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Abstract
We have previously observed that soluble urokinase plasminogn activator receptor (suPAR) prevents
impairment of cerebrovasodilation induced by hypercapnia and hypotension after hypoxia/ischemia
(H/I) in the newborn pig. In this study, we investigated the role of low-density lipoprotein related
protein (LRP) receptor and the ERK isoform of mitogen activated protein kinase (MAPK) in uPA-
mediated impairment of vasodilation after H/I in piglets equipped with a closed cranial window. CSF
uPA increased from 9 ± 2 to 52 ± 8 and 140 ± 21 ng/ml at 1 and 4h after H/I, respectively. The LRP
antagonist receptor associated protein (RAP) and anti-LRP antibody blunted the increase in CSF
uPA at 1h (17 ± 2 ng/ml) but not 4h post insult. uPA detectable in sham-treated cortex by
immunhistochemistry was markedly elevated 4h after H/I. Phosphorylation (activation) of CSF ERK
MAPK was detected at 1 and 4h post H/I and blocked by RAP. Exogenous uPA administered at 4h
post H/I further stimulated ERK MAPK phosphorylation, which was blocked by RAP. Pre-treatment
of piglets with RAP, anti-LRP, and suPAR completely prevented, and the ERK MAPK antagonist
U 0126 partially prevented, impaired responses to hypotension and hypercapnia post H/I, but none
of these antagonists affected the response to isoproterenol. These data indicate that uPA is
upregulated after H/I through an LRP-dependent process and that the released uPA impairs
hypercapnic and hypotensive dilation through an LRP- and ERK MAPK dependent pathway. These
data suggest that modulation of uPA upregulation and/or uPA-mediated signal transduction may
preserve cerebrohemodynamic control after hypoxia/ischemia.
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1. Introduction
Perinatal cerebral hypoxia/ischemia has many causes, unclear pathophysiology, no specific
mechanism-related treatment, and poor outcome. Neonatal stroke may occur in as many as 1
in 4000 births (27). In newborns with stroke, complications such as hypoxic/ischemic events
are common (11). Maternal and perinatal coagulopathy predispose to perinatal stroke (12,22),
with 30% of neonatal strokes being due to thrombosis (10). A better understanding of the
pathophysiologic responses that occur in children after cerebral hypoxia/ischemia is needed to
develop mechanism based approaches to therapy.

One contributor to neurological damage after hypoxia/ischemia is thought to be
cerebrovascular dysfunction. For example, hypotension leads to loss of cerebrovascular
regulation promoting tissue ischemia, while cerebrovasoconstriction associated with
hypocapnia contributes to periventricular leukomalacia in the perinate (30). Using a piglet
model, we have shown that pial artery dilation in response to hypotension and hypercapnia is
blunted after cerebral hypoxia/ischemia (20,24,25). However, the mechanism underlying loss
of compensatory vasodilation and therapeutic avenues to ameliorate its deleterious effects on
CNS ischemia remain uncertain.

Urokinase (uPA) and tissue plasminogen activator (tPA) are serine proteases that convert
plasminogen to the active protease plasmin (5,9). Recombinant tPA is the only FDA approved
for stroke (21). However, tPA exhibits deleterious as well as beneficial effects that profoundly
constrain its clinical utility. In addition to its salutary role in reperfusion, tPA contributes to
excitotoxic neuronal cell death (28) and increases stroke infarct volume in mice (31).

We have observed that exogenous tPA or uPA applied topically to the piglet cerebral cortex
potentiates the impairment of pial artery dilation caused by hypercapnia and hypotension in
the setting of hypoxia/ischemia (3). In other studies, we have shown that the endogenous
plasminogen activator inhibitor-1 derived peptide, EEIIMD, inhibits tPA and uPA-mediated
vascular activity mediated through the low-density lipoprotein-related receptor (LRP) without
inhibiting their fibrinolytic activity (4,8,26). Pretreatment with EEIIMD partially prevented,
whereas soluble urokinase plasminogen activator receptor (suPAR), which blocks uPA binding
to LRP (13), completely prevented impairment of vasodilation caused by hypercapnia and
hypotension in the setting of hypoxia/ischemia (3). These data suggest that endogenous uPA
is the predominate cause of vascular derangement induced by this form of cerebral injury.
However, the intracellular mechanisms involved in this impairment are unknown.

