rabbits with synthetic peptide fragment of the C-terminal end of APP (APP 676-
695), a sequence common to all knoen forms of APP. The specificities and
characterization of this antibody have been previously described (Palacios et al.,
1992). Polyclonal antibody against glial fibrillary acidic protein (GFAP) was

obtained commercially from Dako (Denmark).

Histological and immunocytochemical procedures

Histological evaluation of the hippocampal damage was carried out on vibratome
sections stained with Cresyl violet. Immunocytochemistry was performed using the
avidin-biotin peroxidase system (ABC). Alternate adjacent coronal sections were
separated and treated free floating with 0.3% H,0, in 0.1M phosphate buffer
saline (PBS) to block endogenous peroxidase. This was followed by incubation in
normal goat serum (diluted 1:100 in PBS) for 90 min. The following protocol was
then used: APP an GFAP antibodies (diluted 1:1000 and 1:2000 respectively in
PBS containing 1% BSA and 0.4% Triton x-100) incubated for 48 h at 4°C,
followed by biotinylated goat anti-rabbit IgG (1:200 dilution Vectastain, Vector) for
2 h at 21°C, the ABC complex was then used (1:100 dilution Vectastain, Vector)
for 1 h at 21°C. Peroxidase activity in sections treated with APP antibody was
finally visualized with 0.05% 3,3’diaminobenzidine (DAB) and 0.01% H,0, in PBS _

for 5-10 min. GFAP treated sections were processed with 0.04% 1-naphthol in
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PBS for 5 min. Controls were obtained using sections treated in the same way
except that the primary antibodies were omitted. The specificity of the APP
antibody was established by the blockade of specific staining with the antiserum
preabsorbed with 20 ug of purified peptide (see Palacios et al., 1992). The
immunostained sections were mounted on slides with Glicerol (Dako) for light

microscope observation and photography.

Bloks obtained from punches of the hippocampal CA1 region in both control and
post-ischemic animals were postfixed in 1% 0,0, for 1 h, block-stained in 1%
uranylacetate veronal buffer, déhydrated and embedded in Durcupan (Fluka).
Semithin sections (1um) were cut on a LKB ultratome Il and stainedy with 1%

Toluidine blue for light-microscope photography.
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i11.6.4 RESULTS
Histology

Cresyl violet staining of control hippocampus is shown in Fig. 1TA. Two days
after ischemia some small areas of pyramidal cell necrosis were observed in the
CA1 region (Fig.1B). Complete necrosis of the pyramidal cell in the CA1 subfield
was seen 7 days after ischemia and persisted throughout the other reperfusion
periods (15 and 28 days) (Figs. 1C,D). However, some surviving pyramidal
neurons and well preserved interneurons were observed scattered in the damaged
CA1 region as well as a diffuse gliosis in the stratum oriens and radiatuﬁ (Figs. 1B,
C, D). The CA3, CA4 subfields and dentate gyrus showed no visible changes at

any of the post ischemic time points studied (Figs. 1B, C, D).

GFAP immunoreactivity

GFAP immunoreactivity revealed an homogeneous pattern of astrocyte
distribution in all hippocampalzones in control animals, showing a well-ordered
pattern in dendritic layers (Fig. 2A}. A slight astrocyt hypertrophy was seen two
days after ischemia (Fig. 2B). GFAP-stained astrocytes appeared in the CA1
lesioned sectors distributed in the strata oriens and radiatum (Fig. 2B). No changes
in astrocyte staining were observed in the CA3-CA4 areas (not shown) or in the
dentate gyrus. In the stratum moleculare non-reactive astrocytes were observed

(Figs. 2B, C, D). At seven day survival after ischemia an increse of GFAP-
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immunoreactivity indicated a strong astrocyte hypertrophy in the damaged CA1
areas and this hypertrophy persisted in this region throughout the 4 weeks of this
study (Figs. 2C, D). Evidence of increases in GFAP reactivity in cell bodies and
their processes indicated the presence of glial hypertrophy in individual astrocytes
or in coupled astrocytes frequently observed in the strata oriens and radiatum
(Figs. 3A,B). Hypertrophic astrocytes were also more numerous in the pyramidal
layer associated with neuronal destruction (Figs. 3A,C). Thick or long processes
of the hypertrophic astrocytes frequently showed close contacts with adjacent

vessels (Fig. 3C).

The study of semithin sections of plastic embedded tissue demonstrate, in the
CA1 damaged areas, proliferative astrocytes with mitotic figures located in all
strata. Hyperplasic activity was observed at 7 days after ischemia but not at earlier
or later time points (Flg. 3D). Vacuolated hypertrophic astrocytes were specially

abundant in animals surviving 28 days after ischemia (Fig. 3E).

APP immunoreactivity

Vibratome sections adjacent to those stained with GFAP were used for APP
immunohistochemistry. In control animals, APP-immunoreactivity was seen in
pyramidal and granule neurons in all regions of the hippocampus and dentate gyrus
(not shown). In contrast, only a few weakly stained astrocytes were observed.
Two days after reperfusion, no APP-like immunoreactivity was in focal

circumscribed necrotic pyramidal areas of the CA1 region (Fig.4A). Some neurons
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showed strong immunoreactivity in their basal processes in the damaged stratum
pyramidale (Fig. 4B) and the overall staining pattern of astrocytes was
comparables to that seen in controls (Fig. 4B). From 7 to 28 days after ischemia,
necrosis of pyramidal neurons was extended to the entire CA1 sector which had
lost their APP immunoreactivity (Figs. 4C, D and 5A, B, C). Astrocytes in the strata
oriens, pyramidale and radiatum were strongly stained in the CA1 damaged sector
(Figs. 4C, D and 5A, B, C) with an increased staining of cell bodies and processes
indicating astroglial hypertrophy (Figs. 5A, B, C). Hypertrophic astrocytes were
usually more numerous in the necrotic pyramidal cell layer (Figs. 5A, B). Often
astrocytes with thick immunostained processes showed a close relationsfip with
adjacent vessels (Fig. 5B). Hypertrophic astrocytes showing vacuolated eytoplasm
were observed especially in animals left to survive for 28 days (Fig. 5D). This was
also seen in semi-thin sections of these astrocytes (Fig 3E). Astrocytes in the
stratum lacunosum-moleculare were also strongly stained (Fig. 4C). In the stratum
moleculare of the dentate gyrus subjacent to the damaged CA1 region, normal
non-reactive astrocytes appear with either faintly stained or non-immunostained
processes (Figs. 4A, C and 6D). Intact neurons in the CA3-CA4 sector showed
immunostained soma and dendritic processes with strong punctate or filamentous
perinuclear structures corresponding to the localization of the golgi apparatus in
these neurons (Figs. 6B, C). In the pyramidal layer of CA2 close to damaged CA1
neurons, some intact pyramidal neurons revealed increased staining of cell bodies
(Fig 6A). Granule cells of the dentate gyrus also exhibited a weak punctate

