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Neuronal damage in the CNS after excitotoxic injury is corre-
lated with blood-brain barrier (BBB) breakdown. We have used
a glutamate analog injection model and genetically altered mice
to investigate the relationship between these two processes in
the hippocampus. Our results show that BBB dysfunction oc-
curs too late to initiate neurodegeneration. In addition, plasma
infused directly into the hippocampus is not toxic and does
not affect excitotoxin-induced neuronal death. To test plas-
ma protein recruitment in neuronal degeneration, we used
plasminogen-deficient (plg /) mice, which are resistant to
excitotoxin-induced degeneration. Plasminogen is produced in
the hippocampus and is also present at high levels in plasma,

allowing us to determine the contribution of each source to cell
death. Intrahippocampal delivery of plasminogen to plg "~
mice restored degeneration to wild-type levels, but intravenous
delivery of plasminogen did not. Finally, although the neurons in
plg ~/~ mice do not die after excitotoxin injection, BBB break-
down occurs to a similar extent as in wild-type mice, indicating
that neuronal death is not necessary for BBB breakdown.
These results indicate that excitotoxin-induced neuronal death
and BBB breakdown are separable events in the hippocampus.
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Neuronal cell death is a hallmark of many neurodegenerative
disorders, such as Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease. Loss of brain function caused by neurode-
generation affects millions of people each year and is a major
cause of long-lasting disability. Despite the enormity of the prob-
lem, the few therapies that attempt to retard the progression of
neurodegeneration in those disorders are not very effective
(Shoulson, 1998). Therefore, a better understanding of the mech-
anisms of neurodegeneration is a critically important medical
issue.

Recent studies on the mechanisms of neurodegeneration have
revealed that neuronal death is often initiated by overexcitation of
neurons because of the extracellular accumulation of high levels
of the excitatory amino acid glutamate (Meldrum and Garth-
waite, 1990; Coyle and Puttfarcken, 1993; Lipton and Rosenberg,
1994). This mechanism for neurodegeneration has been termed
excitotoxicity. Consistent with this concept, injection of gluta-
mate receptor agonists, such as kainate (KA), into the CNS
induces neurodegeneration similar to that seen in various neuro-
degenerative pathologies (Coyle et al., 1978).

The downstream mechanisms of excitotoxic neurodegeneration
are complex, and many factors may contribute. One process that
is associated with cell death after ischemic stroke or epilepsy is
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the breakdown of the blood-brain barrier (BBB), which allows
plasma proteins to leak into the brain parenchyma (Ting et al.,
1986; Duncan and Todd, 1991). Although there is a good corre-
lation between neuronal degeneration and BBB breakdown, it has
not been determined whether either process is dependent on the
other. That is, does neuronal death require BBB breakdown, or
conversely, does neuronal death significantly contribute to leak-
age of plasma proteins?

To address this question, we have used various approaches. Our
results indicate that neuronal death and BBB breakdown are
independent of each other. This work has implications for the
treatment of neurodegenerative disorders and other CNS
pathologies.

MATERIALS AND METHODS

Intrahippocampal injections. Adult male wild-type mice, tissue plasmin-
ogen activator (tPA)-deficient (tPA /") mice (Carmeliet et al., 1994),
plasminogen-deficient (plg /") mice (Bugge et al, 1995), or
plasminogen-heterozygous (plg ™ ~) mice (Bugge et al., 1995) were in-
jected intraperitoneally with atropine (0.6 mg/kg of body weight) and
then were anesthetized deeply with 2.5% avertin (0.02 ml/gm of body
weight). They were placed in a stereotaxic apparatus and injected uni-
laterally with 1.5 or 0.5 nmol of kainate (Sigma, St. Louis, MO or Alexis,
San Diego, CA) in 0.3 ul of PBS into the hippocampus (Andersson et al.,
1991; Tsirka et al., 1995). After variable lengths of time, the animals were
anesthetized and perfused through the heart with ice-cold PBS, followed
by 4% paraformaldehyde in 0.1 M PBS. The brains were removed,
post-fixed in the same fixative overnight at 4°C, and then left in 30%
sucrose in PBS for 48 hr at 4°C. Coronal brain sections (30 wm) were cut
on a microtome, collected in 10 mm PBS, and then processed for cresyl
violet staining and immunohistochemistry. For cresyl violet staining, the
sections were mounted onto slides, dehydrated, and then stained with
cresyl violet, which stains rough endoplasmic reticulum in neuronal cell
bodies.