Mitogen activated protein kinase (MAPK), a family of at least 3 kinases, extracellular signal-
related kinase (ERK), p38, and c-Jun N-terminal kinase (JNK) is upregulated and may
contribute to injury after stroke (1,14,23). For example, activation of ERK MAPK contributes
to impaired hypercapnia-induced pial artery dilation seen after hypoxia/ischemia in the piglet
(20). However, others have observed neuroprotection with ERK MAPK stimulation after
cerebral ischemia (19). We hypothesize that uPA is upregulated after cerebral hypoxia/
ischemia and activates ERK MAPK in an LRP dependent manner with the effect of inhibiting
adaptive vascular responses to hypercapnia and hypotension post insult.

2. Results
Cerebral hypoxia/ischemia elevates the amount of uPA in cerebral cortex and CSF

Figure 1 shows immunocytochemical and corresponding histopathologic data derived from the
same animals and areas of brain parenchyma, obtained from piglets 4h after being placed in
either sham control or hypoxia/ischemia conditions. Abundant uPA antigen (3-4 on a 5 point
scale) is observed in the parietal cortex of animals subjected to cerebral hypoxia/ischemia,
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primarily in association with the vessels and parenchyma (Figure 1, Panel A) and diffusely
within areas of subarachnoid hemorrhage (Figure 1, Panel B). Yellow arrows show uPA-
positive thrombi in three arterioles. uPA can be seen within microthrombi and endothelial fibrin
deposition of pial arterioles (Figure 1, Panel C). Close-up views of the hypoxic/ischemic cortex
reveals uPA within damaged neurons and glial cells, as well as scattered accumulations within
the extracellular space (Figure 1, Panel D). In contrast, no staining is seen with non-immune
IgG in the hypoxic/ischemic animal (Figure 1, Panel E), excluding non-specific IgG binding.
Minimal uPA (0-1 on a 5 point scale) is detected in a sham control section of piglet parietal
cortex (Figure 1, Panel F). H + E staining of the parietal cortex section from an hypoxic/
ischemic animal shows subarachnoid hemorrhage and thrombi in arterioles (Figure 1, Panel
G), neuronal necrosis and scattered parenchymal hemorrhage (Figure 1, Panel H), whereas the
comparable section from a sham control animal shows that the cortical surface is unremarkable
(Figure 1, Panel I). To estimate the uPA detected in brain tissue, the concentration of uPA in
cortical periarachnoid CSF was determined by ELISA. uPA in CSF increased within 1h of
cerebral hypoxia/ischemia and increased further by 4h post insult (Figure 2).

We next studied the effect of RAP, an LRP antagonist (8,26) on CSF uPA concentration.
Administration of RAP (10-7 M) blunted the increase in CSF uPA concentration at 1 but not
at 4h post cerebral hypoxia/ischemia (Figure 2). RAP was administered after the baseline CSF
sample had been collected, 30 min prior to induction of cerebral hypoxia/ischemia, to make
certain that the baseline plasminogen activator status of the 2 groups of animals was similar.
To corroborate these findings and exclude an effect of residual endotoxin in the RAP
preparation, we used an anti-LRP antibody as an independent approach. Anti-LRP (10 μg/ml)
blunted the elevation of CSF uPA at 1h but not 4h post insult, the same pattern observed with
RAP. In contrast, mouse IgG at the same concentration had no effect on CSF uPA concentration
(Figure 2).

Impairment of hypercapnic and hypotensive pial artery dilation after cerebral hypoxia/
ischemia occurs through an LRP- dependent process