immunoreactivity (Fig 6D).
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FIGURE 1: Representative micrographs of gerbil hippocampus. Coronal vibratome sections stained
with cresyl violet. A: Animal control showing normal cell distribution and staining pattern
throughout the CA regions of the hippocampus and dentate gyrus (so) stratum oriens, (sp) stratum
pyramidale, (sr) stratum radiatum, (sim) stratum lacunosum moleculare, (sg) stratum granulosum.
B: Focal pyramidal cell loss and shrinkage in the CA1 region 2 days post-ischemia (arrows). C and
D: Severe neuronal damage is observed in the stratum pyramidale of the CA1 region 7 days and 28
days respectively after ischemia. Gliosis is also seen in the stratum oriens and radiatum of the CA1
damaged sector. Bar= 200 uym.
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FIGURE 2: Immunohistochemical GFAP staining in the CA1 region of the hippocampus. A: Animal
control showing normal astrocytic cells distributed in stratum oriens, radiatum and lacunosum-
moleculare of the hippocampus and stratum moleculare of the dentate gyrus. Note the lack of
staining in the stratum pyramidale (sp) and granular (sg). B: Moderate increase in astrocyte staining
in the stratum oriens and radiatum of the CA1 sector 2 days after ischemia. C and D: Strong
increase in staining intensity and apparent number of astrocytes in stratum oriens, pyramidale, and
radiatum of the CA1 damaged sector 7 and 28 days respectively after ischemia. Note the normal
pattern of astrocyte staining in the stratum moleculare (sm) of the dentate gyrus. Bar = 150 ym.
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FIGURE 3: Glial fibrillary acid protein (GFAP) immunocytochemistry of CA1 damaged sector. A and
B: At 15 days after ischemia hypertrophic astrocytes showed a strong staining in cell bodies and
enlarged processes located in the stratum oriens (so), pyramidale (sp), and radiatum (sr). Some
coupled or binucleated astrocytes can be seen (arrows). C: The same hypertrophic pattern and
localization of astrocytes was demonstrated 28 days after ischemia. Note also some astrocyte
processes in contact with adjacent vessels (arrows). D and E: Semi-thin sections obtained from
plastic embedded material and stained with toluidine blue. D: Enlarged astrocyte in the stratum
eadiatum showing a mitotic figure (metaphase) (arrow) 7 days after ischemia. E: At 28 days
following ischemia cytoplasmic vacuolation of hypertrophic astrocytes was frequently found (small
arrows). Bar = 30 umin A, B, C; 15 um i D, E.
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FIGURE 4: Immunocytochemical staining for the APP C-terminal in the hippocampal CA1 region.
A: At 2 days after ischemia focal neuronal damage is seen in the stratum pyramidale (arrows). B:
Detail at higher magnification showing some surviving pyramidal neurons with immunostained basal
processes in the damaged CA1 sector (arrows). Note the presence of weakly immunoreactive cells
with the morphology of astrocytes in the stratum radiatum (small arrows). C: At 28 days after
ischemia a massive neuronal necrosis in stratum pyramidale of the CA1 region could be observed.
Note the stromg increase in APP immunoreactivity in hypertrophic astrocytes in all strata of the CA1
region compared with the nonlesioned molecular and granular layer of the dentate gyrus. D: detail
of the former micrograph showing the immunoreactive hypertrophic astrocytes in the stratum
oriens, pyramidale and radiatum. Some astrocytes eshibited immunostained processes in contact
with capillaries (arrows). Bar = 150 ym in A, C; 60 ym in B, D.
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FIGURE 5: High power micrograph of the APP C-terminal immunoreactivity in different sectors of
CA1 damaged region. A: At 15 days after ischemia the stratum oriens and pyramidale became
occupied by immunostained astrocytes some showing coupled or binucleated figures (arrows). B:
The subjacent stratum radiatum eshibited the same pattern with hypertrophic immunostained
astrocytes some showing perivascular end-feet (arrows). C: At 28 days after ischemia hypertrophic
astrocytes were intensely labeled and some showed long proceses (arrow). Note also some
immunostained survival neurons in the pyramidal layer (small arrows). D: In the subjacent stratum
rBaadiatugiomost hypertrophic immunoreactive astrocytes exhibited a vacuolated cytoplasm (arrows).
ris pm.
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FIGURE 6: Comparision of APP C-terminal immunoreactivity in different areas of the hippocampus
at 28 days after ischemia. A: Intense labeled pyramidal neurons (arrows) were observed in the CA2
sector adjacent to the necrosed pyramidal neurons of the CA1 region. B: Pyramidal intact neurons
of the CA3 region showing immunostained somata and dendritic processes. Note the intense labeled
perinuciear punctate structures (smail arrows) in some neurons. C: Detail at higher magnification
of the immunostained perinuclear or filamentous structures corresponding to the Golgi apparatus
(small arrows). D: Dentate gyrus exhibiting APP immunoreactive intact granule neurons and some
Bon1 !r_,eactiye gstrocyte weakly stained in the molecular layer (small arrow). Bar = 30 ym in A, B,
t pm in C.
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i11.6.5 DISCUSSION

In the present study we provide structural data showing that long term survival
after transient cerebral ischemia in the gerbil results in a dramatic increase in APP
and GFAP immunoreactivities in astrocytes located in the CA1 sector of the
hippocampus, a region particularly vulnerable to ischemic injury. These changes,
especially in astrocyte APP imunoreactivity, are clearly visible 7 days after
reperfusion, a period during which the same region also displayed a rapid increase
in proliferation (mitotic) activity in astrocytes. These changes remained up to at

least 28 days, the longest time studied after reperfusion.

