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Abstract
Background—Cerebral hypoxia/ischemia during infant congenital heart surgery is not
uncommon, and may induce devastating neurologic disabilities persistent over the lifespan.
Hypoxia/ischemia-induced cerebrovascular dysfunction is thought to be an important contributor
to neurological damage. No pharmacological agents have been found to prevent this. Mitogen
activated protein kinase (MAPK), including extracellular signal regulated kinase (ERK), c-Jun-N-
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terminal kinase (JNK) and p38, is thought to contribute to ischemic preconditioning. We
investigated whether pretreatment with salvinorin A, the only natural non-opioid kappa receptor
agonist, could preserve autoregulation of the pial artery via MAPK.

Methods—The response of the pial artery to hypotension and hypercapnia was monitored in
piglets equipped with a closed cranial window before and after hypoxia and ischemia in the
presence or absence of U0126, an inhibitor for the protein kinase upstream of ERK, sp600125, an
inhibitor of c-JNK or sb203580, an inhibitor of p38. Salvinorin A (10 μg/kg IV) was administered
30 minutes before hypoxia/ischemia in salvinorin-treated animals. Cerebrospinal fluid samples
were collected before and 30 minutes after salvinorin A administration for the measurement of
MAPK. Data (n=5) were analyzed by repeated-measures analysis of variance.

Results—Pial artery dilation to hypercapnia and hypotension was blunted after hypoxia/
ischemia, but preserved well by pretreatment with salvinorin A. U0126, but not sp600125 or
sb203580, abolished the preservative effects of salvinorin A on cerebral vascular autoregulation to
hypotension and hypercapnia. The ratio of pERK/ERK in cerebrospinal fluid increased
significantly in salvinorin-treated animals, which was inhibited by U0126.

Conclusions—Salvinorin A pretreatment preserves autoregulation of the pial artery to
hypotension and hypercapnia after hypoxia/ischemia via ERK in a piglet model.

Cerebral hypoxia/ischemia because of the interruption of cerebral blood flow during
cardiopulmonary bypass with deep hypothermia circulation arrest (DHCA) surgery for
congenital cardiac surgery is a significant clinical issue (1). Fifty percent of children with
complex congenital heart disease undergoing cardiopulmonary bypass with DHCA have
developmental deficits, such as disabilities in speech and attention deficit disorder by school
age(2). Cerebral hypoxia /ischemia occurred during DHCA is predictable(1); thus, it is
possible to minimize the brain injury induced by ischemia with pharmacologic approaches.
Unfortunately, no pharmacological agent with proven clinical benefit has yet been
identified.

Loss of cerebral vascular autoregulation is one of the key features of cerebral hypoxia/
ischemia (3-5). The loss of autoregulation to hypotension could result in a pressure passive
cerebral circulation, which may decrease cerebral blood flow and further aggravate brain
ischemia(6). Loss of cerebrovascular regulation to hypercapnia also contributes to the
development of the pressure passive circulation and periventricular leukomalacia(6). Thus,
preservation of cerebral vascular autoregulation from ischemia is very important to reduce
brain injury from ischemia. We recently demonstrated that salvinorin A, an active
component of Salvia divinorum and a non-opioid kappa opioid receptor (KOR) agonist, is a
potent cerebral vascular dilator in normal and pathological conditions (7). It is likely that
salvinorin A could protect cerebral vasculature from ischemia. Unlike other KOR agonists,
salvinorin A has long been used by different ethnic groups for various purposes, including
spiritual experiences and “treating” illnesses (8,9), indicating its high potential as a clinically
acceptable medication.