Two levels of hypercapnia, hypotension, isoproterenol, and uPA elicited reproducible graded
pial small artery (120 to 160 μm) and arteriole (50 to 70 μm) dilation in sham control animals
(data not shown). Pial small artery dilation in response to hypercapnia and hypotension was
blunted 1h after hypoxia/ischemia, whereas responses to isoproterenol were unchanged (Figure
3)(3). Similar reductions in responses were seen in arterioles. Pretreatment with topical
exogenous RAP (10-7 M) or anti-LRP (10 μg/ml), administered 30 min prior to hypoxia/
ischemia followed by continuous exposure of the cerebral cortical surface to these agents post
insult fully protected the responses to hypercapnia and hypotension 1h after injury (Figure 3).
In contrast, mouse IgG had no effect on impairment of pial artery dilation 1h after injury (Figure
3). Similar findings were seen 4h post insult. For example, pial small artery dilation in response
to moderate and severe hypotension was 14 ± 1 and 29 ± 2% 4h after hypoxia/ischemia in
animals pretreated with RAP (10-7 M), which was no different statistically than that observed
in animals pretreated with RAP at 1h post insult (16 ± 2 and 26 ± 3%). Pretreatment with uPA
blunted hypercapnic and hypotensive pial artery dilation to vasoconstriction after hypoxia/
ischemia, while pretreatment with suPAR, an antagonist of the vascular action of uPA, had
been previously observed to produce full protection of pial artery dilation induced by
hypercapnia and hypotension 1h post hypoxia/ischemia (3). Topical application of uPA
(10-7 M) for 1h in the absence of hypoxia/ischemia had no effect on pial artery dilation to
hypercapnia, hypotension, or isoproterenol (15 ± 1 and 27 ± 2 versus 14 ± 2 and 26 ± 3%
dilation for moderate and severe hypotension before and after uPA, respectively).
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Hypoxia/ischemia produces phosphorylation of ERK MAPK in an LRP dependent process
ERK MAPK contributes to impairment of hypercapnic and hypotensive pial
artery dilation after cerebral hypoxia/ischemia—Total and phosphyorylated ERK
MAPK in cortical periarachnoid CSF was measured by ELISA under baseline (prior to
hypoxia/ischemia) and injury (1,4h) conditions. The activation (phosphorylation) state of the
ERK MAPK isoform was determined by expressing the data as a percent of control (total) to
normalize these values. The vehicle was dimethyl sulfoxide (DMSO) (100 μl) diluted in 9.9
ml of 0.9% saline. The vehicle or antagonist was administered 30 min prior to hypoxia/
ischemia. Hypoxia/ischemia induced marked phosphorylation (activation) of ERK MAPK
within 1h post injury (Figure 4). Exogenous adminstration of uPA to the cerebral cortex, in a
concentration observed in CSF after hypoxia/ischemia (10-7M, Figure 2), further stimulated
phosphorylation of ERK MAPK at 4h post insult (Figure 4). Pretreatment with the LRP
antagonist, RAP (10-7 M), anti-LRP (10 μgml), and the ERK MAPK inhibitor U 0126 blocked
phosphorylation of ERK MAPK induced by hypoxia/ischemia alone and hypoxia/ischemia
accompanied by exogenous administration of uPA (Figure 4). In contrast, CSF ERK MAPK
was unchanged with uPA administration under sham control conditions (Figure 5). uPA
induced pial artery dilation was unchanged by U 0126 but was blocked by suPAR under sham
control conditions. U 0126 and suPAR had no effect on CSF ERK MAPK concentration in the
absence or presence of uPA under sham control conditions (Figure 5).

Figure 6 shows immunohistochemical analysis of phospho ERK MAPK expression in piglets
4h after either sham control conditions or cerebral hypoxia/ischemia. Abundant phospho ERK
MAPK antigen (3-4 on a 5 point scale) was observed in the parietal cortex of animals subjected
to cerebral hypoxia/ischemia (Figure 6, Panels A,B). Closeup of the hypoxic/ischemic cortex
reveals phospho ERK MAPK within damaged neurons and glial cells (Figure 6, Panel B). In
contrast, minimal phospho ERK MAPK (0-1 on a 5 point scale) was detected in sham control
sections of piglet parietal cortex (Figure 6, Panels C, D). No non-immune IgG (0 on a 5 point
scale) is seen in an hypoxic/ischemic animal (Figure 6, Panel E), excluding non specific IgG
binding. In Figure 7, Western analysis of CSF for phospho p44/p42 ERK MAPK shows
elevation at 4h post hypoxia/ischemia which is markedly reduced by suPAR and modestly
reduced by U 0126. At 1h post insult, little elevation of phospho p44/p42 MAPK is observed
in the absence or presence of suPAR or U 0126. Pretreatment with the ERK MAPK antagonist
U 0126 partially prevented the impairment of pial artery dilation induced by hypercapnia and
hypotension in the setting of hypoxia/ischemia (Figure 3). U 0126 had no effect on
isoproterenol induced dilation (Figure 3).

RAP, anti-LRP, and U 0126 have no effect on hypercapnic and hypotensive pial
artery dilation in sham control piglets—Administration of RAP, anti-LRP, and U 0126
to the cerebral cortical surface had no effect on pial artery diameter. Similarly, these agents
had no effect on hypercapnic and hypotensive pial artery dilation in sham control piglets (17
± 1 and 28 ± 2 versus 18 ± 1 and 29 ± 2% subjected to high and low hypercapnic conditions
in the absence and presence of RAP).

