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Background. The effects of pretreatment with caripo-
ide (HOE 642 Aventis Pharma, Strasbourg - Cedex,
rance), a Na�–H� exchanger (NHE) blocker, were stud-
ed in a cerebral ischemia–reperfusion model of hypo-
hermic arrest.

Methods. Fifteen Yorkshire-Duroc pigs (37.1 � 4.2 kg)
nderwent femoral–jugular bypass and 90 minutes of
eep hypothermic circulatory arrest at 19°C. Ten animals
ere untreated, whereas 5 received 5 mg/kg of intrave-
ous cariporide before cooling. After rewarming and off
ardiopulmonary bypass, the pigs were weaned from
nesthesia and followed for 24 hours. A standardized
eurologic scoring system assessed brain functional re-
overy. Biochemical markers were used to analyze cellu-
ar injury. Control studies without circulatory arrest were
one in 2 animals that underwent similar cooling and
ewarming.

Results. Neurologic recovery was rapid and complete
n the nonischemic controls and in all pretreated animals.

onversely, at 24 hours, all untreated pigs exhibited a
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loudy or stuporous level of consciousness, abnormal
ositioning, and with only one exception, could not sit or
tand. The gradation of neurologic score (evaluating
entral nervous system, motor and sensory functions,
espiration condition, level of consciousness, and behav-
or) was 0 � 0 (0 � normal, 500 � brain death) in the
reated group, compared with 124 � 59 in the untreated
nimals. Biochemical analysis showed every variable of
hole-body injury (including conjugated dienes (p <

.05), serum aspartate amino transferase (p < 0.01), crea-
ine kinase p < 0.001) and endothelin-1 (p < 0.001) to be
igher in the untreated group.
Conclusions. NHE function alters experimental brain

schemia–reperfusion damage. These observations imply
hat NHE inhibition therapy before ischemia may im-
rove neurologic protection in adult and infant patients
ndergoing cerebral ischemia during procedures that use
ypothermic circulatory arrest.

(Ann Thorac Surg 2005;79:646–54)

© 2005 by The Society of Thoracic Surgeons
he intracellular accumulation of calcium plays a ma-
jor role in early and delayed neuronal death after

rain ischemia and reperfusion [1]. Although calcium-
ediated damage was initially studied for ischemia–

eperfusion injury in the heart, clear-cut evidence in the
ast two decades [2] relates calcium overload to neuronal
ecrosis.
The final common pathway of calcium-related damage

nvolves several mechanisms, including

accumulation of glutamate and other neurotrans-
mitters for adverse synaptic triggering of calcium
entry [3],
the opening of other adverse calcium channels
through oxygen radical damage, especially with
H2O2, [4],
pathologic sequestration of cellular or phospholip-
id-bound calcium into the endoplasmic reticulum to

ccepted for publication July 6, 2004.

resented at the Fortieth Annual Meeting of The Society of Thoracic
urgeons, San Antonio, TX, Jan 26–28, 2004.

ddress reprint requests to Dr Buckberg, Division of Cardiothoracic
cause uncontrolled release and predispose to raised
calcium concentrations [5], or
evolution of a reverse mode of the normal pathway
of calcium extrusion that involves sodium–calcium
exchange [6].

ur working hypothesis tested if the interruption of
his Na�–H� exchange (NHE) pathway affects brain
schemia–reperfusion damage.

The NHE mechanism is inactive during normal perfu-
ion [7], but becomes the main dynamic buffering system
f the cell during ischemia and extrudes protons for
odium in an electro-neutral exchange. The adenosine
riphosphate (ATP)-dependent sodium–potassium ex-
hanger that extrudes sodium to prevent calcium over-
oad becomes impaired by prolonged ischemia and
eperfusion. The ATP independent Na�–Ca2� exchanger
ersists in its efforts to reduce cellular sodium accumu-

ation, so that subsequent calcium overload develops
hrough its reversed activity. Secondary water accumu-
ation follows sodium overload, resulting in edema that
ltimately may impair blood flow and contributes to the

eakage of excitatory amino acids [1].

