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Abstract

Traumatic brain injury (TBI) contributes to morbidity in children and boys, and hypotension worsens outcome.
Extracellular signal-related kinase (ERK) mitogen-activated protein kinase (MAPK) is upregulated more in
males and reduces cerebral blood flow (CBF) after fluid percussion injury (FPI). Increased cerebral perfusion
pressure (CPP) via phenylephrine (Phe) sex-dependently improves impairment of the cerebral autoregulation
seen after FPI through modulation of ERK MAPK upregulation, which is aggravated in males, but is blocked in
females. Activation of ATP- and calcium-sensitive (Katp and Kca) channels produces cerebrovasodilation and
contributes to autoregulation, both of which are impaired after FPI. Using piglets equipped with a closed cranial
window, we hypothesized that potassium channel functional impairment after FPI is prevented by Phe in a sex-
dependent manner through modulation of ERK MAPK upregulation. The Katp and Kca agonists cromakalim
and NS 1619 produced vasodilation that was impaired after FPI more in males than in females. Phe prevented
reductions in cerebrovasodilation after cromakalim and NS 1619 in females, but reduced dilation after these
potassium channel agonists were given to males after FPI. Co-administration of U 0126, an ERK antagonist, and
Phe fully restored dilation to cromakalim, calcitonin gene-related peptide (CGRP), and NS 1619, in males after
FPI. These data indicate that Phe sex-dependently prevents impairment of Katp and Kca channel-mediated
cerebrovasodilation after FPI in females, but aggravates impairment in males, through modulation of ERK
MAPK upregulation. Since autoregulation of CBF is dependent on intact functioning of potassium channels,
these data suggest a role for sex-dependent mechanisms in the treatment of cerebral autoregulation impairment
after pediatric TBI.
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Introduction

Pediatric traumatic brain injury (pTBI) is a global
public health concern (Langlois et al., 2005). Boys are

disproportionately represented and young children have
devastating outcomes after pTBI (Langlois et al., 2005). Sys-
temic hypotension is common after TBI (Coates et al., 2005),
resulting in low cerebral perfusion pressure (CPP), and
causing cerebral ischemia and poor outcomes, particularly
when cerebral autoregulation is impaired (Chaiwat et al.,
2009). Since cerebral blood flow (CBF) is dependent on CPP,

impaired cerebral autoregulation and CBF may contribute to
loss of neuronal cell integrity, and optimal CPP management
limits tissue hypoxia due to low CPP. Elevation of mean ar-
terial pressure (MAP) via a commonly used vasopressor such
as intravenous phenylephrine decreases brain edema (Ishi-
kawa et al., 2009), increases CPP and CBF, and can improve
cerebral autoregulation, thereby improving outcomes. Since
ethical constraints preclude mechanistic studies of cerebral
autoregulation in children, we used a porcine model of fluid
percussion injury (FPI) that mimics many of the pathophysi-
ological features of pTBI to corroborate clinical observations
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(Armstead and Kurth, 1994). Piglets offer the unique advan-
tage of a gyrencephalic brain containing substantial white
matter, which is sensitive to ischemic/TBI damage similarly
to the human brain. Our data suggest that the newborn pig
is more cerebrohemodynamically sensitive to FPI than the
juvenile, and impaired autoregulation post-insult may be
caused by an age-dependent decrease in the production of
calcitonin gene-related peptide (CGRP; Armstead and Kurth,
1994, Armstead 2000; Armstead and Vavilala, 2007). Adre-
nomedullin, a member of the CGRP family, prevents im-
pairment of cerebral autoregulation after FPI in piglets
(Armstead and Vavilala, 2007).