Intrahippocampal infusions. To obtain autologous plasma for infusion,
~200 ul of blood was collected from the femoral vein under anesthesia
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and immediately centrifuged at 7000 rpm for 5 min at 4°C. The plasma
samples were stored at —70°C, recentrifuged, and diluted 1:1 in PBS
before use. The mice were allowed to recover for 1 week before intra-
hippocampal infusion. Plasminogen was purified from human plasma
(Deutsch and Mertz, 1970) and characterized by SDS-PAGE and casein
zymography (data not shown). For the infusion, plg =/~ or wild-type mice
were anesthetized as above and placed in a stereotaxic apparatus, and a
micro-osmotic pump (Alza, Palo Alto, CA) containing 100 ul of PBS (for
three wild-type and three plg '~ control mice infusion), 100 ul of 1
mg/ml human plasminogen in PBS (for four plg '~ mice infusion), or
100 ul of autologous plasma (for six wild-type mice infusion) was placed
subcutaneously on the back of the animals. A brain infusion cannula
connected to the pump was positioned at coordinates bregma —2.5 mm,
mediolateral 0.5 mm, and dorsoventral 1.6 mm to deliver the compound
near the midline. The infusion rate was 0.5 ul/hr. The pump was allowed
to infuse the designated solution for 2 d, and kainate or PBS (for control)
was then injected as described above. One or 2 d after kainate injection,
the mice were killed, and their brains were examined for neuronal
degeneration and processed for immunohistochemistry.

Intravenous injections. For intravenous injection, plg ’/~ mice were
anesthetized with avertin, and their right side femoral vein was exposed
and injected with 0.2 ml of 5 mg/ml human plasminogen solution (plas-
minogen purified as described above; n = 4). In control animals (n = 3),
0.2 ml of vehicle (PBS) was injected. Within 15 min, kainate was injected.
At 0.5, 2, 8, and 24 hr after intravenous plasminogen injection, blood
samples were collected from the tails and mixed with an equal volume of
250 mM sodium citrate, and plasma was prepared by centrifugation at
7000 rpm for 5 min.

Zymography. Five microliters of each plasma sample (prepared as
above) or 0.7 pug of human plasminogen was electrophoresed on a 10%
SDS- polyacrylamide gel. After electrophoresis, the gel was washed in
2.5% Triton X-100 for 20 min, followed by three rinses of 10 min each in
water. The gel was overlaid on a substrate composed of 2.5% nonfat milk,
0.1 M Tris, 1% low-melting point agarose, 0.1% sodium azide, 2.25 mg/ml
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Figure 1. BBB breakdown after kainate

injection occurs after the initiation of neu- O
rodegeneration and laminin degradation. b
Wild-type mice were unilaterally injected
with kainate (1.5 nmol) and killed at the
indicated time points, and brain sections
were stained for mouse IgG with light
cresyl violet counterstaining (4, C, E) or KA injection
anti-laminin immunostaining (B, D, F). .

Higher magnification of the boxed areas in E ¢

C and E are shown in G and H, respec-

tively. At 4 and 8 hr after kainate injection,
plasma proteins as indicated by IgG immu-
nostaining (arrowheads indicate IgG-
stained areas in A and C) have not yet
leaked into the CAl region of the hip- ng"'CV
pocampus (4, C, G), but laminin is already

degraded (B, D) and the neurons are dying "
(G). The color difference between G and H
is a result of the increased IgG staining in
H. IgG+CV, Anti-mouse IgG immuno-
staining counterstained lightly with cresyl -®
violet; LN, anti-laminin immunostaining; *
arrows, kainate injection sites; arrowheads, .
anti-mouse IgG positively stained areas.
Scale bars: A-F, 1 mm; G, H, 50 um.
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protein from mouse hippocampal extract (as a source of mouse tPA)
(Sappino et al., 1993), and 1 mM amiloride (an inhibitor of urokinase-
type plasminogen activator) (Vassali and Belin, 1987). The gel with the
substrate underlay was then incubated at 37°C in a humid chamber for
24-48 hr and photographed.

