Karp-channel inhibition improves hemodynamics
and cellular energetics in hemorrhagic shock
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1997.—We tested whether activation of Kxrp channels contrib-
utes to vasodilatation and end-organ hypoperfusion in severe
hemorrhagic shock (HS). Anesthetized juvenile pigs were
hemorrhaged to a portal blood flow of 45% of baseline for 45
min and then resuscitated with Ringer lactate (RL; 100%
volume of shed blood; n = 10) or RL in combination with the
Karp-channel antagonist glibenclamide (10 mg/kg iv bolus
injection; n = 10). Addition of glibenclamide to the resuscita-
tion fluid caused a sustained recovery of systemic blood
pressure, cardiac index, portal blood flow, renal blood flow,
renal cortical ATP concentration, and ileal mucosal Pco,.
Treatment with RL alone caused only a partial and transient
hemodynamic and metabolic benefit. Glibenclamide treat-
ment of sham-shocked control pigs (n = 6) transiently in-
creased mesenteric and systemic vascular resistance. Inhibi-
tion of Karp-channel activity in HS, which effectively and
safely restores systemic hemodynamics, regional perfusion,
and tissue metabolism, is a potentially novel therapeutic
approach to the management of severe HS.
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THE ATP-SENSITIVE POTASSIUM (Karp) channel, which
regulates contractility of the vascular smooth muscle
cell, is modulated by the energy charge and pH of the
intracellular environment (3, 9). The Kurp channel is
also modulated by hormones and paracrine signaling
molecules including calcitonin gene-related peptide (9),
vasoactive intestinal peptide (9), adenosine (2), and the
free radical nitric oxide (NO) (7). Under ischemic
conditions, characterized by supply-dependent oxygen
consumption, diminished cytosolic ATP concentration
([ATP]), and increased H* concentration, the Kp
channel opens to allow an efflux of K*, resulting in
cellular hyperpolarization. Elevation of the transmem-
brane potential closes voltage-gated Ca2?* channels,
thereby preventing the entry of extracellular Ca?* and
inhibiting vascular smooth muscle contraction (9). Al-
though this mechanism may be homeostatic, increasing
the blood flow to ischemic tissues, it is possible that in
hemorrhagic shock (HS) Karp-channel activation may
also contribute to vasomotor paralysis and a loss of
perfusion pressure and left ventricular preload. More-
over, a decrease in vasomotor tone mediated by Kurp-
channel activation in nonessential tissues might steal
blood flow from critical organs during HS.

Activation of the Karp channel has been observed in
experimental models of tissue hypoperfusion. Channel
opening has been demonstrated during localized myo-
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cardial ischemia (2), as well as in systemic states of
oxygen supply dependency, such as endotoxicosis and
hypoxic hypoxia (5, 17). In the latter instance, pharma-
cological inhibition of channel activity has been shown
to acutely restore systemic blood pressure in a canine
shock model (5).

Recently, a role for the Kurp channel in the hemody-
namic response to shock was indirectly suggested by
demonstrating a salutary effect of glibenclamide, a
potent inhibitor of Krp-channel activation, in canine
and porcine models of endotoxic shock (5, 17). Because
severe shock of various etiologies is associated with
acidosis, decreased tissue [ATP], and increased produc-
tion of NO, (14), Karp-channel activation might account
for a component of the vascular hypocontractility char-
acteristic of other shock states (5). Alternatively, the
salutary effect of glibenclamide might be restricted to
endotoxin-induced shock and not be generally appli-
cable to other forms of shock if endotoxin-mediated
Karp-channel activation were secondary to specific in-
flammatory stimuli rather than to a generic response to
tissue acidosis and ATP depletion. For example, calcito-
nin gene-related peptide, a potent vasodilator released
in endotoxic and septic shock (1), inhibits vascular tone
via activation of the K,rp channel (9).

Given that circulatory shock is characterized typi-
cally by reduced cellular energy charge and pH, both of
which potentiate Kjrp-channel activity, we hypoth-
esized that the Kup channel contributes to the patho-
genesis of vascular failure in hypovolemic hypoxia,
specifically HS, by causing vasomotor paralysis. In
preliminary experiments in anesthetized rats sub-
jected to severe HS, we found that inhibition of Krp
channels with glibenclamide or tolazamide causes an
acute increase in blood pressure and improves short-
term survival (15). The present study was designed to
determine whether Karp-channel inhibition in the early
phase of HS improves cardiovascular parameters and
at what cost or benefit in terms of regional perfusion
and tissue metabolism.