Relaxation of blood vessels can be mediated by several
mechanisms, including those related to cGMP, cAMP, and Kþ

channels (Faraci and Heistad, 1998). Membrane potential of
vascular muscle is a major determinant of vascular tone, and
activity of Kþ channels is a major regulator of membrane
potential (Faraci and Heistad, 1998). Activation or opening of
these channels increases Kþ efflux, producing hyperpolar-
ization of vascular muscle. Membrane hyperpolarization
closes voltage-dependent calcium channels, and causes re-
laxation of vascular muscle. Direct measurements of mem-
brane potential and Kþ channel current in vitro indicate that
several types of Kþ channels are present in cerebral blood
vessels. In addition, a number of pharmacological studies
using activators and inhibitors have provided functional ev-
idence that Kþ channels, particularly ATP-sensitive (Katp)
and calcium-sensitive (Kca) channels, regulate tone of cerebral
blood vessels (Faraci and Heistad, 1998). Prototypical Katp
agonists are cromakalim and CGRP, while NS 1619 is a Kca
agonist. Vasodilation due to these drugs can be used as an
index of the intactness of potassium channel function after TBI
(Armstead, 1997; Salvucci and Armstead, 2000).

Mitogen-activated protein kinase (MAPK) is a family of at
least three kinases (extracellular signal-related kinase [ERK],
p38, and c-Jun N-terminal kinase [JNK]; Laher and Zhang,
2001). Our recent studies show that ERK is upregulated more
in males and reduces CBF after FPI (Armstead et al., 2009,
2010a). Increased CPP via phenylephrine improves impair-
ment of cerebral autoregulation after FPI through modulation
of ERK MAPK upregulation, which is aggravated in males,
but blocked in females. In unrelated studies, we observed that
pial artery dilation in response to hypotension is dependent
on activation of Katp and Kca channels (Armstead, 1999).
After FPI, ERK MAPK is upregulated and contributes to re-
ductions in CBF and impaired dilation due to potassium
channel agonists such as CGRP (Armstead et al., 2009; Ross
and Armstead, 2003). Therefore, we explored the hypothesis
that potassium channel functional impairment arising after
FPI is prevented by phenylephrine in a sex-dependent man-
ner through modulation of ERK MAPK upregulation.

Methods

Closed cranial window and brain injury procedures

Newborn pigs (1–5 days old, weight 1.0–1.4 kg) of both
genders were studied. The brain of a pig this age roughly
approximates that of a 6-month- to 1-year-old human child
(Dobbing, 1974). All protocols were approved by the Institu-
tional Animal Care and Use Committee of the University of
Pennsylvania. The animals were sedated with isoflurane (1–2
MAC). Anesthesia was maintained with a-chloralose (30–

50 mg/kg, supplemented with 5 mg/kg/h IV). A catheter
was inserted into a femoral artery to monitor blood pressure
and to sample blood gas tension and pH. Drugs to maintain
anesthesia were administered via 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 37–398C, and temperature was
monitored rectally.

A cranial window was made in the parietal skull of the
anesthetized animal. This window consisted of three parts: a
stainless steel ring, a circular glass cover-slip, 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: 3.0 mM KCl, 1.5 mM MgCl2, 1.5 mM CaCl2,
132 mM NaCl, 6.6 mM urea, 3.7 mM dextrose, and 24.6 mM
NaHCO3. This artificial CSF was warmed to 378C 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.

The method used to induce brain FPI has been described
previously (Wei et al., 1980). A device designed at the
Medical College of Virginia was used. A small opening was
made in the parietal skull contralateral to the cranial win-
dow. A metal shaft was sealed in the opening on top of the
intact dura. This shaft was connected to the transducer
housing, which in turn was connected to the fluid percussion
device. The device itself consisted of an acrylic plastic cy-
lindrical reservoir 60 cm long, 4.5 cm in diameter, and 0.5 cm
thick. One end of the device was connected to the transducer
housing, whereas the other end had an acrylic plastic piston
mounted on O-rings. The exposed end of the piston was
covered with a rubber pad. The entire system was filled with
0.9% saline. The percussion device was supported by two
brackets mounted on a platform. FPI was induced by strik-
ing the piston with a 4.8-kg pendulum. The intensity of the
injury (1.9–2.3 atm, with a duration of 19–23 msec) was
controlled by varying the height from which the pendulum
was allowed to fall. The pressure pulse of the injury was
recorded on a storage oscilloscope triggered photoelectri-
cally by the fall of the pendulum. The amplitude of the
pressure pulse was used to determine the intensity of the
injury.