Immunohistochemistry. Mouse brain sections, manipulated as de-
scribed above, were incubated with affinity-purified rabbit anti-mouse
laminin polyclonal antibody (Sigma) at 1:1000 dilution or goat anti-
human plasminogen antibody (Sigma) at 1:100 dilution at 4°C overnight.
Biotinylated secondary antibodies were used at 1:200 dilution (Vector
Laboratories, Burlingame, CA), and the avidin—biotin—peroxidase com-
plex (ABC reaction) was visualized with diaminobenzidine and hydrogen
peroxide. For IgG extravasation detection, brain sections were incubated
with biotinylated goat anti-mouse IgG antibody (Vector Laboratories) at
1:200 dilution and visualized as described above. After anti-mouse IgG
staining, some brain sections were counterstained with cresyl violet.

Quantitation of neuronal loss in the hippocampus. Plg ™/~ mice were
infused into the hippocampus with PBS (n = 3) or human plasminogen
(n = 4), or injected intravenously with PBS (n = 3) or human plasmin-
ogen (n = 4) and then injected with kainate (1.5 nmol). As control,
plg ¥/~ mice were also injected with kainate. For autologous plasma
experiments, wild-type mice were infused with autologous plasma (n =
6) or PBS (n = 3) and then injected with kainate (0.5 nmol; three
PBS-infused and three plasma-infused mice) or PBS (three plasma-
infused mice). Their brains were processed as above, and serial sections
of 30 wm were cut and stained with cresyl violet. Given the dramatic
neuronal loss in the hippocampus in these experiments, we used camera
lucida tracings to quantitate the number of neurons remaining (Tsirka et
al., 1995, 1997). Four sections from the hippocampus of each mouse in
each group were matched, and the linear lengths of dead pyramidal cell
layers were determined on each section. The lengths were quantitated
from camera lucida drawings of the hippocampus. The values for each
category were averaged across the subjects in a group using the
SigmaPlot program (Jandel Scientific, Corte Madera, CA).
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Table 1. The effect of autologus plasma intracerebral infusion on
neuronal viability and sensitivity to kainate in wild-type mice

% length of hippocampal neuronal

Infusion/injection cell layer lost after injections
Plasma/PBS (n = 3) 0

PBS/kainate (0.5 nmol; n = 3) 544+ 6.8%

Plasma/kainate (0.5 nmol; n = 3)  53.8 £ 2.6%

RESULTS

BBB leakage after kainate injection occurs too late to
initiate neurodegeneration and laminin degradation

As a first test of the role of BBB breakdown in hippocampal
neuronal death, we examined the time course of plasma protein
leakage after kainate injection in wild-type mice using IgG ex-
travasation as an indicator. IgG is present at high levels in plasma
(550-1900 mg/dl) and is easy to detect. For these reasons, the
presence of IgG in the brain parenchyma has been used to
monitor protein extravasation and disruption of the BBB (Ruth
and Feinerman, 1988). At 4, 8, and 24 hr after intrahippocampal
kainate injection, mice were transcardially perfused, and their
brains were stained for mouse IgG. At 4 hr, there was no detect-
able IgG leakage into the CA1 region of the hippocampus (Fig.
1A4). However, laminin immunostaining, the loss of which is
correlated with neuronal death (Chen and Strickland, 1997), was
considerably decreased (Fig. 1B). At 8 hr, IgG leakage was still
not detectable in the CA1 region (Fig. 1C), but the CA1 pyrami-
dal neurons in the kainate-injected side exhibited pyknotic mor-
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\ Figure 2. Autologous plasma is not toxic
to hippocampal neurons and does not affect
kainate-induced neuronal degeneration.
Wild-type mice were infused with PBS or
autologous plasma for 2 d, and then PBS or
kainate (0.5 nmol) was injected unilaterally

- as indicated. Two days after kainate injec-
tion, the mice were killed, and brain sec-
tions were stained with cresyl violet (A4-D)
or anti-mouse IgG immunostaining with
cresyl violet counterstaining (E). Intrahip-
pocampal infusion of plasma does not
cause neurodegeneration (compare C, A)
and also does not affect kainate-induced
neurodegeneration (compare D, B). The
plasma infusions were efficient, as indi-
cated by the brown color of the IgG staining
(E). Higher magnification of the boxed ar-
eas in £ are shown in F and G. The neurons
in the most efficiently infused area (F)
show no detectable morphological changes
- when compared with those in less effi-
# ciently infused area (G). The brown stain-
ing in F is contributed by high concentration
of IgG accumulated in this area, which in-
dicates the efficiency of plasma protein dif-
fusion. The IgG concentration in the area
shown in G is very low and appears only as
weak background color. CV, Cresyl violet
staining; [gG+CV, anti-mouse IgG immu-
nostaining with cresyl violet counterstain-
ing. Scale bars: A-F, 1 mm; F, G, 50 um.