It has been demonstrated that systemic administration of KOR agonists has neuroprotective
effects in animal models of cerebral ischemia (10,11). KOR agonists could activate mitogen-
activated protein kinase (MAPK) (12,13). MAPK is a key intracellular signaling system,
which includes extracellular signal regulated kinase (ERK), c-Jun-N-terminal kinase (JNK)
and p38 (14). It was demonstrated that prolonged and persistent activation of the ERK
cascade is an important contributory mechanism of cerebral ischemic preconditioning
(15-17). This pathway is also involved in many other forms of pharmacological
preconditioning, such as isoflurane and sevoflurane (18,19). Thus, it is likely that salvinorin
A may generate cerebral protective effects via this pathway. Based on the above evidence,
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we hypothesized that salvinorin A pretreatment might preserve autoregulation of pial vessels
to hypotension and hypercapnia from hypoxia/ischemia via activation of MAPK.

Methods
Salvinorin A (purity ≥98%) was from ChromaDex, Inc. (Irvine, CA, USA). Isoproterenol,
U0126, sp600125 and sb203580 were obtained from Sigma-Aldrich (MO, St. Louis, MO,
USA). All other chemicals were also obtained from Sigma and were of reagent grade.

Animals and Surgery
One to 5-day-old piglets were used. Protocols were approved by the Institutional Animal
Care and Use Committee of the University of Pennsylvania (Philadelphia). Isoflurane (1–2
minimum alveolar concentration) was initially used for induction, followed by alpha-
chloralose for maintenance of anesthesia (30–100 mg/kg, supplemented with 5-30mg/kg
every 20-30min IV). After tracheotomy, piglets’ lungs were mechanically ventilated with
room air and kept warm with a heating pad, maintaining rectal temperature at 37 to 39°C.
Femoral arteries were cannulated for continuous arterial blood pressure monitoring or
intermittent blood gas monitoring, and the femoral vein was catheterized for medication
administration. As described previously (20), a closed cranial window was placed for direct
pial artery visualization and diameter measurement (20). Small pial arteries (120 to 160 μ m)
and arterioles (50 to 70 μ m) were identified under a microscope, visualized on a monitor
connected to the microscope, and measured via a video microscaler (model VPA 550, For-
A-Corp., Los Angeles, CA). The cranial window was a steel ring with a glass coverslip,
connecting to three ports for cerebrospinal fluid (CSF) sampling, washout and medicine
administration. Cortical periarachnoid CSF was collected through one of the above ports at
baseline and 30 minutes after administration of salvinorin A or U0126 plus salvinorin A for
ERK/MAPK analysis.

Protocol
Hypoxia was induced for 10 minutes by switching room air to N2 for ventilation, followed
by restoring ventilation to room air. Global cerebral ischemia was then induced by infusing
saline through a hollow bolt in the cranium to maintain intracranial pressure higher than the
mean arterial blood pressure for 20 min. Global ischemia was confirmed when the blood
flow in the pial artery stopped, visualized on the monitor connected to the microscope over
the cranial window. In order to avoid Cushing response (arterial blood pressure increasing
dramatically because of high intracranial pressure), blood was withdrawn when necessary to
maintain mean arterial blood pressure no higher than 100 mmHg. The blood was returned
via the femoral vein at the end of ischemia.

Five sets of experiments were performed (n=5 in each set of experiments): (1) hypoxia/
ischemia with vehicle of salvinorin A, dimethylsulfoxide (DMSO), 1μl/kg administered 30
minutes before hypoxia/ischemia; (2) hypoxia/ischemia with salvinorin A, 1μg/μl in DMSO,
10 μg/kg IV; (3) hypoxia/ischemia with salvinorin A (10 μg/kg IV) and U0126 (1mg/kg,
IV), an inhibitor for the protein kinase upstream of ERK, (4) hypoxia/ischemia with
salvinorin A and sp600125 (1μM, topically injected through one port of the cranial
windows), an inhibitor of JNK, and (5) hypoxia/ischemia with salvinorin A and sb203580
(10μM, topically injected through one port of the cranial windows), an inhibitor of P38.
U0126, sp600125 and sb203580 were administered 30 minutes before salvinorin A.
Sp600125 and sb203580 were co-administered with the vasoactive stimulus so as to have
continued exposure of the cerebral cortical surface after injury.
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Hypercapnia (PaCO2 of 50 to 60 mmHg for low level, 70 to 80 mmHg for high level) was
produced by inhalation of a high concentration CO2 mixture gas (10% CO2; 21% O2;
69%N2). Hypotension was produced by withdrawing blood from the femoral artery (25%
decrease in mean arterial blood pressure as moderate and 45% as severe). Pial artery
responses to hypotension, hypercapnia, and isoproterenol (10 nM, 1μM) were obtained
before hypoxia/ischemia and 60 minutes after injury as described previously(21).