Blood chemistry—Blood chemistry values were collected before and after all experiments.
There were no statistically significant differences between sham control, hypoxia/ischemia,
and hypoxia/ischemia antagonist treated animals. Hypoxia decreased pO2 to 34 ± 4 mm Hg.
Low levels of hypercapnia raised pCO2 to 57 ± 7 and high levels of hypercapnia raised
pCO2 to 77 ± 9 mm Hg. Carbon dioxide levels were kept constant during periods of hypoxia
and oxygen levels were kept constant during periods of hypercapnia.
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3. Discussion
Several principal new findings emerged from this study. First, the presence of uPA and
phosphorylated (activated) ERK MAPK in piglet brain was demonstrated by
immunohistochemical staining. Second, although it has been previously shown that uPA is
increased in rat brain and baboon basal ganglia after focal cerebral ischemia (18,29), our studies
are the first to demonstrate to our knowledge that uPA expression increases after global cerebral
hypoxia/ischemia. Considerable uPA and ERK MAPK was detected in neurons/glia. These
data cannot distinguish between the possibility that neurons/glia serve as the cellular site of
origin for uPA and ERK MAPK and/or that uPA synthesized elsewhere post insult binds to
these cells (eg to uPAR). Third, in the same animals where robust staining for uPA and ERK
MAPK was seen, there was also marked histopathology evident on H + E staining. These
observations support the concept that plasminogen activators act at the level of the
neurovascular unit, specifically on pial artery reactivity to vasoactive stimuli after cerebral
hypoxia/ischemia.

tPA is thought to be transported across the blood brain barrier (BBB) in a process that is
mediated by LRP (6). Oxygen glucose deprivation, however, has been observed to switch this
transport from an LRP dependent to a progressively LRP independent process within 4h (7).
Our data are the first to show that cerebral hypoxia/ischemia also upregulates uPA in an LRP
dependent manner. They support the aforementioned studies in that RAP and anti-LRP
antibody blunted the elevation of CSF uPA at 1, but not at 4h post cerebral hypoxia/ischemia.
These data are consistent with the possibility that some of the uPA detected in CSF post
ischemia derives from extracerebral sources due to a functionally disrupted BBB, while the
balance originates from within the brain parenchyma. A limitation of the closed cranial window
technique to quantify CSF plasminogen activator concentration is that the cellular site of origin
cannot be determined. Potential sources include neurons, glia, vascular smooth muscle, and
endothelial sources. Importantly, though, our findings demonstrate that mechanisms
independent of plasminogen activator catalytic activity are involved early in the process when
it may be most amenable to modulation.

Control of cerebrovascular tone after hypoxic/ischemic injury plays a critical role in mediating
CNS ischemia and neurologic damage in affected newborns. We found that hypoxia/ischemia
impairs dilation of pial arteries in response to hypercapnia and hypotension, while responses
to isoproterenol were unchanged, as reported previously (3,20,24,25). Pretreatment with
exogenous tPA or uPA potentiated the effect of hypoxia/ischemia, reversing pial artery dilation
in response to hypercapnia and hypotension to vasoconstriction (3). This observation is
particularly intriguing in that exogenous tPA and uPA by themselves produced modest dilation
in control animals (3). Thus, application of a vasodilator would have been predicted to have
an additive or synergistic effect in the presence of a second dilator, rather than causing
vasoconstriction. The fact that responses to isoproterenol after hypoxia/ischemia remained
unchanged in the presence of the plasminogen activators indicates that this effect is specific
for hypercapnia and hypotension and likely depends on the signal transduction cascades that
they activate. The mechanism which promotes interaction with these alternative signaling
systems (eg ERK MAPK, as discussed below) under hypoxic/ischemic conditions is uncertain,
but may involve a different binding site for the uPA-suPAR complex, competition with uPA
for binding to LRP, or a dose-dependent parabolic effect that is shifted by suPAR. Importantly,
new data in the present study show that topical administration of uPA for 1h without hypoxia/
ischemia does not have the same effect, eg responses to hypercapnia and hypotension were
unchanged. The prior studies using topical exogenous administration of plasminogen activators
were designed to simulate the conditions likely to occur within minutes of injury wherein tPA
and/or uPA are released from damaged brain parenchymal cells rather than the therapeutic
setting of stroke where tPA is given intravenously. Because the study design employed topical
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pretreatment, caution is urged regarding clinical interpretation as to whether intravenous
delivery of tPA or uPA post injury affects vascular contractility similarly and is detrimental or
beneficial.

The PAI-1 derived peptide EEIIMD inhibits vasoactivity of tPA and uPA without inhibiting
its fibrinolytic activity (4,26), whereas soluble uPA receptor (suPAR) exerts a similar effect
on uPA alone (13). Pretreatment with EEIIMD partially prevented and suPAR completely
prevented impairment of pial artery dilation induced by hypercapnia and hypotension in the
setting of hypoxia/ischemia (3). These data suggest that while both endogenous tPA and uPA
may contribute to outcome, uPA is the predominant cause of vascular derangement under these
experimental conditions (3). The fact that EEIIMD binds to the docking site of tPA and uPA
but does not inhibit their plasminogen activator activity demonstrates that this effect is not
mediated through their plasminogen activator activities. However, the protective effect of
EEIIMD or suPAR did not result from a general nonspecific potentiation/inhibition of vascular
responsiveness, as neither affected dilation induced by isoproterenol (3).