phology characteristic of cell death (Fig. 1G), and laminin immu-
nostaining remained approximately the same as at 4 hr in the
kainate-injected side (Fig. 1D). At 24 hr, IgG leakage was dra-
matically increased (Fig. 1E), and again laminin staining was
similar as at the 4 hr time point (Fig. 1B,F). One possibility was
that this breakdown might be a consequence of neuronal degen-
eration, because it occurs after neurons in the kainate-injected
side are undergoing degeneration (Fig. 1G,E,H). However, ex-
periments shown below argue against this interpretation.

Because BBB dysfunction is not detectable in the hippocampal
CAl region until significant neuronal degeneration has already
ensued, BBB breakdown appears to occur too late to be an
initiator of neuronal damage.

Plasma infused into the hippocampus is not toxic and
does not affect excitotoxin-induced neuronal death
Although the staining for IgG suggested that plasma proteins
were not initiating neuronal degeneration, it was possible that
concentrations too low to be detected by immunostaining were
playing a role. To test this possibility, blood was collected from a
mouse, plasma was prepared, and the autologous plasma was
infused into the hippocampus of the same mouse, with or without
an accompanying submaximal kainate injection. If plasma pro-
teins are neurotoxic by themselves, there should be some signs of
neuronal damage without kainate injection. Likewise, if plasma
proteins can exacerbate excitotoxin-induced neurodegeneration,
kainate injection should promote more neurodegeneration when
compared with control mice. However, our results showed that
plasma infusion was not toxic to hippocampal neurons (Fig.
2A4,C,E-G; Table 1) and that previous infusion of autologous
plasma did not exacerbate or attenuate kainate-induced neuronal
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Figure 3. Zymographic analysis of the activation of human plasminogen
by mouse tPA. Wild-type mouse blood and a sample of human plasmin-
ogen were assayed for activation by mouse tPA. The amount of mouse
plasminogen in lane 1 was ~0.3 pg, and the amount of human plasmin-
ogen in lane 2 was ~0.7 ug. Mouse tPA activated both samples of
plasminogen showing that the human protein is a substrate for mouse
tPA. In addition, plasma was collected from plg ~/~ mice before or after
intravenous plasminogen injection at the indicated time points. The
plasminogen activity in the samples was visualized as described in Mate-
rials and Methods. There is no detectable plasminogen activity in plg ~/~
mice before injection (lane 3), but it is present at concentrations greater or
equal to that of wild-type mice until 8 hr after injection (compare lanes 4-6
with lane I). Protein molecular weight standards are indicated to the /left.

death (Fig. 2B,D; Table 1). This result shows that plasma is not
toxic to hippocampal neurons and further suggests that BBB
breakdown is not a major factor in excitotoxic cell death.

Intrahippocampal infusion of plasminogen rescues
neuronal sensitivity to excitotoxin-induced
degeneration in plg ~/~ mice

An extracellular protease cascade involving tPA and plasmin
participates in excitotoxin-induced neurodegeneration (Tsirka et
al., 1995, 1997; Strickland et al., 1996; Wang et al., 1998). In this
model of degeneration, excess neuronal depolarization increases
the release and synthesis of tPA in the hippocampus (Qian et al.,
1993; Gualandris et al., 1996; Parmer et al., 1997; Baranes et al.,
1998). This protease activates plasminogen to plasmin (Tsirka et
al., 1997), which then initiates laminin degradation (Chen and
Strickland, 1997). Loss of laminin-mediated interaction destabi-
lizes neurons and is an important factor in promoting neuronal
cell death. Pharmacological blockade of plasmin or genetic defi-
ciency in either tPA or plasminogen makes mice resistant to
neuronal cell death (Tsirka et al., 1995, 1997; Chen and Strick-
land, 1997).