ERK and pERK Measurement
To test the role of ERK on the observed effects of salvinorin A on brain hypoxia/ischemia,
CSF samples were collected for MAPK. MAPK isoforms were measured by commercially
available ELISA kits (Enzo Life Sciences International, Inc., Plymouth Meeting, PA).

Statistical Analysis
Data obtained for the investigation of the effects of cerebral hypoxia/ischemia on pial artery
responses to hypercapnia, hypotension, and isoproterenol on pial artery diameter were
analyzed by repeated measures ANOVA with a Greenhouse Geisser correction. Bonferroni
correction was used for all post hoc analyses (10 comparisons for each stimulation). Five
different treatments (DMSO, salvinorin A, SB203580, U0126, and SP600125) were used as
the factors for comparisons between groups, and four measurements for three stimulations
before and after hypoxia/ischemia was used as the repeated measure factor (5 × 4 × 3 × 2).
The baseline was not included in the repeated measure analysis. The repeated measures
ANOVA with a Greenhouse Geisser correction was used for the pERK/ERK data to
compare the ratio changes before and after administration of salvinorin A with three
different treatments (DMSO, salvinorin A and salvinorin A +U0126) as the between group
factor and time (before and 30min after salvinorin A) as the repeated measure factor. An
alpha level of P<0.05 was considered significant in all statistical tests. All values are
represented as means ± standard error. All P-values reported in the paper have been
corrected for the effect of multiple comparisons. Although the sample size in this study is
rather small, there was no apparent violation of the assumptions of lack of interaction,
homogeneity of variance, and normal distribution.

Results
Salvinorin A preserved pial artery autoregulation to hypotension after hypoxia/ischemia

As indicated in Figure 1, small pial arteries dilated to two levels of hypotension at baseline
before hypoxia/ischemia, but the dilatation response was decreased significantly after
hypoxia/ischemia(p<0.001 compared with that before hypoxia/ischemia). Pretreatment with
salvinorin A (10 μg/kg, IV.) preserved the dilation response of pial arteries to hypotension.
This was abolished by U0126 (p<0.001 compared with salvinorin A group), the antagonist
of ERK. However, there were no significant changes after treatment with SP600125
(antagonist of JNK, p>0.05 compared with salvinorin A group) and SB203580 (antagonist
of P38 ,p>0.05 compared with salvinorin A group) which were administered 30 minutes
before administration of salvinorin A. Similar observations were obtained in pial arterioles
(data not shown).

Salvinorin A preserved pial artery autoregulation to hypercapnia after hypoxia/ischemia
Similar to the response to hypotension, small pial arteries dilated to two levels of
hypercapnia at baseline before hypoxia/ischemia (Figure 2). The dilatation response was
blunted after hypoxia/ischemia. Pretreatment with salvinorin A (10 μg/kg, IV.) preserved the
dilation response of pial arteries to hypercapnia. This was abolished by U0126, the
antagonist of ERK. No significant change in the preservative effects was observed from
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SP600125 and SB203580 administered 30 minutes before administration of salvinorin A
(P>0.05). Similar observations were obtained in pial arterioles (data not shown).

Pial artery response to isoproterenol unchanged in all sets of experiments
As a positive control and indicated in Figure 3, the pial artery response to isoproterenol was
unchanged in all groups before and after hypoxia/ischemia in the presence or absence of the
above interventions.