Atroglial reactions after ischemia: GFAP immunohistochemistry

Complex morphological and pathophysiological events which are triggered by
ischemia have been described in the hippocampal formation following short and
long term reperfusion periods. Our data show that pyramidal neurons in the CA1
region of the hippocampus are selectively vulnerable after ischemia. This
observation is in agreement with results found previously, after long and short
term ischemia studies in Mongolian gerbils and rats (Ito et al., 1975; Kirino, 1982;
Kirino and Sano, 1984a,b; Pulsinelli et al., 1982; Petito and Pulsinelli, 1984a,b;
Yamamoto et al., 1986a; Smith et al., 1984; Mudrick and Baimbridge, 1989; Kirino
et al., 1990; Bonnekoh et al., 1990; Yamamoto et al., 1990; Schmidt-Kastner and
Freund, 1991; Deshpande et al., 1992; Bonnekoh et al., 1992; Tortosa and Ferrer,
1993).
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Glial fibrillary acidic protein is a specific marker for astrocytes (Eng, 1985).
Previous studies demonstrated an increase in GFAP mRNA and GFAP
immunostaining in the first few days after ischemia (Yamamoto et al., 1986b; De
Leo et al., 1987; Hatakeyama et al., 1988; Petito et al., 1990; Kindy et al., 1992).
Reactive astrocytes in post-ischemic rat brain persist for prolonged periods of time

(Petito et al., 1990).

In the present study we have demonstrated astrocytic mitotic proliferation,
which was first observed 7 days after ischemia. Astrocytic proliferation has been
the subject of some controversy in the ischemic model. Light microscopjc studies
after [*H] thymidine incorportion or immunoelectron microscopic studies in the rat
demonstrated early microglial cell proliferation following ischemia but no GFAP-
staining astrocyte proliferation (Petito et al., 1990; Gehrmann et al., 1992). These
studies, however, were only carried out at post-ischemia survival times of 3 days.
Other autoradiographic studies (Schindler et al., 1987) with [*H] thymidine
incorportion have shown post-ischemic astrocyte proliferation in the gerbil. An
hypertrophied astrocytes were apparent at 2 days and proliferated from 3 to 7
days post-ischemia in gerbils {(du Bois et al., 1985). The results of our experiments
suggest that such divergent findings are most probably due to the use of different

cerebral ischemia models and/or different post-ischemic times.
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APP immunoreactivity in post-ischemic hippocampus. Association to

hyperplasic astrocytes

After ischemia a loos of APP in necrotic neuronal cells was observed, while in
surviving neurons close to the lesional area APP immunoreactivity appeared
increased. In astroglia, APP immunoreactivity was very low in the first 2 days after
ischemia and increased- dramatically in proliferating astrocytes. No APP
immunoreactive microglial cells were observed in either control or injured
hippocampus. Thus, a delay was observed between GFAP and APP expression,
GFAP preciding that of APP. The expression of APP in immunoreactive astrocytes
in different experimental models of degeneration and regeneration in the central
nervous system s controversial. In the hippocampus and after kaiic injection Siman
et al. (1989) showed an increase in APP and GFAP immunosfaining in reactive
astrocytes. APP immunoreactivity in astrocytes appears, first, 3 days after Ka
administration and increases in intensity over the nest 4 weeks (Siman et al.,
1989; Kawarabayashi et al., 1991b). Recent results from our laboratory (Sola et
al., 1993a) confirm, in the same experimental conditions, an increase of expresion
of APP, GFAP and their mRNAs in reactive astrocytes. Interestingly, increases in
GFAP immunostaining and the hybrization signal for GFAP mRNA were observed
1 day after KA infusion while the increases in APP immunoreactivity and their
mRNAs were observed 3 days after lesioning (Solad et al., 1993a). These
differences in the time course of GFAP and APP mRNA induction have also been
observed in the ischemic model. In th‘e hippocampal model, the levels of GFAP and
its mMRNA in reactive astrocytes were already increased 4h after ischemia and

reached peak levels 3 days after lesion (Kindy ey al., 1992). Although Abe et al.
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(1991) reported induction of APP mRNA after local cerebral ischemia, recently
Wakita et al. (1992) showed a lack of APP immunostaining in glial cells following
transisnt cerebral ischemia and explained these negatives results in glial staining
by the short period used (30 min - 7 days). However our study clearly
demonstrates astrocyte APP immunoreactivity after 7 days of ischemia. On the
other hand, we have shown (Palacios et al., 1992; Sola et al., 1993b) that
following axotomy of cranial nerves, neurons show an increase in APP
immunoreactivity and mRNA and protein expression is observed in association with
the glial reaction around the cell bodies of the injured neurons. Surprisingly, the
hypertrophic reactive astrocytes surrounding the chromatolytic neurons showed
an increase in the expression of the GFAP gene transcript and GFAP
immunoreactivity but no changes were observed in astrocyte APP gene expression
or APP immunoreactivity (Palacios et al., 1992; Sola et al., 1993b). In agreement
with these findings, it has been shown that astrocytes are able to proliferate
following KA induced neuronal lesion in the hippocampus (Murabe et al., 1981;
Murabe et al., 1982). In addition, astrocyte proliferation has also been shown in
the hippocampal formation after the selective ischemic destruction of pyramidal
neurons (Du Bois et al., 1985; Schilder et al., 1987). However, after axotomy, the
regenerative response of motor neurons progresses showing an hypertrophic but

not proliferative astrocyte response {(Graeber et al., 1988).
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APP and astrocytes: functional correlates

Although the physiological function of APP in the brain is unknown, some
studies have demonstrated that these proteins could play a role in processes such
as cell adhesion and cell proliferation (Shivers et al., 1988; Saitoh et al., 1989;
Schubert et al., 19891, b; Breen et al., 1991; Le Blanc et al., 1992). Tanzi and
coworkers (1988) also suggest that APP plays a role in cell growth and
differentiation. A trophic effect of the protein on cortical neurons in cultures has
also been demonstrated (Araki et al., 1991). Other data indicate that astrocytes
cultured for 3 weeks expressed APP mRNA and that proliferation of glial cells
promote the expression of APP mRNA (Forloni et al., 1992). APP proéeins and
mRNAs have been detected in astrocytes in vivo and in vitro preparations under
basal and experimental conditions (Card et al., 1988; Siman et al., 1989; Mita et
al.,, 1989; Golde et al., 1990; Berkenbosch et al., 1990; Ohyagi et al., 1990;
Kawarabayashi et al., 1991a, b, Haass et al., 1991) showed that astrocytes and
microglia synthesize substantial amounts of APP. Puilse labelling and
immunocytochemical analysis demonstrated in these studies (Haass et al., 1991)
that APP is turned over rapidly (with a half-life of about 30-45 min) in astrocytes
and localized in intracellular vesicles with an apparent lack of insertion at the cell
surface. These authors consider that APP in astrocytes may have an intracellular
function rather than a role in B-amyloid deposition throughout an aberrant
processing. However, a recent report shows that soluble B-amyloid peptides are
normally secreted by a wide variety of cultured cells, human astrocytes being
those that generate tha highest levels (Busciglio et al., 1993). In this sense, both