Plasminogen is a serum protease whose primary role is fibri-
nolysis (Bugge et al., 1996). It is present at high levels in the blood
(~13 mg/dl) (Lijnen et al., 1996) and is also synthesized by
hippocampal neurons (Tsirka et al., 1997) in which its mRNA and
protein levels are increased after kainate injection (Tsirka et al.,
1997; Matsuoka et al., 1998). Excitotoxin injection causes BBB
dysfunction (Saija et al., 1992; Bolton and Perry, 1998), resulting
in leakage of plasma proteins into the brain parenchyma that
might contribute to neuronal damage (Ruth, 1986). Therefore,
the plasminogen needed to promote neuronal excitotoxic death in
the hippocampus could be derived from local CNS synthesis or
from extravasation through a compromised BBB.

Chen et al. « Neuronal Death and Blood-Brain Barrier Breakdown

We investigated this question by using plg '~ mice (Bugge et

al., 1995; Ploplis et al., 1995), which are viable and whose neurons
are resistant to excitotoxin-induced neuronal death (Tsirka et al.,
1997). The experimental strategy was to reconstitute CNS or
vascular sources of plasminogen, through either intrahippocam-
pal infusion or intravenous injection, respectively. For intrahip-
pocampal infusion, plasminogen was infused for 2 d before kai-
nate was injected into the hippocampus. The infusion was then
continued for an additional 24 hr, and neuronal degeneration was
determined. For intravenous injection, a bolus of plasminogen
was injected just before hippocampal injection of kainate. After
24 hr, neuronal degeneration was determined. The extent of
degeneration in these two protocols would reveal the relative
contribution of CNS and vascular plasminogen to excitotoxin-
induced neuronal death.

To obtain sufficient quantities of plasminogen, human plasma
was used for protein purification. By zymographic assay, we found
that mouse tPA could efficiently activate human plasminogen
(Fig. 3, lanes 1, 2).

To determine whether the kainate-resistant phenotype of
plg ™/~ mice could be rescued by intrahippocampal infusion of
plasminogen, either PBS or plasminogen was infused into the
hippocampus of plg /" mice, and then kainate was injected.
Their brains were then examined for neurodegeneration. The
PBS-infused mice showed resistance to neuronal cell death, con-
sistent with previous observations (Tsirka et al., 1997) (Fig. 44;
Table 2). In contrast, plasminogen-infused mice exhibited dra-
matically increased neuronal degeneration (Fig. 4C; Table 2).
Furthermore, in PBS-infused plg /~ mice, hippocampal laminin
immunostaining was almost intact (Fig. 4B), whereas in
plasminogen-infused mice, it was dramatically decreased (Fig.
4D). Therefore, the resistance of plg ~/~ mice to excitotoxin-
induced neurodegeneration can be rescued by local plasminogen
reconstitution. This result also demonstrates that human plasmin-
ogen can be efficiently activated by murine tPA in vivo. To
determine the extent of plasminogen infusion, brain sections
were stained with anti-plasminogen antibody. This staining
showed that the infused plasminogen diffused efficiently to both
sides of the hippocampus (Fig. 4E), but neuronal degeneration
occurs only on the kainate-injected side (Fig. 4C), indicating that
plasminogen is not toxic by itself.

Intravenous injection of plasminogen into plg ~/~ mice
does not restore neuronal sensitivity to excitotoxin

To determine whether vascular plasminogen derived from BBB
disruption could also contribute to excitotoxin-induced neurode-
generation, we injected plasminogen intravenously into plg ™/~
mice to reconstitute the vascular source of plasminogen. Previous
results showed that intravenous injection of 1 mg of plasminogen
is sufficient to restore thrombolytic potential in plg /'~ mice
(Lijnen et al., 1996). We therefore used this dose in our experi-
ments. Within 15 min of intravenous PBS (control) or plasmino-
gen injection, the mice were intrahippocampally injected with
kainate. One day later, the brains were processed to determine
neurodegeneration. Plg ™'~ mice injected intravenously with
buffer (Fig. 54) or plasminogen (Fig. 5C) both showed no signif-
icant hippocampal neuronal loss (Table 2), and laminin expres-
sion showed minimal changes in both groups of mice (Fig. 5B,D),
indicating that intravenous plasminogen cannot restore the wild-
type phenotype.