ERK involved in the preservation effects of salvinorin A
The ratio of pERK/ERK in CSF increased significantly 30 minutes after salvinorin A
pretreatment (Fig.4). However, if U0126, the antagonist of ERK, was administered 30
minutes before salvinorin administration, the ratio of pERK/ERK was unchanged 30
minutes after salvinorin A pretreatment (Fig.4).

Discussion
There are two principal new findings in this study. First, pretreatment with salvinorin A
preserved cerebrovascular autoregulatory ability after hypoxia/ischemia. Second, ERK/
MAPK is involved in the ability of salvinorin A to preserve autoregulation. The present
study also confirmed our earlier findings that global hypoxia/ischemia in newborn piglets
blunts the autoregulatory ability of the cerebral vascular response to hypotension and
hypercapnia (21,22).

Although the pathophysiological responses to cerebral hypoxia/ischemia in infants is not
fully elucidated, cerebrovascular dysfunction plays a very important role in neurological
insult after hypoxia/ischemia (6). There is no optimal pharmacological intervention that
could be used to prevent or preserve cerebral vascular autoregulatory responses to
hypotension and hypercapnia secondary to brain injury. The only medication approved by
the Food and Drug Administration for stroke is recombinant tissue plasminogen activator
(tPA)(23). However, despite its salutary role in reopening the clotted blood vessel, tPA
increases stroke infarct volume in mice (24) and it enhances the impairment of
autoregulation induced by hypoxia/ischemia (21). L-NNA, an inhibitor of nitric oxide
synthesis, was proven to be able to restore cerebral vascular autoregulation administered
after ischemia (25); however, its safety profile is unclear for clinical usage.

In the present study, we demonstrated that salvinorin A pretreatment preserved the
autoregulatory responses to hypotension and hypercapnia after hypoxia/ischemia in a piglet
model, which opens new possibilities for its clinical application to attenuate cerebral
hypoxia/ischemia, especially for anticipated brain ischemia during DHCA in infants.

Unlike other KOR receptors that have no proven clinical values, salvinorin A is extracted
from an abundant natural plant, Salvia Divinorum. Very similar to the history of opium,
Salvia Divinorum has been used by humans for various purposes for several centuries. It has
been proposed that salvinorin A, the active component of Salvia Divinorum, could be a
potential new kappa agonist to be used in clinical practice (8,26,27).

Salvinorin A is a potent cerebral vascular dilator in normal and constricted conditions as we
demonstrated recently (7). However, this dilatation effect is short lived unless it is
continually administered; thus, the preservation of autoregulation is unlikely induced from
the dilatation effects because salvinorin was administered 30 min before hypoxia/ischemia.
MAPK is proven to be very important in signal transduction from the cell surface to the
nucleus(14). An increase of ERK/MAPK before ischemia is related to neuronal survival
after ischemia (14). Activation of ERK/MAPK in the hippocampal CA1 region after
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sublethal ischemia correlates with neuroprotection induced by preconditioning (15,28).
Exercise preconditioning reduces neuronal apoptosis in stroke by up-regulating ERK/MAPK
(29). In the present study, pERK/ERK in CSF increased significantly 30 minutes after
administration of salvinorin A, indicating the activation of ERK and suggesting that
salvinorin A might be vascularly or neuronally protective when administered before brain
ischemia. However, other studies have observed that an increase of ERK/MAPK in the
immediate postinjury reperfusion period is associated with impairment of responses to
cerebrovasodilators as well as histopathology after hypoxia/ischemia in the piglet (30). The
reason for the observed duality of ERK/MAPK function is uncertain but may relate to the
cellular site of origin, signal coupling, or temporal pattern of release.

Newborn piglets used in the present study offer the unique advantage of a gyrencephalic
brain containing substantial white matter, which is more sensitive to ischemic damage than
rodent brain, and more similar to humans (31,32). One limitation of this study is that subtle
differences might be missed because of the underpowered statistical analysis as evidenced
by the 95% confidence interval width less than 11. Future studies will also be needed to
fully characterize the duality of ERK/MAPK in the regulation of cerebral hemodynamics
during physiologic and pathologic conditions in the perinatal period.