reactive astrocytes and activated microglia have been associated with B-amyloid
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deposits produced in plaques occurring in Alzheimer’s disease (Probst et al., 1987;
Itagaki et al., 1989; Rozemuller et al., 1989; Wisniewski et al., 1989; Yamaguchi
et al., 1991a, b; Mc Geer et al., 1992; Frederickson, 1992}. The astrocytic ability
to perform the proteolytic cleavage of APP proteins has been suggested by some
authors {Rozemuller et al., 1986). In addition, recent experiment have shown a re-
expression of the glial derived nexin (GDN), a serine protease inhibitor, in
hippocampal astrocytes after transient ischemia in rats and gerbils (Hoffmann et
al., 1992; Nitsch et al., 1993). GDN is an inhibitor of a secretase participating in
APP normal cleavage, this inhibition may block the normal cleavage, producing
accumulation of APP in reactive astrocytes and potentially pathological breakdown

products such as R-amyloid (Nitsch et al., 1993).

Several forms of APP are generate by alternative splicing (for a review see
Selkoe, 1991). Two of these forms contain a domain homologous to the Kunitz
protease inhibitors (Tanzi et al., 1988; Selkoe, 1991). Previous work has shown
(Abe et al., 1991; Sola et al., 1993a) that after neuronal injury these kunitz
containing forms are predominantly expressed and localized to astrocytes (Sola et
al., 1993a). Although the antibody used in the present series of experiment does
not differentiate among the different APP forms it is tempting to speculate that the
observed increased in APP-like immunoreactivity could correspond to Kunitz-
containing APP forms. Further work using selective probes or antibodies is

necessary to prove these hypothesis.

In conclusion our results, taken together with previous data on APP expression

in glial and nerve cells after different madels of neuronal injury, point to an
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aésociation of enhanced APP expression in proliferating (hyperplasic) rather than
hypertrophic astrocytes. These results further support the role for astrocytes in the
synthesis and processing of APP in the pathway(s) leading to the formation of

senile plaques in Alzheimer’s disease.
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Discussié Genersl

Aquesta darrera part de discussié general pretén donar una visié conjunta dels
treballs aqui presentats. Tot i que cadascun d’ells consta d’una discussi6 propia,
és ara de menester una visi6 global que ens retorni als objectius inicialment

plantejats.

En aquesta tesi s’ha utilitzat un model experimental d’isquémia global transitoria
en el jerbu. Aquest model havia estat préviament validat i s’"ha demostrat molt Gtil
donades les seves caracteristiques anatomiques, les quals permeten reproduir
lesions similars en els diferents animals {Levine i Sohn, 1969; Kahn, 1972; lto i

cols., 1976; Dodson i cols. 1977; Ginsberg i Busto, 1989).

Tots els jerbus utilitzats varen ésser sotmesos a un test de comportament
postisquémia (Escala de McGraw, 1977) (IV.1 Annex) per tal de posar de manifest
les alteracions cliniques secundaries a la isquémia. Aixi, tal com s’ha comentat en
el capitol 1, les anomalies més freqlients en els jerbus adults varen ser el
comportament giratori i, el tremolor i pél rugés, durant les primeres 8 hores de
postoclusié carotidea. Un grup de jerbus va presentar, dins les primeres 6 hores
postisquémia, crisis rotatories repetides que condicionaven la seva mort a la
majoria d’ocasions. A partir del primer dia de supervivéncia postisquémia, els

jerbus no presentaven cap manifestacié clinica.

El primer objectiu d’aquesta tesi va ser analitzar les repercusions
anatomopatoldgiques de la isquémia a I"hipocamp del jerbu. Els primers canvis
morfoldgics en els jerbus adults van ser visibles per microscopia Optica a partir de

les 24-48 hores postisquémia. Aquestes alteracions eren molt més evidents a partir

223



Discussio General

del 3'-4' dia de supervivéncia, sobretot a la regi6 CA1 de I’hipocamp (Capito! 1,
Figura 2; Capitol 2, Figura 1). Les alteracions morfoldgiques de les neurones de la
regié CA1 de I'hipocamp al cap de 4 dies de supervivéncia es caracteritzaven per
una condensacié puntejada de la cromatina nuclear i un encongiment
citoplasmatic. Aixi mateix, un petit grup de neurones disperses per la regi6 CA1,
mostraven un nucli uniformement condensat i de coloracié molt fosca (Capitol 1,
Figura 2; Capitol 2, Figura 1). En cap cas es va observar fragmentaci6 del nucli,
la qual cosa és caracteristica de I’apoptosi. Aquestes troballes eren similars a les
observades en estudis previs (lto i cols., 1975; Kirino, 1982; Kirino i Sano, 1984;

Kirino i cols., 1984).

Per tal d’estudiar la relaci6 entre la preséncia de parvalbiumina en determinades
neurones i el seu efecte en front a la isquémia, el segon i tercer objectius
d’aquesta tesi van ser |'analisi de les neurones de |’hipocamp que contenen
parvalbimina en el jerbu normal i després de la isquémia. La primera troballa a
destacar va ser les diferéncies entre els jerbus i les altres espécies (rates, erigons,
gats i humans) en quan a la distribucié de les neurones que contenen parvalb(imina
a I'hipocamp (Capitol 1, Figura 1). En primer lloc, els jerbus presenten un nimero
inferior de neurones amb immunoreactivitat per a parvalbamina a la regié CA1 de
I’hipocamp en relaci6 a la regié6 CA3 i al gyrus dentatus (Scotti i Nitsch, 1991).
Tenint en compte que la parvalbimina s’ha associat amb neurones fast spiking
(Kawaguchi i cols., 1987), la disminuci6é de neurones parvalbimina a la regié CA1
pot alterar la inhibicié mediada per Ie§ interneurones GABA-érgiques. Per altra part,
una segona caracteristica que diferencia als jerbus de les altres espécies és la

preséncia de neurones amb immunoreactivitat per a la parvalbimina a la via
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pérforant, una projeccid excitadora provinent del cortex entorrinal (Seto-Oshima
i cols., 1990). En aquest sentit, la preséncia de neurones parvalbimina a la via
perforant pot estar relacionada amb [a generacié i manteniment de crisis
epiléptiques, a les quals és tant susceptible aquesta espécie (Loskota i cols.,

1974).