MATERIALS AND METHODS

Animal experiments were performed in accordance with
National Institutes of Health (Bethesda, MD) guidelines and
with the approval of the Institutional Review Board of the
Children’s Hospital Research Foundation (Cincinnati, OH).

Surgical procedures. Male immature random-bred York-
shire pigs, ~6-9 wk old and weighing 10-13.5 kg, were
deprived of food other than water overnight before surgery.
The pigs were sedated with intramuscular ketamine hydro-
chloride (20 mg/kg) and atropine sulfate (0.05 mg/kg). Endo-
tracheal intubation was performed under 2% isoflurane anes-
thesia, and mechanical ventilation was instituted with a
Ventimeter ventilator (Air Shields, Hatboro, PA). General
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anesthesia was maintained with 1.5% isoflurane. The respira-
tory rate and tidal volume were adjusted to maintain the
arterial Pco, at 40 = 4 Torr. To eliminate spontaneous
ventilation, D-tubocurarine was administered (2 mgkg iv
bolus) as required. Heating pads and blankets were used to
maintain the core body temperature at 39.0 + 0.4°C.

The swine were instrumented as previously described (18).
The right femoral vein was catheterized with a double-lumen
5-Fr catheter for administration of maintenance fluids and
drugs (Cook, Bloomington, IN). The right femoral artery was
catheterized with a single-lumen 5-Fr catheter (Cook) for
measurement of systemic blood pressure and sampling of
arterial blood. The left femoral artery was catheterized with a
single-lumen 6-Fr catheter (Argon Medical, Athens, TX) for
blood withdrawal during the shock protocol. A 2.5-Fr thermis-
tor-tipped catheter (Baxter Healthcare, Irvine, CA) was placed
through a cervical cutdown into the right carotid artery, and
its tip was advanced into the ascending aorta. Via a cervical
cutdown, a 3-Fr catheter (Baxter Healthcare) was inserted
into the right external jugular vein and advanced into the
right atrium.

A midline celiotomy was performed, a 16-Fr Foley catheter
was inserted into the bladder, and the spleen was extirpated
to prevent the effect of autotransfusion. A 4-mm ultrasonic
flow probe was positioned around the right renal vein and a
6-mm flow probe was placed around the portal vein for the
measurement of renal and portal blood flows (RBF and PBF,
respectively) (Transonic Systems, Ithaca, NY). Flow probes
were connected to a previously calibrated ultrasonic transit-
time flowmeter (model 206, Transonic Systems). A 20-gauge
32-mm Clear-Cath (Abbot Ireland) catheter was inserted into
the portal vein. Two tonometric sigmoid catheters (Tonomet-
rics, Hopkinton, MA) were positioned in the lumen of the
distal ileum via small antimesenteric enterotomies and se-
cured in place with purse-string sutures. The abdominal
cavity was filled with warmed saline and closed in one layer.
During the surgical procedure, the animals received Ringer
lactate (RL) solution at a rate of 20 ml-kg-~1.h~1. After the
abdomen was closed, the rate of RL infusion was reduced to
10 ml- kg 1.h~!, and anesthesia was maintained with 0.5%
isoflurane, 70% nitrous oxide, and the balance oxygen. The
swine were allowed to stabilize for at least 1 h before the onset
of hemorrhage.

Hemodynamic measurements. Mean arterial pressure
(MAP), central venous pressure (CVP), and portal venous
pressure (PVP) were determined with calibrated transducers
(Cobe Cardiovascular, Arvanda, CO) driving an amplifier-
monitor (Horizon 2000, Mennen Medical, Clarence, NY) with
a digital readout. Cardiac output (CO) was measured with a
computer (Edwards model 9520A, American Edwards Labora-
tories, Irvine, CA). Room temperature saline (3.0 ml) injec-
tate was rapidly infused via the external jugular vein into the
right atrium, and the mean of triplicate determinations was
recorded. Heart rate (HR) was recorded with a pulse oximeter
(Ohmeda 5250 RGM, Louisville, CO). Ileal tonometric Pco,
(TPco,) was measured as previously described (18), with
30-min equilibration periods.