Results of the present study extend these initial observations and indicate that uPA released
after cerebral hypoxia/ischemia impairs pial artery dilation caused by hypercapnia and
hypotension through an LRP and ERK MAPK dependent process. Similar observations made
with the LRP antagonist RAP and anti-LRP antibody strengthened this conclusion. Hypoxia/
ischemia itself resulted in enhanced phosphorylation (activation) of CSF ERK MAPK,
reflective of what occurs in the brain parenchyma. Exogenous administration of uPA to the
cerebral cortex in a concentration observed in CSF post insult further enhanced the
phosphorylation of ERK MAPK, indicating that this isoform of MAPK is not maximally
activated by hypoxia/ischemia. Therefore, the additional endogenous release (or exogenous
administration) of uPA after the initial insult can exacerbate the outcome. Analysis of CSF by
Western blot corroborated the results obtained by ELISA, providing additional support for the
immunohistochemical data showing that hypoxia/ischemia upregulated ERK MAPK. Results
from both ELISA and Western analysis show that U 0126 blocked ERK MAPK
phosphorylation. Western analysis showing suPAR blocks ERK MAPK upregulation after
hypoxia/ischemia strengthens the connection of uPA in this process. uPA, however, did not
upregulate ERK MAPK under sham injury conditions. Potential reasons for the lack of
upregulation by uPA are unknown but could relate to lack of upstream substrate availability
for release of MAPK under non pathologic conditions.

It appears that coupling of uPA to LRP regulates both the amount of uPA in the CSF and uPA-
mediated downstream signal transduction events. By regulating cell surface uPAR, LRP can
control the activity of cell signaling factors downstream of uPAR, including ERK MAPK
(32). Pretreatment with the ERK MAPK antagonist U 0126 partially prevented the impairment
of pial artery dilation caused by hypercapnia and hypotension observed after cerebral hypoxia/
ischemia. U 0126 had no effect on isoproterenol induced dilation. These data suggest that the
phosphorylation (activation) of ERK MAPK observed after cerebral hypoxia/ischemia
contributes to impaired cerebrovascular control post insult. Because exogenous uPA further
activates ERK MAPK, these data together suggest that the release of uPA after hypoxic/
ischemia activates ERK MAPK, which impairs pial artery dilation induced by hypercapnia and
hypotension. Because U 0126 did not completely prevent impairment of dilation to these two
stimuli, other undefined mechanisms, which may include the opioid nociceptin/orphanin FQ
and/or activation of the N-methyl-D-aspartate receptor (2,20), also contribute to cerebral
hypoxic/ischemic vascular derangement induced by hypoxia/ischemia.

In conclusion, our studies indicate that uPA is released in response to cerebral hypoxia/ischemia
through an LRP-initiated process and that the released uPA impairs pial artery dilation induced
by hypercapnia and hypotension through an LRP- and ERK MAPK dependent pathway (Figure
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8). At sites where robust uPA and ERK MAPK staining was present, marked histopathology
was evident. These observations support the concept that uPA acts at the level of the
neurovascular unit (Figure 8), specifically on pial artery reactivity to vasoactive stimuli after
cerebral hypoxia/ischemia. These data suggest that modulation of uPA expression and/or action
may preserve cerebrohemodynamic control after hypoxia/ischemia (Figure 8) and thereby
improve outcome.

4. Experimental Procedure
Materials

The LRP antagonist, recombinant receptor associated protein (RAP) (8,26) was generated in
E. coli (DH5α/pGEX-2T plasmid) expressing GST-RAP (kind gift of Dr. T. Willnow,
University of Potsdam, Germany) after induction with IPTG. RAP was purified on glutathione-
sepharose (Amersham) and was eluted using 10mM glutathione in PBS and buffer exchange
to PBS using an Amicon Unit centrifugal device (10,000 MWCO). The preparation of RAP
was passed twice through Acticlean Etox (Sterogene) column to remove potential
contamination with endotoxin. RAP migrated as a single band on SDS-PAGE and inhibited
the internalization of 125I uPA in murine embryonic fibroblasts (MEF-1) cells, which is known
to be LRP dependent. Recombinant single chain urokinase (uPA) was expressed in S2 cells,
purified by antibody affinity chromatography and HLPC and characterized for affinity to the
urokinase receptor, for plasminogen activator activity and for fibrinolytic activity in the
presence and absence of suPAR, as described previously (15-17). uPA migrates as a
homogeneous -50 kDa protein on SDS-PAGE under reducing and non-reducing conditions.

