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Abstract
The sole FDA approved treatment for acute stroke is tissue type plasminogen activator (tPA).
However, tPA potentiates impairment of pial artery dilation in response to hypotension after
hypoxia/ischemia (H/I) in pigs. ATP and Ca sensitive K channels (Katp and Kca) are important
regulators of cerebrovascular tone and mediate cerebrovasodilation in response to hypotension.
Mitogen activated protein kinase (MAPK), a family of at least 3 kinases, ERK, p38 and JNK, is
upregulated after H/I, with the ERK isoform contributing to vasodilator impairment. This study
examined the effect of H/I on Katp and Kca induced pial artery dilation and the roles of tPA and
ERK during/after injury in piglets equipped with a closed cranial window. H/I blunted
vasodilation induced by the Katp agonists cromakalim, calcitonin gene related peptide (CGRP)
and the Kca agonist NS 1619; the effect of each was exacerbated by tPA. Pre- or post-injury
treatment with EEIIMD, a hexapeptide derived from plasminogen activator-1, and ERK antagonist
U 0126 prevented Katp and Kca channel agonist induced vasodilator impairment while the
inactive analogue EEIIMR had no effect. ERK was upregulated after H/I, which was potentiated
by tPA. These data indicate that H/I impairs K channel mediated cerebrovasodilation. tPA
augments loss of K channel function after injury by upregulating ERK. These data suggest that
thrombolytic therapy for treatment of CNS ischemic disorders can dysregulate
cerebrohemodynamics by impairing cation-mediated control of cerebrovascular tone.
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1. Introduction
Tissue plasminogen activator (tPA) is a serine protease that converts plasminogen to the
active protease plasmin (11,15). Recombinant tPA is the only FDA approved for stroke (25).
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 (33) and increases stroke infarct volume in mice (35). We have observed
that pre- and post-injury treatment with tPA potentiated hypoxic/ischemic impairment of
pial artery dilation in response hypercapnia and hypotension (5,7). In other studies, we have
shown that a plasminogen activator derived peptide, EEIIMD, inhibits the binding of tPA
and uPA to the low density lipoprotein receptor (LRP) thereby blocking their effect on
vascular contractility without inhibiting their fibrinolytic activity (6,14,31). Pre-injury
treatment with EEIIMD partially prevented impairment of hypercapnic and hypotensive
dilation after cerebral hypoxia/ischemia (5).

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 (32). In newborns with stroke, complications like hypoxia/ischemia are
common (19). Maternal and perinatal coagulopathy predispose to perinatal stroke (20,26),
with 30% of neonatal strokes being due to thrombosis (17). The use of tPA in children has
been limited and its benefit remains unclear (13,24). The use of tPA in children is based on
the assumption that studies in adults are generalizable (16), but the safety and efficacy of
tPA in this setting have yet to be systematically investigated. Indeed, the 2001 workshop
report of the National Institute of Neurological Disorders and Stroke noted a deficiency in
research in pediatric stroke related to the paucity of animal models and basic research
investigation into ischemic disorders of the CNS in the pediatric population (30). A better
understanding of cerebral hypoxic/ischemic pathophysiology is needed to develop
mechanistically driven therapies.

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 hypercapnia related to respiratory disease and
hypoventilation contributes to periventricular leukomalacia in the perinate (34). Using a
piglet model, we have shown that pial artery dilation in response to hypotension and
hypercapnia is blunted after cerebral hypoxia/ischemia (23,28,29). However, the mechanism
underlying loss of compensatory vasodilation and therapeutic avenues to ameliorate its
deleterious effects on CNS ischemia remain uncertain.