Per altra part, a I'estudiar la immunoreactivitat per a parvalbimina a [’hipocamp
de! jerbu adult després d’isquémia cerebral transitoria es va observar, a totes les
regions de I’hipocamp, una disminucié d'immunoreactivitat, amb un maxim al cap
de 6 hores de supervivéncia postisquémia. Posteriorment, a partir de les 24 hores
postisquémia, s’observa una progressiva recuperaci6 de la immunoreactivitat, que
es va iniciar a la regid6 CA3 i fascia dentada afectant finalment també a la regi6
CA1 (Figura 3, capitol 1). Aquest augment condiciona que al cap de 7 dies de
supervivéncia postisquémia, el nUmero de neurones amb immunoreactivitat per a
parvalbGmina era superior a I‘observat en el grup control (Capitol 1, Taula 1 i
Figura 5). Un patr6 similar de pérdua transitoria de la immunoreactivitat per a
parvalbiumina amb recuperaci6 posterior s’havia observat en un estudi previ amb
isquémia transitoria en rates, encara que la disminuci6 tenia lloc de forma més
retardada a partir del 4' dia postisquémia, amb una recuperacié en els dies
posteriors (Johansen i cols., 1990). La variabilitat en quan al temps d’aparici6 dels
canvis en la immunoreactivitat per a parvalbimina entre aquests dos estudis podria
estar en relacié a diferéncies entre les dues espécies. Es per aixd que aquestes
troballes, conjuntament amb els resultats obtinguts préviament en rates (Johansen
i cols., 1990), suggereixen que després de la isquémia es produeix una disminucio

transitoria de la immunoreactivitat per a la parvalbamina a I’"hipocamp.
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Per tal de descartar altres factors a més de la isquémia que poguessin estar
implicats en la disminuci6 d’immunoreactivitat per a parvalbimina, es van realitzar
diversos estudis. En primer lioc, es van analitzar els efectes que podien ser deguts
a I'anestésic utilitzat. Aixi, un grup de jerbus van ser anestesiats amb éter i un altre
amb ketamina associada a diazepam. Els estudis d’immunoreactivitat per a
parvalbGmina no varen demostrar diferéncies en relacié al grup anestesiat amb
halotane. Per altra part, un quart grup va ser sotmés solament a anestésia amb
halotane i cirurgia sense lligadura de les cardtides. A I’estudiar la immunoreactivitat
per a parvalbimina, tampoc mostrava cap diferéncia en relacié al grup control.
Aquests resultats suggereixen que els canvis observats en les neurones que

contenen parvalbimina no sén deguts a l’anestésic emprat.

Per altra part, tenint en compte que la parvalbimina és una proteina captadora
de calci i que aquest element exerceix un paper important en el dany neuronal
postisquémia, els canvis en la immunoreactivitat per a parvalbimina podrien estar
relacionats en part amb diferéncies entre la fixacid i la duraci6é del periode
postfixacié, ja que el tampé utilitzat no contenia calci. No obstant, les alteracions
observades es van repetir sempre de forma similar en els diferents animals, a varis
temps de supervivéncia, i afectaven Gnicament a I’hipocamp. A més, al realitzar
estudis quantitatius de les neurones amb immunoreactivitat per a parvalbimina en
el cortex somatosensorial (Capitol 1, Taula I) no es van observar diferéncies en
quant al namero de cél.lules parvalbumina en relacié al temps de supervivéncia
postisquémia. Aquests resultats fan molt poc probable que el factor fixacié i temps
de postfixaci6 siguin la causa dels canvis observats en la immunoreactivitat per a

la parvalbdmina en les neurones de I’hipocamp.
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Un altre factor a tenir en compte sén els canvis en les concentracions
intracellulars de calci. Estudis previs han demostrat que després de la isquémia es
produeix una entrada rapida de calci a les neurones de I’hipocamp. Posteriorment
s'observa una recuperacidé dels nivells de calci seguit d’'un nou increment que
apareix de forma retardada (Dienel, 1984; Simon i cols., 1984; Suzuki i cols.,
1985; Kaas i Lipton, 1986; Sakamoto i cols., 1986; Tsuda i cols., 1986;
Deshpande i cols., 1987; Martins i cols., 1988). L'anticds utilitzat en aquesta tesi
(Capitol 1) probablement reconeixia la forma de proteina lligada al calci, de la
mateixa manera que succeia en un estudi previ amb técniques in vitro (Pfyffer i
cols., 1987). Aixi, I'increment d’immunoreactivitat per a parvalbGmina 15 minuts
després de la isquémia podria ser conseqiiéncia d’'un augment de la forma de la
proteina unida al calci, en relaci6é a l'increment rapid de calci en les fases inicials
postisquémia. Per altra part, la disminuci6 de parvalbGmina posterior podria
relacionar-se amb un alliberament del calci per part d’aquesta proteina, en relaci6
a la disminuci6 dels nivells intracellulars de caici. Finalment, a partir de les 24
hores postisquémia, !'increment secundari de la immunoreactivitat per a la
parvalbGmina podria relacionar-se amb I'augment de calci a l'interior de la céllula,
que te lloc de forma retardada, produint-se una major proporcié de la fraccié de

parvalbimina lligada al calci.

Per altra part, la disminucié d’'immunoreactivitat per a parvalbGmina podria estar
relacionada amb alteracions inespecifiques de la regi6 CA1 de I’hipocamp com a
consequéncia dirécta de la isquémia. No obstant, al realitzar estudis amb altres
anticossos demostren que les neurones de la regi6 CA1 de |'hipocamp no

presentaven disminucié d’immunoreactivitat per a GABA (Capitol 1, Figura 4) ni
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MAP (Capitol 2, Figura 2), malgrat algunes també contenien parvalbGmina. Tot
aixo suggereix que les modificacions en la immunoreactivitat per a parvalbamina
no sén degudes a canvis generals de la isquémia sobre I’"hipocamp, sindé que es

tracta d’un efecte especific sobre aquestes neurones.

Per altra part, I'augment de neurones que contenen parvalbimina a la regié CA1
a partir de les 24 hores postisquémia, podria ser degut a I’'encongiment del teixit
com a conseqiiéncia de la mort celular. No obstant, aquest fet és poc probable ja
que la mort neuronal a la regi6 CA1 s'observa a partir del 3’ dia postisquémia i
I’augment de parvalbimina té lloc a partir de les 24 hores de supervivéncia (Capitol

1, Figura 5).

Finalment, I’augment d’immunoreactivitat per a parvalbimina podria ser degut
a un increment en la sintesi d’aquesta proteina a conseqiiéncia de la isquémia. De
totes maneres, malgrat no hi ha evidéncies clares que ho suggereixin caldrien

estudis amb técniques d’hibridacib in situ per poder demostrar aquesta possibilitat.