Closed cranial window technique and cerebral hypoxia/ischemia
Newborn pigs (1-5 days, 1.2-1.6 Kg) of either sex were studied. All protocols were approved
by the Institutional Animal Care and Use Committee. Animals were sedated with isoflurane
(1-2 MAC). Anesthesia was maintained with a-chloralose (30-50 mg/ kg. supplemented with
5 mg / kg/h i.v.). A catheter was inserted into a femoral artery to monitor blood pressure and
to sample for blood gas tensions and pH. Drugs to maintain anesthesia were administered
through a second catheter placed in a femoral vein. The trachea was cannulated, and the animals
were ventilated with room air. A heating pad was used to maintain the animals at 37° - 39° C,
monitored rectally.

A cranial window was placed in the parietal skull of these anesthetized animals. This window
consisted of three parts: a stainless steel ring, a circular glass coverslip, and three ports
consisting of 17-gauge hypodermic needles attached to three precut holes in the stainless steel
ring. For placement, the dura was cut and retracted over the cut bone edge. The cranial window
was placed in the opening and cemented in place with dental acrylic. The volume under the
window was filled with a solution, similar to CSF, of the following composition (in mM): 3.0
KCl, 1.5 MgCl2, 1.5 CaCl2, 132 NaCl, 6.6 urea, 3.7 dextrose, and 24.6 NaHCO3. This artificial
CSF was warmed to 37° C and had the following chemistry: pH 7.33, pCO2 46 mm Hg, and
pO2 43 mm Hg, which was similar to that of endogenous CSF. Pial arterial vessel diameter
was measured with a microscope, a camera, a video output screen and a video microscaler.

Total cerebral ischemia was accomplished by infusing artificial CSF into a hollow bolt in the
cranium to maintain an intracranial pressure 15 mm Hg greater than the numerical mean of
systolic and diastolic arterial blood pressure (24,25). Intracranial pressure was monitored via
a sidearm of the cranial window. To prevent the arterial pressure from rising inordinately
(Cushing response), venous blood was withdrawn as necessary to maintain mean arterial blood
pressure no greater than 100 mm Hg. As the cerebral ischemic response subsided, the shed
blood was returned to the animal. Cerebral ischemia was maintained for 20 min. Hypoxia

Armstead et al. Page 7

Brain Res. Author manuscript; available in PMC 2009 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(PO2 of approximately 35 mm Hg) was produced for 10 min before ischemia by decreasing
the inspired O2 via inhalation of N2, which was followed immediately by the total cerebral
ischemia. Hypotension was induced by the rapid withdrawal of either 5-8 or 10-15 ml blood/
Kg to induce moderate or severe hypotension (decreases in mean arterial blood pressure of 25
and 45%, respectively) (2). Such drops in blood pressure were maintained constant for 10 min
by titration of additional blood withdrawal or blood reinfusion (2). Two levels of hypercapnia
(low and high) were induced via inhalation of graded levels of a 10% CO2-21% O2-balance
N2 gas mixture for 10 min to produce levels of pCO2 of 50-60 mm Hg for the low exposure
and 70-80 mm Hg for the high exposure (20).

Protocol
Two types of pial vessels, small arteries (resting diameter, 120-160 μm) and arterioles (resting
diameter, 50-70 μm) were examined to determine whether segmental differences in the effects
of hypoxia/ischemia could be identified. Typically, 2-3 ml of artificial CSF were flushed
through the window over a 30s period, and excess CSF was allowed to run off through one of
the needle ports. For sample collection, 300 μl of the total cranial window volume of 500 μl
was collected by slowly infusing artificial CSF into one side of the window and allowing the
CSF to drip freely into a collection tube on the opposite side.