Relaxation of blood vessels can be mediated by several mechanisms, including cGMP,
cAMP, and K+ channels (18). Membrane potential of vascular muscle is a major determinant
of vascular tone, and activity of K+ channels is a major regulator of membrane potential
(18). Activation or opening of these channels increases K+ efflux, producing
hyperpolarization of vascular muscle. Membrane hyperpolarization closes voltage-
dependent calcium channels and causes relaxation of vascular muscle. Direct measurements
of membrane potential and K+ current in vitro indicate that several types of K+ channels are
present in cerebral blood vessels. In addition, a number of pharmacological studies using
activators and inhibitors have provided functional evidence that K+ channels, especially
ATP sensitive (Katp) and calcium sensitive (Kca) channels, regulate cerebrovascular tone
(18). Prototypical Katp agonists are cromakalim and calcitonin gene related peptide
(CGRP), while a Kca agonist is NS 1619. Vasodilation in response to these drugs can be
used as an index of the intactness of K channel function after traumatic brain injury and
cerebral ischemia (2,10). Pial artery dilation in response to hypotension is due to activation

Armstead et al. Page 2

Brain Res. Author manuscript; available in PMC 2012 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of Katp and Kca channels (3), thereby giving functional significance to intactness of K
channel function.

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 (1,21,27). This study examined the effect of hypoxia/
ischemia on Katp and Kca induced pial artery dilation and the roles of tPA and ERK MAPK
in the modulation of K channel mediated cerebrovasodilation after injury.

2. Results
tPA potentiates hypoxic/ischemic impairment of pial artery dilation in response to Katp
and Kca channel agonists

Cromakalim, CGRP, and NS 1619 (10−8, 10−6) elicited reproducible dilation of pial small
arteries. Vasodilation in response to all three K channel agonists was blunted after hypoxia/
ischemia, which was aggravated by pre- and post-injury treatment with tPA (2 mg/kg iv)
(Fig 1-3). Pre- and post-injury treatment with EEIIMD (1 mg/kg iv), but not the inactive
analogue EEIIMR (1 mg/kg iv), prevented impairment of pial artery dilation in response to
cromakalim, CGRP, and NS 1619 (Fig 1-3). Pre-treatment was 30 min prior to whereas
post-treatment was 2h after injury. Similar observations were made in pial arterioles. This
dose of EEIIMD had previously been shown to block dilation to topically applied tPA (7).

The ERK MAPK antagonist U 0126 prevents hypoxic/ischemic impairment of pial artery
dilation in response to Katp and Kca channel agonists

Pre- and post-injury treatment with U 0126 (1 mg/kg iv) prevented impairment of dilation of
small pial arteries in response to cromakalim, CGRP, and NS 1619 after hypoxia/ischemia
(Fig 1-3). This dose of U 0126 blocked ERK MAPK upregulation after cerebral hypoxia/
ischemia (7). Similar observations were made in pial arterioles. This dose of U 0126 blocked
ERK MAPK upregulation after cerebral hypoxia/ischemia (4,7).

Blood chemistry
Blood chemistry values were collected before and after all experiments. There were no
statistical differences between sham control, hypoxia/ischemia, and hypoxia/ischemia
antagonist treated animals. Hypoxia decreased pO2 to 35 ± 4 mm Hg. Carbon dioxide levels
were kept constant during periods of hypoxia. There were no differences in mean arterial
blood pressure among groups (Legends for Figures 1-3).

3. Discussion
Several new findings emerged from this study. First, pial artery dilation in response to Katp
and Kca channel agonists was impaired after cerebral hypoxia/ischemia which was
aggravated by tPA administered either pre- or post-injury. Pre- or post-injury administration
of EEIIMD, but not the inactive analogue EEIIMR, prevented impairment of K channel
agonist mediated pial artery dilation. Since cerebral autoregulation during hypotension is
dependent on intact Katp and Kca function (3), these data suggest that thrombolytic therapy
for treatment of CNS ischemic disorders disrupts autoregulation by impairing cation-
mediated control of cerebrovascular tone.

Second, administration of the ERK MAPK antagonist U 0126 either pre- or post-injury also
prevented impairment of Katp and Kca mediated pial artery dilation. Hypoxia/ischemia
upregulates ERK MAPK immunoreactivity in cerebral cortex and CSF, in a lipoprotein
receptor protein (LRP) dependent manner (4), which was aggravated by tPA administered
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pre- and post-injury (7). Additionally, administration of the LRP antagonist RAP and an
anti-LRP antibody blunted impairment of dilation in response to hypercapnia and
hypotension after injury (4). Taken together, these data indicate that tPA impairs Katp and
Kca mediated cerebrovasodilation through upregulation of ERK MAP in an LRP dependent
manner. However, we cannot presently exclude the role of p38 and/or JNK MAPK in
modulation of K channel function. In particular, our recent work indicates that EEIIMD
prevents impairment of pial artery dilation in response to hypercapnia and hypotension after
cerebral hypoxia/ischemia by augmenting p38 MAPK upregulation (8).