En conclusi6, els resultats d’aquesta tesi (Capitol 1) suggereixen que les
neurones de la regié CA1 de I'hipocamp del jerbu adult que contenen parvalbamina
presenten una major supervivéncia en relacié a la isquémia que les neurones de

projeccié.

El quart objectiu d’aquesta tesi va ser investigar la implicacié de la sintesi de
proteines en la génesi de la MCR, aixi com analitzar les similituds i diferéncies entre

MCR i apoptosi. Per aix0, es va administrar un inhibidor de la sintesi de proteines,
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la cicloheximida, a diferents dosis i pautes després de la isquémia (Capitol 2). Els
resultats ens mostraren que la cicloheximida administrada a dosis altes (Capitol 2,
grup 1) produia un augment significatiu del nimero de céllules mortes. No obstant,
si s’administrava a dosis baixes (Capitol 2, grup ll} disminuia de forma molt

discreta el nGmero total de céllules mortes a la regié CA1 (Capitol 2, Figura 3).

Per avancar en I'estudi dels mecanismes relacionats amb la MCR, es varen
realitzar estudis d’immunohistoquimica amb l'anticds anti-MAP després de la
isquémia. Aixi, es va observar una disminucié preco¢ de la immunoreactivitat per
a MAP (Capital 2, Figura 2) al cép de 12 hores de supervivéncia postisquémia.
Aquest resultat suggereix que en la MCR es produeix una alteracio inicial de les
dendrites, prévia als canvis nuclears i citoplasmatics de mort cel.lular, els quals és
possible de visualitzar per microscopia Optica a partir del 3-4' dia de supervivéncia
{Capitol 2, Figura 1). En aquest sentit, estudis previs amb microscopia electronica
havien demostrat que el primer que s’afecta en la MCR és la part distal de les
dendrites i, posteriorment, el soma i el nucli (Kirino i Sano, 1984b; Yamamoto i
cols., 1986; -90; Deshpande i cols., 1992). Aixi, la pérdua inicial de la
immunoreactivitat per a MAP es correlacionaria amb una afectacié primarenca de
les dendrites. Aquesta seria una diferéncia important entre la MCR i I’apoptosi, ja
que les alteracions cellulars inicials en aquest segon tipus de mort tenen lloc en el

nucli (Oppenheim i cols., 1990; Oppenhein, 1991).

El cinqué objectiu de fa present tesi va ser analitzar els mecanismes de mort
induida per radiacions durant el desenvolupament com a model d’apoptosi {Capitol

5). Aixi, es va observar en rates d’un dia de vida, que una dosis de 200 cGy de
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raigs-X ocasinava un augment de la mort tipus apoptosi a I'hipocamp, amb un
maxim a les 6 hores de la irradiaci6. L’administracié de cicloheximida a dosis
baixes després de la irradiaci6, disminuia de forma molt significativa la mort induida
per radiacions (Capitol 5, Figura 4). Contrariament, la mort induida per radiacions
no es va modificar després de |I"administraci6 intratecal de NGF (Capitol 5, Figura
5). Per altra part, les mateixes dosis de radiacions en rates de 15 dies de vida no

ocasionava mort cellular.

La morfologia i la distribucié regional de les céllules mortes és molt similar en
la mort natural i en la mort induida per radiacions durant el desenvolupament. Les
troballes d’aquest estudi suggereixen que la mort induida per radiacions és una
mort tipus apoptosi, la qual esta mediada per la sintesi de proteines i probablement

no depén del NGF.

El sisé objectiu d’aquesta tesi va ser comparar els mecanismes implicats en
la MCR i en la mort induida per radiacions durant el desenvolupament. En aquest
sentit, els resultats del capitol 4 suggereixen que la mort induida per radiacions és
del tipus apoptosis i la seva resposta en front a la cicloheximida recolza el fet de
que es tracti d’un procés actiu mediat per la sintesi de proteines. Per altra part, la
MCR presenta una seqliéncia d’afectaci6 d’afectaci6 de les organelles
intracellulars diferents de l’apoptosi, aixi com també una diferent morfologia
d’afectacid nuclear i de resposta en front a la cicloheximida. Tot aix0 suggereix
que la MCR induida per isquémia presenta caracteristiques morfologiques diferents

de I’apoptosi;
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El seté objectiu d'aquesta tesi va ser I’estudi dels efectes de la fructosa-1,6-
bisfosfat (FBP) com a protector de la MCR (Capitol 3). En aquest sentit, trebalis
previs realitzats amb conills (Farias i cols., 1990) i jerbus (Trimarchi i cols., 1990)
havien demostrat una milloria del dany cerebral després de I'administracié de FBP.
El mecanisme d’accié proposat per explicar el seu efecte és, en ocasions,
contradictori. Alguns autors han suggerit que la FBP és capa¢ de travessar
membranes bioldgiques i actuar com a restaurador de |’activitat glicolitica,
intervenint a la via glicolitica no tan sols com un regulador metabdlic sindé també
com a substracte. No obstant, aquestes explicacions s’han posat en dubte tenint ’
en compte que els sucres bifosforilats dificilment travessen les membranes
cellulars. Un altre possible mecanisme d’accid seria que la FBP intereccionés amb
les membranes cellulars modificant la permeabilitat idnica. De totes formes, en
aquest moment el mecanisme d’acci6é de la FBP com a protector cellular en front
a la isquémia presenta mdltiples punts obscurs i, fins i tot alguns treballs han posat
en dubte el seu efecte beneficiés en la isquémia (Eddy i cols., 1981; Leblanc i

cols., 1989).

A la present tesi s’han utilitzat diferents dosis i vies d’administracié
(intraperitoneal i intratecal) de la FBP en el jerbu després d’isquémia cerebral
transitoria per tal d’avaluar els seus efectes sobre la MCR. Els resultats del capitol
3 no demostren diferéncies significatives entre el grup control i els grups que
havien rebut FBP en quant al nimero de céllules mortes a la regi®6 CA1 de

I’hipocamp (Capitol 3, Figura 1).
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Els resultats d’estudis previs realitzats amb jerbus (Trimarchi i cols., 1990)
i conills (Farias i cols., 1990) s6n contradictoris amb els observats en aquesta tesi.
Una possible explicaci6 per aquesta discrepancia podria ser l‘existéncia de
diferéncies entre els models utilitzats. En aquest sentit, Trimarchi i cols., (1990)
utilitzen també jerbus, pero realitzen un temps d’isquémia de 15 minuts i mesuren
els nivells de putrescina al cap de 24 hores de supervivéncia. Aquests autors varen
observar que els nivells de putrescina disminuien després de |'administraci6é de
FBP, perd no varen realitzar estudis neuropatoldgics per a confirmar la milloria
histologica secundaria a la FBP. Per altra part, I’estudi de Farias i cols., (1990}, es
va dur a terme amb un model d’hipdxia-isquémia-hipotensié durant 5-8 minuts en
conills. Les diferéncies entre les espécies, el protocol utilitzat i el temps d’isquémia

poden explicar les discrepancies amb el present estudi.