One reason that the intravenous plasminogen injection did not
promote hippocampal neurodegeneration could be because of



Chen et al. »+ Neuronal Death and Blood-Brain Barrier Breakdown

KA injection PBS infusion

Ay Y

KA injection

B ¥

cv LN
KA injection Plg infusion

R

KA injection

O

Table 2. The effect of exogenous administration of plasminogen on
neuronal sensitivity to excitotoxin in plg™'~ mice

% length of hippocampal
neuronal cell layer lost
after kainate injection

Genotype or treatment (1.5 nmol)
Plg*’~ heterozygotes (n = 5) 86.8 + 6.4%
Plg~/~ mice
PBS intracerebral infusion (n = 3) 7.1 £3.6%
Plg intracerebral infusion (n = 4) 81.9 +23%
PBS 1V injection (n = 3) 52*15%
Plg IV injection (n = 4) 7.4 *+22%

subthreshold levels of plasminogen in the blood after intravenous
injection. In this case, even if the BBB was compromised, there
would not be sufficient plasmin activity to catalyze hippocampal
laminin degradation and promote neuronal death. Therefore, we
obtained blood samples from plg ~/~ mice at various time points
after intravenous plasminogen injection and analyzed blood plas-
minogen levels by zymography. After intravenous plasminogen
injection, plg ~/~ mice showed a higher blood plasmin activity at
30 min, 2 hr, and 8 hr than that present in wild-type mice (Fig. 3)
when activated by mouse tPA. This result shows that intravenous
injection of plasminogen is sufficient to restore wild-type blood
levels for at least 8 hr. Previous studies showed that laminin
degradation, a hallmark of kainate-induced neurodegeneration,
occurs within 2 hr of excitotoxin injection (Chen and Strickland,
1997). Therefore, these results indicate that leakage of vascular
plasminogen into the CNS via BBB dysfunction is not a critical
factor in excitotoxic neurodegeneration.
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Figure 4. Intrahippocampal infusion of
plasminogen restores neuronal sensitivity
of plg™/~ mice to excitotoxin. Coronal
brain sections through the hippocampus of
plg ™/~ mice treated as indicated in each
panel were stained using cresyl violet (A4,
(), anti-laminin immunostaining (B, D), or
anti-plasminogen immunostaining (E).
PBS-infused mice were resistant to
kainate-induced neurodegeneration (A)
} and laminin degradation (B), but
{ plasminogen-infused mice were sensitive
to neurodegeneration and laminin degra-

dation. The efficiency of plasminogen infu-

sion was shown by plasminogen antibody

immunostaining (brown in E). CV, Cresyl

i violet staining; LN, laminin immunostain-

ing; Plg, plasminogen immunostaining; ar-
rows, kainate injection sites; arrowheads,
PBS or plasminogen infusion sites. The
dotted area in E indicates the boundary of
plasminogen diffusion. Scale bar, 1 mm.

BBB breakdown occurs after kainate injection in tPA™~
or plg~/~ mice in the absence of neuronal death

The above results showed that BBB breakdown is not a critical
factor in promoting neuronal death during excitotoxic injury and
occurs after the initiation of laminin degradation and neurode-
generation. These results raise the possibility that BBB break-
down could be a consequence of neurodegeneration or a parallel
pathological change. To address this question, we analyzed BBB
breakdown after kainate injection in tPA '~ or plg /" mice,
whose neurons are resistant to degeneration (Tsirka et al., 1995,
1997). Although the neurons in tPA ™'~ or plg~/~ mice are
resistant to degeneration after kainate injection (Fig. 6 compare
B,D with F), BBB breakdown occurred to a similar extent as in
wild-type mice (Fig. 6A4,C,E). This result indicates that BBB
breakdown is not a direct consequence of neurodegeneration.
Because BBB breakdown occurs after kainate injection in tPA =/~
or plg '~ mice but the neurons are spared, this result suggests
neuronal death during acute excitotoxic injury is not required for
BBB breakdown.