Conclusions
In conclusion, salvinorin A pretreatment preserved cerebrovascular autoregulation to
hypotension and hypercapnia after brain hypoxia/ischemia via ERK/MAPK in a piglet
model.
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Figure 1.
Effects of hypotension on pial artery diameter before (baseline), after hypoxia/ischemia (H/
I; PO2 of 35 mm Hg for 10 minutes followed by global cerebral ischemia for 20 minutes),
after H/I pretreated with salvinorin A (10μg/kg IV; H/I+SA) 30 minutes before H/I, and
after H/I pretreated with U0126 (1mg/kg, IV; H/I+SA+U0126), the antagonist of
extracellular signal regulated kinase (ERK), 30 minutes before salvinorin A, SP600125
(1μM, administered topically; H/I+SA+SP600125), the antagonist of c-Jun-N-terminal
kinase (JNK), 30 minutes before salvinorin A, SB203580 (10μM, administered topically; H/
I+SA+SB203580), the antagonist of P38, 30 minutes before salvinorin A. Pretreatment with
salvinorin A preserved the dilation response of the pial artery to hypotension, which is
abolished by U0126. SA: Salvinorin A; H/I: Hypoxia/ischemia; Moderate: moderate
hypotension (25 % decrease of mean arterial blood pressure [MAP]); Severe: severe
hypotension (45% decrease of MAP). N= 5 each group; baseline bar represents the data
from all 25 animals. All nonlisted corrected P-values >0.405. All corrected 95% confidence
interval width <10.32
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Figure 2.
Effects of hypercarbia on pial artery diameter before (baseline), after hypoxia/ischemia (H/I;
PO2 of 35 mm Hg for 10 minutes followed by global cerebral ischemia for 20 minutes), after
H/I pretreated with salvinorin A (10μg/kg IV; H/I+SA) 30 minutes before H/I, and after H/I
pretreated with U0126 (1mg/kg, IV; H/I+SA+U0126), the antagonist of extracellular signal
regulated kinase (ERK), 30 minutes before salvinorin A, SP600125 (1μM, administered
topically; H/I+SA+SP600125), the antagonist of c-Jun-N-terminal kinase (JNK), 30 minutes
before salvinorin A, SB203580 (10μM, administered topically; H/I+SA+SB203580), the
antagonist of P38, 30 minutes before salvinorin A. Pretreatment with salvinorin A preserved
the dilation response of the pial artery to hypercarbia, which is abolished by U0126. SA:
Salvinorin A; H/I: Hypoxia/ischemia; Moderate: moderate hypercapnia with PaCO2 of 50 to
60 mmHg; Severe: severe hypercapnia with PaCO2 of 70 to 80 mmHg. N= 5 each group;
baseline bar represents the data from all 25 animals. All non-listed corrected P-values
>0.108. All corrected 95% confidence interval width <10.43.
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Figure 3.
Effects of isoproterenol (10nM, 1μM) on pial artery diameter before (baseline) and after
hypoxia/ischemia did not change significantly in the presence and absence of various
interventions. SA: Salvinorin A; H/I: Hypoxia/ischemia. N= 5 each group; baseline bar
represents the data from all 25 animals. All nonlisted corrected P-values =1. All corrected
95% confidence interval width <10.13.
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Figure 4.
The ratio of p extracellular signal regulated kinase (ERK)/ERK before administration of
salvinorin A and 30 minutes after pretreatment of salvinorin A or U0126 plus salvinorin A.
The ratio of pERK/ERK in cerebrospinal fluid (CSF) increased significantly 30 minutes in
the salvinorin A pretreatment group; and such increase was abolished by the ERK antagonist
(U0126) pretreatment SA: Salvinorin A. H/I: Hypoxia/ischemia. All nonlisted corrected P-
values =1. All corrected 95% confidence interval width <0.33.
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