Per tot aix0, els resultats obtinguts en la present tesi (Capitol 3) suggereixen
que la FBP no ofereix cap efecte beneficiés sobre la MCR en jerbus després

d’isquémia global transitoria.

El vuité objectiu d’aquesta tesi va ser I’estudi dels canvis secundaris a la
isquémia durant el desenvolupament postnatal de |I’"hipocamp dels jerbus (Capitol
4). Des del punt de vista clinic, els jerbUs de 7 i 15 dies no presentaven cap
manifestacié després de la isquémia carotidea. A partir dels 21 i 30 dies de vida
postnatal, els jerbus presentaven una posici6é ajupida durant aproximadament una
hora. A més, els jerbus de 30 dies presentaven posteriorment un comportament
rotatori durant aproximadament 6 hores, al igual que els jerbus adults. Les

diferéncies cliniques observades entre els jerbus adults i els petits es van
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correlacionar també amb diferéncies en les troballes anatomopatoldogiques. Els
jerbus de 7 dies de vida no presentaven cap anomalia després de la isquémia. En
els jerbus de 15 dies s’observaren alteracions en les neurones de la capa granular
interna de la fascia dentada i en algunes neurones aillades de la capa piramidal de
CAS3. Quan els jerbus tenien 21 dies, les alteracions secundaries a la isquémia eren
menys evidents a la regié CA3 (Capitol 4, Figura 3). Finalment, en els jerbus de 30
dies el patr6é de destrucci6 cellular secundari a la isquémia era igual que I'observat

en els adults (Capitol 4, Figura 3).

El nové objectiu d'aquesta tesi va ser estudiar el desenvolupament de
proteines fixadores de calci, parvalbdmina i calbindina D28K, i relacionar-lo amb
els canvis secundaris a la isquémia durant aquest periode (Capitol 4}. En relaci6 a
la immunoreactivitat per a parvalvimina es va observar que apareixia, a partir del
dia 15 postnatal, a la capa piramidal de CA3 i en algunes neurones aillades de la
regi6 CA2. Posteriorment, en els jerbus de 21 dies s’observaren de forma
transitoria céllules amb immunoreactivitat per a parvalbimina a la capa piramidal
de CA1. També es visualitzava immunoreactivitat per a parvalbimina a la via
perforant, la qual cosa diferencia al jerbu d’altres espécies (Seto-Oshima et al.,
1990; Scottii Nitsch, 1991). El patr6 adult d’'immunoreactivitat per a parvalbimina

no s’assoleix fins al final del primer mes de vida postnatal (Capitol 4, Figura 1).

Per altra part, el desenvolupament de calbindina-D28K s’inicia al 5° dia de
vida postnatal, amb immunoreactivitat per a calbindina-D28K a algunes neurones
de la capa granular interna de la fascia dentada. Progressivament, la

immunoreactivitat es distribueix per tota la capa granular interna en els jerbus de
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7 dies. Aixi mateix, s'observa a les fibres mossy de CA3. En els jerbus de 15 dies
es visualitza immunoreactivitat per a calbindina-D28k a la capa plexiforme de la
regié6 CA3 de I’hipocamp i posteriorment també a la regié CA2 i CA1. El patré adult

s’assoleix en els jerbus de 21 dies (Capitol 4, Figura 2).

Aquests patrons de desenvolupament s6n molt similars al d’altres espécies
encara que en el jerbu tant la parvalbimina com la calbindina apareixen amb més
retard (Seto-Oshima et al., 1990; Baimbridge et al., 1992). Aixi mateix, una altra
diferéncia és la preséncia d'immunoreactivitat per a parvalbamina a la via perforant

del jerbu (Scotti i Nitsch, 1991).

La preséncia de parvalbumina a la regié6 CA1 de I’'hipocamp s’ha relacionat
amb una major resisténcia en front a la isquémia global transitdria en els jerbus
adults (Capitol 1). No obstant, altres estudis no havien trobat cap relaci6é entre la
preséncia de parvalbimina i una menor vulnerabilitat en front a la isquémia (Freund
i cols., 1990; -91). Tot aixd demostra que no es coneix amb exactitud la relacié
entre el contingut de parvalbimina i I’efecte beneficiés en front a la isquémia. Per
altra part, el patré6 de vulnerabilitat en els jerbus petits és molt diferent de
I'observat en els jerbus adults. Aixi, els jerbus de 7 dies no mostren cap alteraci6
després de la isquémia. A partir del dia 15 postnatal, les arees més vulnerables a
la isquémia s6n la capa granular de la fascia dentada i la regi6 CA3. Fins que els
jerbus no tenen 30 dies no s’afecta la regid6 CA1 a I’igual que en els jerbus adults.
Tenint en compte aquest patr de vulnerabilitat no es pot correlacionar el contingut
intracelular de parvalbimina amb la mort induida per isquémia durant el

desenvolupament de I’"hipocamp en el jerbu (Capitol 4).
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En relacié a la calbindina, Godmann i cols. (1993) varen observar en un
model d’hipoxia-isquémia en rates, que les neurones de la capa granular interna de
la fascia dentada que contenien calbindina presentaven una menor vulnerabilitat.
Els resultats del Capitol 4 han posat de man‘ifest que, en els jerbus de 7 dies, les
neurones immadures de la capa granular de la fascia dentada sén resistents a la
isquémia i no contenen calbindina. Per altra part, en els jerbus de 30 dies, algunes
céllules de la capa granular sén vulnerables a la isquémia i, en canvi, contenen
calbindina. Aquestes troballes suggereixen que tampoc hi ha relacié entre el
contingut de calbindina i la vulnerabilitat a la isquémia de I’'hipocamp durant el

desenvolupament postnatal del jerbu.