DISCUSSION

Various pathologies can affect BBB function, including brain
tumors (Roelcke et al., 1995), bacterial meningitis (Paul et al.,
1998), and multiple sclerosis (Kwon and Prineas, 1994). One
dramatic example is the brain edema that results from cerebral
ischemia (Wahl et al., 1990; Preston et al., 1993) and excitotoxic
injury (Lassmann et al., 1984; Seitelberger et al., 1990). Although
BBB dysfunction has long been associated with neuronal damage
after excitotoxic injury (Ruth, 1986; Ting et al., 1986), a direct
connection between these two events has not been established
(Rapaport and Thompson, 1975; Kuroiwa et al., 1985; Bolton and
Perry, 1998). For example, Bolton and Perry (1998) found that,
although juvenile animals exhibited greater BBB breakdown after
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Figure 5. Intravenous bolus injection of human plas-
minogen does not restore neuronal sensitivity of
plg " mice to excitotoxin. Cresyl violet (4, C) or
anti-laminin immunostained (B, D) coronal brain sec-
tions through the hippocampus of PBS (4, B) or plas-
minogen (C, D) intravenously injected plg /~ mice 24
hr after kainate injection. Both groups of mice are
resistant to neurodegeneration and laminin degrada-
tion. CV, Cresyl violet staining; LN, anti-laminin im-
munostaining; arrows, kainate injection sites. Scale
bar, 1 mm.

excitotoxin injection, lesion size and number of infiltrating leu-
kocytes were similar when compared with the adult. Moreover,
Rapaport and Thompson (1975) found that osmotic opening of
BBB did not cause neurological deficits in monkey.

One direct consequence of BBB breakdown is plasma protein
leakage into the brain parenchyma, which may cause edema, but
the effect of this leakage on neurons and other CNS cells also
remains an open question (Ikuta et al., 1983; Strosznajder et al.,
1983; Ruth, 1986; Ting et al., 1986; Saija et al., 1992). Edema fluid
has homeostatic properties (Ikuta et al., 1983), and albumin, a
major plasma protein, can stimulate the incorporation of free
arachidonic acid into brain phospholipids (Strosznajder et al.,
1983) and therefore reduce neurotoxic free radical levels in the
brain parenchyma. These findings argue against a direct acute
contribution of BBB breakdown to neurodegeneration and
neurotoxicity.

In our studies, we initially used two approaches to investigate
the role of BBB breakdown in acute excitotoxicity. First, we
compared the time course of plasma protein leakage and neuro-
nal death after excitotoxin injection. These studies showed that
the first significant BBB leakage occurs after neuronal death has

KA injection

Figure 6. BBB breakdown occurs in the ab-
sence of neuronal death after kainate injection
in tPA~/~ or plg /" mice. Coronal brain sec-
tions through the hippocampus of tPA /",
plg /", or wild-type mice 2 d after kainate
injection were stained with anti-mouse IgG
antibody (4, C, E) or cresyl violet (B, D, F).
BBB breakdown after kainate injection is
equivalent in tPA /7, plg™/~, or wild-type
mice as evidenced by anti-mouse IgG staining
(diffuse dark area in ipsilateral side, marked by
arrowheads in A, C, E), whereas the tPA ™/~
and plg '~ neurons are resistant to degenera-
tion (compare B, D with F'). CV, Cresyl violet
staining; IgG, anti-mouse IgG immunostain-
ing; arrows, kainate injection sites; arrowheads,
anti-mouse IgG positively stained areas. Scale
bar, 1 mm.
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already been initiated, which suggested that plasma proteins do
not initiate the degeneration. Previously, a temporal analysis
during transient focal ischemia showed that neuronal damage
precedes BBB leakage; the authors of that study concluded that
BBB dysfunction is unlikely to contribute to neuronal death
(Albayrak et al., 1997).

Second, we directly infused plasma proteins into the brain
parenchyma and showed that they are not toxic nor do they affect
excitotoxin-induced death. To our knowledge, plasma has not
been examined previously for its direct neurotoxic effects or its
ability to modulate excitotoxic damage. However, autologous
serum and rat albumin have been injected into the rat brain and
neurotoxicity was observed (Hassel et al., 1994; Kadota et al.,
1997). The difference in results between these studies and ours
could be caused by a difference in protocols. Whereas we infused
plasma at a rate of 0.5 ul/hr for 4 d, the previous studies injected
a 25 pl volume of serum or albumin into the rat brain in a shorter
time (Hassel et al., 1994; Kadota et al., 1997). It is possible that
the large volume injection coupled with increased fluid extrava-
sation attributable to protein osmotic effects could have contrib-
uted to edema-mediated neuronal death in those studies.