Nine experimental groups were studied (all n=6): (1) sham control, vehicle treated, (2) sham
control, treated with uPA (10-7 M), (3) sham control, treated with the ERK MAPK inhibitor
U 0126 (10-6 M topical, Sigma), (4) sham control, treated with suPAR (10-7 M), (5) hypoxia/
ischemia, vehicle treated, (6) hypoxia/ischemia treated with mouse IgG (10 μg/ml), (7)
hypoxia/ischemia treated with the LRP antagonist RAP (10-7 M), (8) hypoxia/ischemia treated
with an anti LRP antibody (Ab) (10 μg/ml topical; American Diagnostica #3402, directed at
the alpha chain of α2M-R/LRP), and (9) hypoxia/ischemia treated with U 0126. The vehicle
for all agents was 0.9% saline, except for the MAPK inhibitor, which used dimethyl sulfoxide
(100 μl) diluted with 9.9 ml 0.9% saline. In sham control animals, responses to hypercapnia,
hypotension, isoproterenol (10-8, 10-6 M), and uPA (10-9, 10-7 M) were obtained initially and
then again 1 and 4h later in the presence of the agent vehicle. In drug treated sham animals,
responses to these stimuli were obtained before and after either uPA, U 0126 or suPAR. Drugs
were administered topically for 1h and then co-administered with stimuli. In hypoxia/ischemia
animals, responses to vasoactive stimuli were obtained initially and then again 1 and 4h post
insult in the presence of the agent vehicle. In drug treated hypoxia/ischemia animals, drugs
were administered 30 min before hypoxia/ischemia and the insult protocol followed as
described above. CSF samples for ERK MAPK determination were also collected in animals
given topical uPA (10-7 M) 4h post hypoxia/ischemia to determine if exogenous plasminogen
activator would further augment ERK MAPK in the CSF under insult conditions.

ELISA
Commercially available ELISA Kits were used to quantity CSF uPA (Diapharma) and ERK
MAPK (Assay Designs) concentration. The amounts of phosphorylated ERK MAPK enzyme
were normalized to total ERK MAPK protein and then expressed as percent of the control
condition.

Immunohistochemistry
Four hours after cerebral hypoxia/ischemia, the animal was sacrificed and 2 thin slices of
parietal cortex were cut parallel to the brain surface. These slices were placed in 4%
paraformaldehyde for 24h at 4° C and then subjected to Paraffin sectioning. Paraffin sections
of the parietal cortex from piglet brains after hypoxia/ischemia and from uninjured sham
control animals were unwaxed, were incubated in 10mM sodium citrate buffer pH 6.0 inside
a food steamer (sub boiling temperature) for 10 minutes to unmask the antigen, endogenous
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peroxidase was blocked with 0.3 % H2O2, and stained with anti human uPA monoclonal
Antibody (5 μg/ml) (#3689 American Diagnostica), anti-Phospho-p44/42 MAPK rabbit
monoclonal antibody which recognize the phosphorylated forms of both p42 and p44 kinases
(ERK1 and ERK2) (1 μg/ml, Cell Signaling #4376), or with mouse IgG1 as a negative control,
secondary biotinylated anti-mouse IgG (1:200), followed by incubation with HRP-conjugated
streptavidin. Peroxidase was detected using the avidin-biotin complex ABC Kit (Vector Lab)
counterstained with hematoxylin. Positive staining is visualized by the brown colored [3,3-
diaminobenzidine (DAB) reaction product. The cross reactivity of #3689 antibodies with
porcine uPA was tested and confirmed first by performing a staining using kidney, an organ
that is known to express uPA, from the same piglets (data not shown). A 5 point scale (0-1
minimal, 2-3 moderate, 4-5 maximal) was used to denote qualitative changes in
immunocytochemical stain detection. Sections were also stained by H&E for histological
inspection by investigators blinded to treatment.

Western analysis
Western blotting was performed on CSF samples collected before the injury and 4 hrs after the
injury. Protein concentration was measured in each sample by BCA protein assay (Pierce) and
20 ug of total protein was loaded per well on 4-12% Nu-PAGE SDS gel (Invitrogen). Gels
were transferred onto nitrocellulose membrane at 25 V for 2 hrs. in TRIS-Glycine Transfer
Buffer(12 mM Tris Base, 96 mM Glycine, pH 8.3). After transfer, the membrane was blocked
in 5% dried milk in TBS Buffer with 0.05% Tween20 for 1 hr and incubated overnight at 4 C
in either p44/42 MAP Kinase Antibody or Phospho-p44/42 MAPK Rabbit mAb (both from
Cell Signaling Technology) diluted 1:1000 in 2% BSA in TBS-0.05% Tween20. The
membrane was washed in TBS-0.05% Tween20 and incubated for 1 hr. with the Hosreradish
Peroxidase (HRP) labeled secondary antibodies diluted 1:10000 in 5% dried milk in
TBS-0.05% Tween20. Detection was performed using the ECL Plus Blotting Detection Kit
(Amersham Biosciences), per the manufacturer's instructions.