Protocol

Two types of pial vessels, small arteries (resting diameter
120–160 mm) and arterioles (resting diameter 50–70 mm),
were examined to determine whether segmental differences
in the effects of FPI could be identified. Typically, 2–3 mL of
artificial CSF was flushed through the window over a 30-sec
period, and excess CSF was allowed to run off through one
of the needle ports. For sample collection, 300mL of the total
cranial window volume of 500mL was collected by slowly
infusing artificial CSF into one side of the window, and al-
lowing the CSF to drip freely into a collection tube on the
opposite side. Fourteen experimental groups were studied
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(all n¼ 5) (1 and 2) male and female sham controls, (3 and 4)
male and female FPI, vehicle pre-treated, (5 and 6) male and
female FPI pre-treated with phenylephrine (1mg/kg/min
IV), (7 and 8) male and female FPI pre-treated with phen-
ylephrine and the ERK MAPK antagonist U 0126 (1 mg/kg
IV), (9 and 10) male and female FPI vehicle post-treated, (11
and 12) male and female FPI post-treated with phenyleph-
rine, and (13 and 14) male and female FPI post-treated with
phenylephrine and U 0126. The dose of phenylephrine was
chosen based on that used clinically for treatment of pedi-
atric TBI patients at the University of Washington (unpub-
lished observations). The vehicle for all agents was 0.9%
saline, except for the MAPK inhibitor, for which it was di-
methyl sulfoxide (100 mL) diluted with 9.9 mL 0.9% saline. In
sham control animals, the responses to cromakalim and
CGRP, the Katp agonists, and NS 1619, the Kca agonist (10�8

and 10�6 M), were obtained initially, and then again 1 h later
in the presence of the agent vehicle. In drug-treated FPI
animals, phenylephrine, U 0126, or their combination were
administered either 30 min before or 30 min after FPI, and
the responses to cromakalim, CGRP, and NS 1619 were
obtained at 1 h post-injury.

Enzyme-linked immunosorbent assay (ELISA)

Commercially available ELISA kits were used to quantity
CSF adrenomedullin concentrations (an endogenous member
of the CGRP family) in sham-control animals 1 h post FPI.

Statistical analysis

Pial artery diameter and CSF adrenomedullin values were
analyzed using repeated-measures analysis of variance
(ANOVA). If the value was significant, the data were then
analyzed by Fisher’s protected least significant difference test.
An a level of p< 0.05 was considered significant in all statis-
tical tests. Values are represented as mean� standard error of
the mean (SEM) of the absolute value, or as percentage
changes from control values.

Results

FPI impairs pial artery dilation
in response to Katp and Kca channel agonists
more in males compared to females

Cromakalim, CGRP, and NS 1619 (10�8 and 10�6) elicited
reproducible pial small artery dilation. Vasodilation in re-
sponse to all three potassium channel agonists was blunted
after FPI more in the male than the female (Figs. 1, 2, and
3). Similar observations were made in pial arterioles.

Phenylephrine prevents loss of pial artery dilation
in response to potassium channel agonists after FPI
in females, but aggravates this loss in male piglets

Phenylephrine (1mg/kg/min IV) administered either
30 min prior to or 30 min after FPI, prevented reductions in
pial small artery cerebrovasodilation in response to croma-
kalim, CGRP, and NS 1619 in females, but further reduced
(e.g., blocked) dilation with these potassium channel agonists
in males after injury (Figs. 1, 2, and 3). Similar observations
were made in pial arterioles. Phenylephrine produced com-
parable increases in MAP in male and female piglets (Arm-
stead et al., 2010b). Phenylephrine increased CPP more in the
female than in male piglets, both after FPI and combined
hypotension and FPI, a result similar to that of our prior study
(Armstead et al., 2010b).