In prior studies, it was observed that ischemia blunted pial artery dilation in response to
agonists of the Katp channel but dilation mediated by the Kca channel was resistant to
ischemia in the piglet (7,8). Reasons for differences between the present and of the prior
studies are uncertain, but could relate to differences in injury outcome between ischemia and
hypoxia/ischemia. For example, hypoxia/ischemia blunted pial artery dilation to both Katp
and Kca channel agonists whereas ischemia only affected responses to the Katp agonist in a
prior preliminary report in the piglet (2,9,10). Results of the present study affirm impairment
of dilation in response to agonists of both K channels after cerebral hypoxia/ischemia.

Control of cerebrovascular tone after hypoxic/ischemic injury plays a critical role in
mediating 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 (5,23,27,28). Pre-treatment with tPA potentiated the effect
of hypoxia/ischemia, reversing hypercapnic and hypotensive pial artery dilation to
vasoconstriction (5). This observation is particularly intriguing in that exogenous tPA by
itself produced modest dilation in control animals (5,6). 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. Since responses to isoproterenol after
hypoxia/ischemia remained unchanged in the presence of the plasminogen activator, these
data indicate that this effect is specific for hypercapnia and hypotension and likely depends
on the signal transduction cascades that they activate.

The PAI-1 derived peptide EEIIMD inhibits vasoactivity of tPA without inhibiting its
fibrinolytic activity (6,31). Pretreatment with EEIIMD partially prevented impairment of
hypercapnic and hypotensive pial artery dilation after hypoxia/ischemia (5,8). The protective
effect of EEIIMD, however, did not result from a general nonspecific potentiation/inhibition
of vascular responsiveness, as it had no effect on dilation induced by isoproterenol (5,8).
Results of the present study extend these initial observations and indicate that EEIIMD can
be administered in a clinically relevant timeframe to preserve autoregulation post injury.

In conclusion, these data indicate that hypoxia/ischemia impairs K channel mediated
cerebrovasodilation. tPA augments loss of K channel function after injury by upregulating
ERK. These data suggest that thrombolytic therapy for treatment of CNS ischemic disorders
can dysregulate cerebrohemodynamics by impairing cation-mediated control of
cerebrovascular tone.

4. Experimental Procedure
Closed cranial window technique and cerebral hypoxia/ischemia

Newborn pigs (1-5 days, 1.1-1.5 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
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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 (28,29). 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 (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.

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.

Eleven experimental groups were studied (all n=5): (1) sham control, vehicle treated, (2)
hypoxia/ischemia, vehicle pre-treated, (3) hypoxia/ischemia pre-treated with tPA (2 mg/kg
iv), (4) hypoxia/ischemia pre-treated with EEIIMD (1 mg/kg iv), (5) hypoxia/ischemia pre-
treated with EEIIMR (1 mg/kg iv), (6) hypoxia/ischemia pre-treated with U 0126 (1 mg/kg
iv), (7) hypoxia/ischemia, vehicle post-treated, (8) hypoxia/ischemia post-treated with tPA,
(9) hypoxia/ischemia post-treated with EEIIMD, (10) hypoxia/ischemia post-treated with
EEIIMR, and (11) hypoxia/ischemia post-treated with U 0126. The vehicle for all agents
was 0.9% saline, except for the MAPK inhibitor, which was diluted in dimethyl sulfoxide
(100 μl) diluted with 9.9 ml 0.9% saline. In sham control animals, responses to cromakalim,
CGRP, and NS 1619 (10−8, 10−6 M) were obtained initially and then again 2.5h later in the
presence of the agent vehicle. In hypoxia/ischemia animals, responses to vasoactive stimuli
were obtained initially and then again 2.5h post insult in the presence of the agent vehicle. In
drug treated hypoxia/ischemia animals, drugs were administered either 30 min before or 2h
after hypoxia/ischemia and the insult protocol followed as described above.