Statistical analysis
uPA and ERK MAPK staining were semi quantitatively determined through the use of a five
point scale (0, no stain; 5, maximal stain) by an investigator blinded to treatment. Pial artery
diameter, CSF uPA, and ERK MAPK values were analyzed using ANOVA for repeated
measures. If the value was significant, the data were then analyzed by Fishers protected least
significant difference test. An α level of p<0.05 was considered significant in all statistical
tests. Values are represented as mean ± SEM of the absolute value or as percentage changes
from control value.
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Figure 1.
Immunohistochemistry and histopathology four hours after cerebral hypoxia/ischemia.
Sections of the parietal cortex from piglet brains after ischemic injury (A-E) and from uninjured
control animal (I and F), were subjected to antigen retrieval in citrate buffer and stained with
anti-uPA monoclonal antibody (5 μg/ml) (Panels, A-D and F) or with non-immune mouse
IgG1 as a negative control (Panel E), secondary biotinylated anti-mouse IgG (1:200), followed
by incubation with HRP-conjugated streptavidin. Magnification shown is 100x for Panels A,
B, G, and I, 200X for panels, C, E, F, and H, 400x for Panel D. Adjacent sections from the
same brains exposed to ischemic injury (Panels G-H) and from uninjured controls (Panel I),
were stained by H&E for histological inspection. These data reflect an n of 2 per experimental
group.
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Figure 2.
Influence of hypoxia/ischemia (H/I) on CSF uPA (ng/ml) as a function of time post insult
(hours) in vehicle (saline), IgG (10 μg/ml), RAP (10-7 M), and anti-LRP antibody (anti LRP
Ab) (10 μg/ml) pretreated pigs, n=6 for all except n=3 for IgG. IgG, RAP and anti LRP Ab
were administered after the 0 time sample, but 30 min prior to H/I. *P<0.05 versus
corresponding 0 time value +P<0.05 versus corresponding vehicle value.
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Figure 3.
Influence of hypercapnia (lo, hi; pCO2 of 50-55 and 70-75 mm Hg), hypotension (mod, sev;
25 and 45% reductions in mean arterial blood pressure), and isoproterenol (10-8, 10-6 M)
(panels A-C) on pial artery diameter. Conditions are before (control), 1h after hypoxia/ischemia
(pO2 of 35 mm Hg for 10 min followed by global cerebral ischemia for 20 min) (H/I), 1h after
H/I pretreated with IgG (10 μg/ml) 30 min prior to H/I, 1h after H/I pretreated with RAP
(10-7 M), 1h after H/I pretreated with anti LRP antibody (anti LRP Ab) (10 μg/ml), and 1h
after H/I pretreated with U 0126 (10-6 M), n=6 for all except n=3 for IgG. Baseline small artery
diameter for control, H/I, H/I + IgG, H/I + RAP, H/I + anti LRP Ab, and H/I + U 0126 were
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144 ± 11, 119 ± 9, 118 ± 8, 138 ± 6, 136 ± 7, and 132 ± 7 μm, respectively. *P<0.05 versus
corresponding control value +P<0.05 versus corresponding non pretreated H/I value.
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Figure 4.
Phosphorylation of ERK MAPK in cortical periarachnoid CSF was determined prior to
hypoxia/ischemia (H/I) (0 min), as a function of time (hours, h) after H/I, and 4h after H/I and
additional exogenous administration of uPA (10-7 M) in vehicle, RAP (10-7 M), anti LRP Ab
(10 μg/ml) and U 0126 (10-6 M) pretreatment animals, n=6. Data expressed as percent of control
by ELISA determination of phospho ERK MAPK and total ERK MAPK isoforms and
subsequent normalization to total form. *P<0.05 compared with corresponding 0 time
value +P<0.05 compared with corresponding 4h non uPA treated value
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Figure 5.
Influence of uPA (10-9, 10-7 M) on A: pial artery diameter and B: CSF phosphorylated ERK
MAPK (percent of control) in the absence (vehicle) and presence of U 1026 (10-6 M) and
suPAR (10-7 M), n=6. *P<0.05 compared with corresponding vehicle value.
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Figure 6.
Immunhistochemistry for phosphorylation of ERK MAPK four hours after cerebral hypoxia/
ischemia. Sections of the parietal cortex from piglet brains after ischemic injury (A,B, and E)
and from uninjured control animal (C and D) were stained with phospho-p44/42 MAPK rabbit
monoclonal antibody (Panels A-D) or with rabbit IgG as a negative control (Panel E).
Magnification shown is 100X for Panels A and C, 400X for Panels D,B, and E, X1000 for
insert in Panel B. These data reflect an n of 2 per experimental group.
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Figure 7.
Western analysis of CSF for phospho–p44/42 ERK MAPK at 4h and 0h of hypoxia/ischemia
in suPAR, vehicle, and U 0126 pretreated animals, n=2 for each experimental group.
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Figure 8.
Proposed mechanism relating uPA, LRP, and ERK MAPK to cerebral hemodynamic outcome
after hypoxia/ischemia.
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