Co-administration of an ERK MAPK antagonist
with phenylephrine fully restores potassium
channel-mediated cerebrovasodilation in males after FPI

Co-administration of U 0126 (1 mg/kg IV), an ERK an-
tagonist, and phenylephrine, either 30 min before or 30 min
after FPI, fully restored pial small artery dilation in re-
sponse to cromakalim, CGRP, and NS 1619 in males after
FPI. No further effect on vascular reactivity to these po-
tassium channel activators after FPI was seen in females
given both U 0126 and phenylephrine, compared to the

FIG. 1. Influence of cromakalim (10�8 and 10�6 M) on pial artery diameter in newborn male (A) and female (B) piglets
before injury (Control; sham control), 1 h after FPI (FPI), 1 h after FPI treated 30 min prior to injury with phenylephrine
(FPIþPhe pre-treat; 1mg/kg/min IV), 1 h after FPI treated with Phe 30 min after injury (FPIþPhe post-treat), 1 h after FPI
treated with PheþU 0126 (FPIþPheþU 0126 pre-treat; 1 mg/kg IV) 30 min prior to injury, and 1 h after FPI treated with
PheþU 0126 30 min after injury (FPIþPheþU 0126 post-treat; all n¼ 5; *p< 0.05 compared with corresponding control
value; þp< 0.05 compared with corresponding FPI untreated value; #p< 0.05 compared with corresponding female value;
FPI, fluid percussion injury).
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responses noted in animals receiving phenylephrine alone
(Figs. 1, 2, and 3). Similar observations were made in pial
arterioles.

CSF adrenomedullin is upregulated
after FPI in the female, but is unchanged in the male

Phenylephrine decreased adrenomedullin concentrations
after FPI, contrary to the increases seen in CSF adrenome-
dullin concentrations after combined phenylephrine and U
0126 in the male, while concentrations were largely un-
changed in the female.

Adrenomedullin is an endogenous member of the CGRP
family. CSF adrenomedullin concentrations are increased
after FPI in the female, but these concentrations are un-
changed after FPI in the male (Fig. 4), as reported previ-
ously (Armstead et al., 2010b). Phenylephrine decreases

CSF adrenomedullin concentrations after FPI in the male,
which is contrary to the increases in adrenomedullin seen
with combined phenylephrine and U 0126 (Fig. 4). In the
female, however, phenylephrine increases CSF adrenome-
dullin after FPI (Armstead et al., 2010b), and combined
phenylephrine and U 0126 have only a minimal addi-
tional effect on CSF adrenomedullin concentrations after
FPI (Fig. 4).

Blood chemistry

There were no statistically significant differences in blood
chemistry between sham control, FPI, and FPIþdrug-treated
animals before or after in all experiments. The amplitude of
the pressure pulse, which is used as an index of injury in-
tensity, was equivalent in male and female FPI-vehicle- and
FPIþdrug-treated animals (1.9� 0.1 atm).

FIG. 2. Influence of calcitonin gene-related peptide (CGRP) (10�8 and 10� M) on pial artery diameter in newborn male (A)
and female (B) piglets before injury (Control; sham control), 1 h after FPI (FPI), 1 h after FPI treated 30 min prior to injury with
phenylephrine (FPIþPhe pre-treat; 1 mg/kg/min IV), 1 h after FPI treated with Phe 30 min after injury (FPIþPhe post-treat),
1 h after FPI treated with PheþU 0126 (FPIþPheþU 0126 pre-treat; 1 mg/kg IV) 30 min prior to injury, and 1 h after FPI
treated with PheþU 0126 30 min after injury (FPIþPheþU 0126 post-treat; n¼ 5; *p< 0.05 compared with corresponding
control value; þp< 0.05 compared with corresponding FPI untreated value; #p< 0.05 compared with corresponding female
value; FPI, fluid percussion injury).