Gas tensions in arterial blood, portal blood, and saline
obtained from the femoral artery, portal vein, and tonometer,
respectively, were measured with a Ciba-Corning 278 blood
gas analyzer (Ciba-Corning Diagnostic, Madfield, MA). Tono-
metric estimations of ileal mucosal TPco, were performed as
described (11). Gas tensions in blood or saline were corrected
for core temperature. Oxyhemoglobin ([HbO3]) and hemoglo-
bin concentrations ({(Hb]) were measured with a Ciba-Corning
270 CO-oximeter. Arterial and portal venous lactate were
measured by absorption spectrophotometry (12). Blood glu-

H689

cose was measured with Accu-check Easy strips with an
Accu-check Easy glucometer model 788 (Boehringer Mann-
heim, Indianapolis, IN).

Cardiac index (CI) was calculated as CO/body weight (BW).
PBF and RBF were measured directly by transit-time flowme-
try. The systemic vascular resistance index (SVRI) was
calculated as (MAP — CVP)/CI, and the mesenteric vascular
resistance index (MVRI) was defined as (MAP — PVP)Y
(PBF-BW). Arterial oxygen content (Cao,) and portal
venous oxygen content (CPOQ) were calculated with the formu-
las Cay, = (Sap, 1.36-[Hb]) + (0.0031-Pag,) and Cpy, =
(SPo,- 1. 36. [Hb)) + (0.0031-Pp, ), where Sa,, is the arterial
HbOz saturation, Pa, is the arterial oxygen tens1on Spy, is
the portal venous HbO, saturation, and PPO is the portal
venous oxygen tension. Splanchnic oxygen consumption was
calculated as (PBF/BW)-(Cao, — Cpy). Splanchnic oxygen
extraction was calculated as (Cao CPO )/Cay,.

Determination of tissue hzgh -energy phosphate. Tissue
samples were homogenized in 1 ml of cold 0.6 M perchloric
acid in a glass tube immersed in an ice bath. The samples
were neutralized with 0.9 ml of a 1.0 M potassium phosphate
buffer (pH 12), centrifuged for 10 min (1,500 g) to remove
precipitated proteins, and filtered through a 0.2-pm Gelman
Acrodisc syringe filter. The supernatants were assayed for
ATP and ATP metabolites as described by Munfakh et al. (8)
with a Beckman model 231 high-performance liquid chroma-
tography instrument equipped with a Waters Wisp autoinjec-
tor. For determinations of ATP, ADP, and AMP, aliquots of the
samples were analyzed on a Whatman SAX-10 ion-exchange
column with a mobile phase consisting of 0.16 M KH,PO, and
0.1 M KCl in deionized water (pH 6.5) at a flow rate of 1.5
ml/min. ATP metabolites were detected by ultraviolet absorp-
tion spectrophotometry and quantitated with external stan-
dards. Protein content of the samples was assayed by the
Lowry method (6).

HS protocol. HS was initiated at time (¢) = 0 min by a
phlebotomy at a rate of 2ml-kg~!.min~! for 5 min and then at
arate of 1 ml-kg!-min~! until the PBF decreased to 45% of
the 0-min value. The PBF was maintained at this level until
t = 45 min by additional blood withdrawal as required. No
shed blood was retransfused. At ¢ = 45 min, all pigs were
resuscitated with RL at a rate of 1 ml-kg—!.min~! to match
the volume of shed blood. Some animals were also treated at
t = 45 min with 0.1 ml/kg of the Karp-channel antagonist
glibenclamide [100 mg/ml in dimethyl sulfoxide (DMSO)
administered as an intravenous bolus over 5 min; Sigma
Chemical, St. Louis, MO] or with an equivalent volume of the
control vehicle (DMSO).

Experimental design. After a 1-h period of recovery after
surgical preparation, the RL infusion was reduced to 6
ml/min. Pigs (n = 30) were then randomly assigned in a
double-blinded fashion to one of four experimental groups:
HS and Krp-channel blockade (10 mg/kg of glibenclamide in
DMSO; n = 10), HS (n = 10), sham shock and Karp-channel
blockade (n = 6), and sham shock and DMSO (0.1 ml/kg; n =
4). Sham-shocked control pigs underwent identical surgical
preparation but were not phlebotomized.

The swine were monitored until ¢ = 210 min at 5-min
intervals during the first hour and at 10-min intervals
thereafter for MAP, HR, CVP, RBF, PBF, and PVP. CO was
measured at 15-min intervals during the first hour and every
30 min thereafter. Measurements of arterial and portal
venous pH, Po,, and Pco,, [Hb], and [HbO,] were obtained
every 15 min during the first hour and every 30 min thereaf-
ter. Blood glucose levels were measured at the same time
intervals, and if the blood glucose concentration was <55