KA injection
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Although these two analyses argue against a role for BBB
breakdown in neuronal death, there are caveats with this inter-
pretation. In our time course study of BBB breakdown, we cannot
rule out the possibility that undetectable amounts of plasma
protein may be extravasating into the brain parenchyma and
promoting neuronal death. Also, in our direct autologous plasma
infusion experiment, the plasma protein may not be promoting a
toxic effect because our delivery may not adequately mimic the
accumulation that occurs after BBB breakdown.

Both of these caveats have been addressed by the use of the
plg =/~ mice. Because plasminogen is required for efficient exci-
totoxic killing and because the blood normally contains very high
concentrations of this protein, the source of plasminogen could be
leakage from the blood. Intrahippocampal infusion of plasmino-
gen restored kainate sensitivity in plg ~/~ mice, whereas intrave-
nous injection of plasminogen did not. This result, which uses
proteolytic degradation of laminin and neuronal death as end
points for the assay, indicates that plasma-derived plasminogen
cannot fulfill the requirements for this protein in degeneration.

These analyses, coupled with previous evidence, argue that
BBB breakdown and plasma protein leakage into the brain pa-
renchyma after excitotoxic injury are not sufficient for neuronal
death.

A second question concerns the mechanism of BBB breakdown.
The properties of the BBB are contributed by the specialized
endothelial cells of the CNS capillaries and the end feet of astro-
cytes that wrap the endothelial cells on the neuronal side. The
endothelial cells of the CNS capillaries are distinct from those in
other organs in that they are joined by tight junctions of high
electric resistance, and there is also no transcellular movement of
compounds through the CNS endothelial cells (Kandel et al., 1991;
Bradbury, 1993). These properties provide the critical barrier that
restricts the passage of vascular substances into the CNS.

Injection of glutamate analogs either systemically or intracere-
brally can cause BBB breakdown in some regions of the brain,
such as the hippocampus (Nitsch and Hubauer, 1986; Ruth, 1986;
Ruth and Feinerman, 1988). This effect could be mediated on
astrocytes and endothelial cells indirectly via effects of the exci-
totoxin on neurons, e.g., the neurons could release factors that
influence astrocyte or endothelial function. Alternatively, gluta-
mate analogs could affect these cells directly.

Glutamate receptors have been reported to be present on CNS
endothelial cells and astrocytes (Steinhauser and Gallo, 1996;
Krizbai et al., 1998). There is other evidence that astrocyte
function, which forms an important functional component of
BBB (Janzer and Raff, 1987), is adversely affected by excitotox-
ins. During ischemic injury, astrocyte interactions with the extra-
cellular matrix are rapidly disrupted (Wagner et al., 1997), and
deficits in astrocytes result in incomplete reconstruction of im-
paired BBB (Kakinuma et al., 1998). After kainate injection, a
loss of GFAP staining, a marker of astrocytes, coincides with IgG
extravasation (Bolton and Perry, 1998). An early massive swelling
of astrocyte processes after kainate injection also occurs (Lass-
mann et al., 1986). The tight junctions of the CNS endothelial
cells do not seem to be affected by excitotoxins, but transendo-
thelial pinocytosis is increased by kainate injection (Nitsch and
Hubauer, 1986). Therefore, astrocyte dysfunction coupled with
increased transendothelial pinocytosis in the endothelial cells
may contribute to BBB breakdown after excitotoxic injury.

To address this question, we analyzed BBB dysfunction in
tPA ~/~ or plg '~ mice whose neurons are resistant to death after
kainate injection. Our result shows that they exhibit BBB break-
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down after kainate injection. These results argue that the effect of
kainate on the BBB is a direct result of effects on the astrocytes
and endothelium, and they show that neuronal death is not
required for BBB breakdown.

Pharmacological treatment of CNS pathologies is complicated
by the inaccessibility of the region to intravenously administered
agents. This problem has severely limited drug design and therapy
into the CNS. One way to circumvent this difficulty would be to
combine systemic treatments with a protocol that transiently
opens the BBB. A concern of this approach is that opening the
BBB could be deleterious to neurons in the CNS. However, our
results indicate that in the absence of frank edema, plasma
proteins do not cause significant neurodegeneration in the CNS,
suggesting that the therapeutic strategy of opening the BBB might
be more promising than previously realized.
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