FIG. 3. Influence of NS 1619 (10�8 and 10�6 M) on pial artery diameter in newborn male (A) and female (B) piglets before
injury (Control; sham control), 1 h after FPI (FPI), 1 h after FPI treated 30 min prior to injury with phenylephrine (FPIþPhe
pre-treat; 1 mg/kg/min IV), 1 h after FPI treated with Phe 30 min after injury (FPIþPhe post-treat), 1 h after FPI treated with
PheþU 0126 (FPIþPheþU 0126 pre-treat; 1 mg/kg IV) 30 min prior to injury, and 1 h after FPI treated with PheþU 0126
30 min after injury (FPIþPheþU 0126 post-treat; n¼ 5; *p< 0.05 compared with corresponding control value; þp< 0.05
compared with corresponding FPI untreated value; #p< 0.05 compared with corresponding female value; FPI, fluid per-
cussion injury).
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Discussion

Several key findings emerged from this study. First, vaso-
dilation in response to activators of the Katp and Kca channels
was observed to be impaired more in the male than in the
female after FPI. These data expand prior observations
showing a similarly blunted vascular response to potassium
channel agonists after FPI in studies that did not consider the
role of gender in the effects of FPI on cerebral hemodynamics
(Armstead, 1997; Salvucci and Armstead, 2000). Because the

intensity level of injury was equivalent between males and
females, these data suggest intrinsic gender differences in
outcome after pTBI.

Second, the results of this study show that systemic MAP
support with phenylephrine robustly protects vasodilation in
response to Katp- and Kca-channel agonists in the setting of
FPI in the female, but not the male, newborn pig. In fact, the
systemic vasopressor phenylephrine worsens the loss of di-
lator responsiveness to potassium channel agonists after FPI in
the male piglet, further indicating sex-dependent differences

FIG. 4. Cerebrospinal fluid (CSF) adrenomedullin as a function of time in newborn male (A) and female (B) piglets before
injury (Control; sham control), 1 h after FPI (FPI), 1 h after FPI treated 30 min prior to injury with phenylephrine (FPIþPhe
pre-treat; 1 mg/kg/min IV), 1 h after FPI treated with Phe 30 min after injury (FPIþPhe post-treat), 1 h after FPI treated with
PheþU 0126 (FPIþPheþU 0126 pre-treat; 1 mg/kg IV) 30 min prior to injury, and 1 h after FPI treated with PheþU 0126
30 min after injury (FPIþPheþU 0126 post-treat; n¼ 5; *p< 0.05 compared with corresponding control value; þp< 0.05
compared with corresponding FPI untreated value; #p< 0.05 compared with corresponding female value; FPI, fluid per-
cussion injury).

FIG. 5. Proposed sex-dependent relationships between exogenous phenylephrine (Phe), endogenous adrenomedullin
(ADM), and ERK MAPK, in the setting of fluid percussion brain injury (FPI), in determining the ability of Katp- and Kca-
channel agonists to elicit cerebrovasodilation, thereby contributing to autoregulation during hypotension. Arrow thickness
reflects the relative degree to which this action occurs (ERK, extracellular signal-related kinase; MAPK, mitogen-activated
protein kinase).

PHENYLEPHRINE, K CHANNELS, AND BRAIN INJURY 109



in outcome when using the same clinically-driven critical
pathway for the treatment of pTBI. Recent studies have
shown that systemic pressor support with phenylephrine also
profoundly protects cerebral autoregulation in the setting of
FPI in the female, but not the male, newborn pig (Armstead
et al., 2010b). In prior unrelated studies, it was observed that
pial artery dilation in response to hypotension is dependent
on the activation of Katp and Kca channels (Armstead, 1999).
Taken together, the results of the present study provide a
mechanistic basis for the recently observed ability of phen-
ylephrine to preserve autoregulation in the female, but not in
the male, newborn piglet after FPI.