Statistical analysis
Pial artery diameters were analyzed using ANOVA for repeated measures. If the value was
significant, the data were then analyzed by Fishers protected least significant difference test.
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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.

Research Highlights

• Cerebral hypoxia/ischemia impairs both Katp and Kca-mediated
cerebrovasodilation

• ERK was upregulated after hypoxia/ischemia, which was potentiated by tPA

• tPA augments loss of K channel function after injury by upregulating ERK

• Thrombolytic therapy impairs cerebral hemodynamics by impairing K channel
function
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Figure 1.
Influence of cromakalim (10−8, 10−6 M) on pial artery diameter before injury (control), 2.5h
after hypoxia/ischemia (H/I), 2.5h after H/I treated with tPA (2 mg/kg iv), 2.5h after H/I
treated with EEIIMR (1 mg/kg iv), 2.5h after H/I treated with EEIIMD (1 mg/kg iv), and
2.5h after H/I treated with U 0126 (1 mg/kg iv), n=5. A: pre-treatment 30 min prior to H/I,
B: post-treatment 2h after H/I. Baseline pial artery diameters were 138 ± 14, 118 ± 11, 116 ±
10, 121 ± 13, and 120 ± 11 μm for control, H/I, H/I + tPA, H/I + EEIIMR, H/I + EEIIMD,
and H/I + U 0126 pretreated respectively. Mean arterial blood pressure was 70 ± 9, 65 ± 7,
66 ± 7, 67 ± 8 and 68 ± 9 mm Hg, respectively, under the same sequence of experimental
groups. *p<0.05 compared with corresponding control value +p<0.05 compared with
corresponding H/I non-treated value.
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Figure 2.
Influence of calcitonin gene related peptide (CGRP) (10−8, 10−6 M) on pial artery diameter
before injury (control), 2.5h after hypoxia/ischemia (H/I), 2.5h after H/I treated with tPA (2
mg/kg iv), 2.5h after H/I treated with EEIIMR (1 mg/kg iv), 2.5h after H/I treated with
EEIIMD (1 mg/kg iv), and 2.5h after H/I treated with U 0126 (1 mg/kg iv), n=5. A: pre-
treatment 30 min prior to H/I, B: post-treatment 2h after H/I. Baseline pial artery diameters
were 140 ± 16, 121 ± 11, 117 ± 10, 123 ± 13, and 121 ± 12 μm for control, H/I, H/I + tPA,
H/I + EEIIMR, H/I + EEIIMD, and H/I + U 0126 pretreated respectively. Mean arterial
blood pressure was 72 ± 9, 66 ± 7, 65 ± 7, 66 ± 8 and 68 ± 9 mm Hg, respectively, under the
same sequence of experimental groups. *p<0.05 compared with corresponding control
value +p<0.05 compared with corresponding H/I non-treated value.
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Figure 3.
Influence of NS 1619 (10−8, 10−6 M) on pial artery before injury (control), 2.5h after
hypoxia/ischemia (H/I), 2.5h after H/I treated with tPA (2 mg/kg iv), 2.5h after H/I treated
with EEIIMR (1 mg/kg iv), 2.5h after H/I treated with EEIIMD (1 mg/kg iv), and 2.5h after
H/I treated with U 0126 (1 mg/kg iv), n=5. A: pre-treatment 30 min prior to H/I, B: post-
treatment 2h after H/I. Baseline pial artery diameters were 136 ± 13, 119 ± 12, 118 ± 11, 120
± 12, and 118 ± 11 μm for control, H/I, H/I + tPA, H/I + EEIIMR, H/I + EEIIMD, and H/I +
U 0126 pretreated respectively. Mean arterial blood pressure was 73 ± 9, 66 ± 8, 66 ± 7, 67
± 8 and 68 ± 9 mm Hg, respectively, under the same sequence of experimental groups.
*p<0.05 compared with corresponding control value +p<0.05 compared with corresponding
H/I non-treated value.

Armstead et al. Page 11

Brain Res. Author manuscript; available in PMC 2012 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