El darrer objectiu d’aquesta tesi va ser analitzar els canvis en la
immunoreactivitat per a APP a |"hipocamp del jerbu després d’isquémia global
transitoria i relacionar-los amb la proliferacié astroglial (Capitol 6). Mitjan¢cant
I’anticos anti-GFAP, es va observar que 2 dies després de la isquémia hi havia una
hipertrofia astroglial, mentre que no és fins a partir del seté dia de supervivéncia
quan s’observa una hiperplasia d’astrocits (Capitol 6, Figura 2 i 3). Per altra part,
a l'analitzar la immunoreactivitat per a I’APP es va observar que els astrocits
hipertrofics que es visualitzaven a partir del segon dia de supervivencia
postisquémia, presentaven una immunoreactivitat molt debil (Capitol 6, Figura 4).
D’altra banda, els astrocits hiperplasics visibles a partir del seté dia de
supervivéncia presentaven una forta immunoreactivitat per a I’APP (Capitol 6,
Figura 4 i ). Per tant, aquests re§ultats suggereixen que la produccié d’APP
després de la isquémia esta associada amb [|’hiperplasia dels astrdcits perd no amb

una hipertrofia astroglial.
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Fins I'actualitat, no es coneix amb exactitud quina és la funci6 de la APP a
nivell cerebral. Alguns autors han observat que la proliferacié astroglial promou
I’'expressi6 de mRNA de APP en cultius d’astrocits (Forloni i cols., 1992). Els
resultats d’aquesta tesi (Capitol 6), conjuntament amb estudis previs, fan suposar
que I'augment en la sintesi d’APP esta associat a la proliferaci6é d’astrocits i no a

la hipertrofia.
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Conclusions

Després d’isquémia global transitoria durant 20 minuts, les neurones de la
capa piramidal de la regid6 CA1 de I'hipocamp presenten, al cap de 3-4 dies,
signes de mort evidents per microscopia Optica, que es caracteritzen per una
condensaci® puntejada de la cromatina nuclear i un encongiment

citoplasmatic.

Al cap de set dies de supervivéncia postisquémia s’observa una disminucié

important del nGmero de neurones totals a la regié6 CA1 de I"hipocamp.

El jerbu presenta, a diferéncia d’altres espécies, un menor ndmero de
neurones amb immunoreactivitat per a parvalbimina a la regi6 CA1 de
I’'hipocamp. Aixi mateix, presenta céllules amb immunoreactivitat per a
parvalbimina a la via perforant. Aquestes diferéncies poden explicar la

major vulnerabilitat dels jerbus a les crisis epiléptiques.

Després d’isquémia cerebral transitoria en el jerbu es produeix una
disminucié preco¢ i transitoria del nimero de neurones que contenen

parvalbumina a I’hipocamp.

A partir de les 24 hores de supervivéncia postisquémia s’observa un
progressiu augment del nimero de cél.lules que contenen parvalbimina a
I’hipocamp del jerbu, principalment a la regié CA1, assolint al cap de 7 dies

de supervivéncia nivells superiors a les del grup control.
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L‘augment d’immunoreactivitat per a parvalbimina després de la isquémia
té lloc de forma precoc en relaci6 a la mort de neurones de la capa piramidal
de CA1, el que suggereix que aquest augment no és degut a un
encongiment del teixit. Els canvis en la immunoreactivitat per a
parvalbimina poden estar relacionats amb modificacions dels nivells

intracellulars de calci en les fases postisquémia.

La preservaci6 de cél.lules amb immunoreactivitat per a parvalbimina a la
regi6 CA1 de I'hipocamp del jerbu adult suggereix que la preséncia de
parvalbamina esta associada a una major supervivéncia després de la

isquémia.

La cicloheximida, administrada a dosis baixes després de la isquémia,
disminueix de forma discreta el nimero de cél.lules mortes a la regié6 CA1
de I'"hipocamp. Aquests resultats suggereixen que la cicloheximida podria
afavorir un reequilibri de la sintesi de proteines en la fase postisquémia i

prevenir la mort neuronal.

Dosis altes de cicloheximida, administrades després d’isquémia global
transitdria, augmenten el nimero de céllules mortes a la regi6 CA1 de
I’hipocamp, el que suggereix que la cicloheximida a dosis altes pot inhibir

la sintesi de proteines associades a supervivéncia i afavorir la mort neuronal.
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10.

11.

12.

13.

14.

15.

Deprés de la isquémia s’observa una disminucié preco¢ d’immunoreactivitat
per a MAP, el que indica una alteracio inicial de les dendrites, prévia als

canvis nuclears i citoplasmatics.

La mort induida per radiacions és una mort tipus apoptosi que s’inhibeix de
forma significativa amb I’administracié de cicloheximida perd no amb la de
NGF. Aquests resultats suggereixen que es tracta d’'un procés mediat per

la sintesi de proteines.

La seqléncia d’afectacid6 de les organelles intracellulars aixi com la
morfologia de la degeneraci6 nuclear i la resposta en front a la cicloheximida
suggereixen que la mort ceHular retardada i I’apoptosi sé6n dos tipus de mort

de caracteristiques diferents.
L’administracié de fructosa-1,6-bisfosfat no protegeix les neurones de la
regi6 CA1 de I’hipocamp de mort celular retardada després d’isquémia

global transitoria en el jerbu.

Els jerbus de 7 dies no presentan cap anomalia després d’isquémia global

transitoria.

Els jerbus de 15 i 21 dies mostren alteracions a la fascia dentada i capa

piramidal de CA3 després d’isquémia transitoria.
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16.

17.

18.

19.

20.

21.

Els jerbus de 30 dies presenten un patré de vulnerabilitat en front a la
isquémia molt similar als jerbus adults. Aquests resultats suggereixen una
menor vulnerabilitat en front a la isquémia en els jerbus durant el

desenvolupament de I’hipocamp.

La immunoreactivitat per a parvalbamina en |I’hipocamp del jerbu s’inicia a
la regi®6 CA3 en el 15° dia de vida postnatal, visualitzant-se també a la via
perforant a partir de la tercera setmana de vida. El patr6é adult s’assoleix al

final del primer mes de vida.

No s’ha trobat cap relaci6é entre el contingut de parvalbamina i el patré de

vulnerabilitat en front a la isquémia durant desenvolupament de I’"hipocamp.

Les primeres neurones amb immunoreactivitat per a calbindina en
I’'hipocamp del jerbu sén visibles a la fascia dentada a partir del 5° dia

postnatal. El patré adult s’assoleix al final de la tercera setmana de vida.

No es pot correlacionar el contingut intracellular de calbindina-28K amb la
mort induida per isquémia durant el desenvolupament de I’hipocamp en el

jerbu.

La produccié de proteina precursora beta-amiloide després de la isquémia

esta associada a la hiperplasia astroglial i no a la hipertrdfia d’astrocits.
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ANNEX I, ESCALA DE Mc GRAW, 1977
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