Our previous recent studies also showed that FPI produces
greater increases in intracranial pressure (ICP) and reductions
in parietal cortical blood flow and CPP in male compared to
female newborn piglets (Armstead et al., 2010a, 2010b). Phe-
nylephrine blunted FPI-associated increases in ICP post-
injury in male and female piglets (Armstead et al., 2010b).
However, during combined hypotension and FPI, phenyl-
ephrine only prevented further increases in ICP in females,
but not in males. Phenylephrine increased CPP more in fe-
males than males after FPI plus hypotension, despite causing
an equivalent increase in MAP in both sexes (Armstead et al.,
2010b). The mechanism by which phenylephrine infusion
preserves CPP in female piglets is via decreasing ICP, since
CPP¼MAP – ICP. These data indicate that FPI produces sex-
dependent differences in ICP and CPP, while phenylephrine
infusion has different efficacy in elevating CPP in male and
female piglets.

A third key new finding is that co-administration of an ERK
MAPK antagonist with phenylephrine fully restores potas-
sium channel–mediated cerebrovasodilation in males after
FPI. Prior studies have shown that FPI-associated upregula-
tion of ERK MAPK contributes to reductions in CBF and im-
paired cerebral autoregulation (Armstead et al., 2009, 2010a).
Phenylephrine blocks ERK MAPK upregulation after FPI in
the female, but not in the male, where it actually aggravates
such upregulation (Armstead et al., 2010b). The results of this
study extend the latter by providing a mechanistic explana-
tion (e.g., impaired potassium channel function) for the
cerebral dysregulation seen during hypotension with phen-
ylephrine infusion in the setting of brain injury. These data
suggest that therapies for the treatment of brain-injured chil-
dren should consider the addition of interventions that block
ERK MAPK, particularly in boys. Nonetheless, we do ac-
knowledge the caveat that sex-dependent differences in ERK
MAPK signaling may not be the only explanation for the
observed innate differential sex-based effects of FPI on cere-
bral hemodynamics.

A fourth key finding of the present study relates to
adrenomedullin. Our prior studies have indicated a promi-
nent role for impairment of potassium channel function and
decreased production of CGRP peptides in the cerebrovas-
cular dysregulation seen during hypotension after FPI
(Armstead, 2000; Armstead and Vavilala, 2007). Adreno-
medullin is a 52-amino-acid peptide belonging to the CGRP
family. In rats, adrenomedullin mRNA expression is upre-
gulated after ischemia and may be cerebroprotective, par-
ticularly after stroke (Miyashita et al., 2006; Wang et al.,
1995). Adrenomedullin increases CBF and prevents ischemia
after middle cerebral artery occlusion (Dogan et al., 1997).
Marked increases in CSF adrenomedullin in children occur

after severe TBI, and CBF was positively correlated with CSF
adrenomedullin levels (Robertson et al., 2001), suggesting
that it may be neuroprotective (Baskaya et al., 2005; Juhl
et al., 2006). Our recent studies indicate that adrenomedullin
prevents sex-dependent impairment of the autoregulation
seen during hypotension after FPI, through inhibition of
ERK MAPK upregulation (Armstead et al., 2010a). In prior
studies, CSF adrenomedullin was found to be upregulated
after FPI in the female, but unchanged in the male (Arm-
stead and Vavilala, 2007). In the male, phenylephrine de-
creases adrenomedullin after FPI, which is contrary to the
increase in CSF adrenomedullin seen with combined phen-
ylephrine and U 0126. In the female, phenylephrine increases
CSF adrenomedullin levels, while combined U 0126 and
phenylephrine had little further effect on adrenomedullin
concentration. These data indicate that the combination of U
0126 with phenylephrine contributes to improved cerebral
hemodynamic outcomes, both through upregulation of an
endogenous dilator system, as well as through inhibition of a
signaling system (e.g., ERK MAPK). Figure 5 summarizes
these interrelationships.

In conclusion, phenyleprhine sex-dependently prevents
impairment of Katp and Kca channel–mediated cere-
brovasodilation after FPI in females, but aggravates this im-
pairment in males, through modulation of ERK MAPK
upregulation. Since autoregulation of CBF is dependent on
intact functioning of potassium channels, these data suggest a
role for sex-dependent mechanisms in the treatment of the
impaired cerebral autoregulation seen after pTBI.
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