The aims of this study were to test if (1) activity of the

0003-4975/05/$30.00
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HE is a factor in neurologic damage in temporary brain
schemia, and (2) if NHE inhibition limits brain reperfu-
ion injury by using pretreatment with cariporide (HOE
42 Aventis Pharma, Strasbourg - Cedex, France), a NHE

able 1. Neurologic Deficit Scoring Systema

A) Central Nerve Function
ariable Side Normal Weak Absent

upil size R 0 2 5
L 0 2 5

ight reflex R 0 2 5
L 0 2 5

ye position R 0 2 5
L 0 2 5

id reflex R 0 2 5
L 0 2 5

orneal reflex R 0 2 5
L 0 2 5

iliospinal reflex R 0 2 5
L 0 2 5

culocephalic reflex 0 5 10
uditory reflex 0 5 10
ag reflex 0 5 10
arinal reflex 0 5 10

B) Respiration
ondition

ormal 0
yperventilation 25
bnormal 50
pnea 100

C) Motor and Sensory function
ariable Normal Weak Absent

tretch reflex 0 10 25
otor response to pain 0 10 25

ositioning 0 10 25
uscle tonus 0 10 25

D) Level of Consciousness
ormal 0

loudy 30
elirium 45
tupor 60
oma 100

E) Behavior

ariable
Present/
Normal Weak Absent

rinking 0 · · · 15
hewing 0 · · · 15
itting 0 · · · 15
tanding 0 · · · 15
alking 0 20 40

Total � sum of all sections (0 � normal; 500 � brain death).
locker. d

ats.ctsnetjournalsDownloaded from 
aterial and Methods

ll animals received humane care in compliance with the
996 NRC Guide for the Care and Use of Laboratory
nimals, available at http://www.nap.edu/readingroom/
ooks/labrats/contents.html.
Seventeen Yorkshire-Duroc pigs (27 to 34.5 kg) were

remedicated (ketamine 15 mg/kg and diazepam 0.5
g/kg, intramuscularly) and anesthetized with inhaled

soflurane 1.5% (minimum alveolar concentration, 1%)
hroughout the operation. Support with a volume-
ontrolled ventilator (Servo 900C, Siemens-Elema,
weden) was started after endotracheal intubation.
terile surgical technique was used in all animals. The
ammary artery and vein were cannulated 2 cm after

xiting the thoracic cavity, and arterial blood gases
ere measured to keep oxygen tension, carbon dioxide

ension, and pH values within the normal range. A
alloon-tipped pulmonary artery catheter (Model
32F5, Baxter Healthcare Corp, Irvine, CA) through the
nternal jugular vein measured cardiac output (ther-

odilution technique) and pulmonary artery pressure.
After systemic heparinization (300 U/kg), a 10F arterial

annula (Medtronic, Inc, Minneapolis, MN) was inserted
n the superficial femoral artery and a 17F venous can-
ula (Medtronic, Inc) in the right atrium through the
uperficial jugular vein. Extracorporeal circulation with a
embrane oxygenator (Affinity NT 541, Medtronic, Inc)

nd extracorporeal pump (Sarns, Ann Arbor, MI) in-
luded a circuit primed with 1000 mL of Plasma-Lyte
olutions (Baxter Healthcare Corp., Irvine, CA), 700 mL
tored porcine packed blood, and calcium chloride for
ormocalcemia (1.0 to 1.2 mmol/L).

xperimental Protocol
ardiopulmonary bypass (CPB) was started at an oxygen

ension of 300 mm Hg and an aortic pressure of 50 to 70
m Hg, with flow adjusted to keep approximately 70%
ixed venous oxygen saturation. To facilitate venous

eturn, active suction by a centrifugal pump (Biopump
PX-80, Medtronic, Inc) was maintained during CPB.
nimals were cooled to rectal temperature of 19°C by
sing a heat exchanger and a heating–cooling blanket.
he pH was maintained at 7.40 by means of �-stat
rinciples, with an arterial Pco2 of 35 to 40 mm Hg,
ncorrected for temperature. Hematocrit value was ad-

usted to 25% to 30% with donor blood and Plasma-Lyte,
nd calcium and potassium were kept in normal levels.
PB with perfusion cooling was performed for 30 to 40
inutes, and was maintained during 5 minutes after

eaching 19°C, before initiating 90 minutes of deep hy-
othermic circulatory arrest (DHCA). The head and the

schemic leg were packed with ice during DHCA.
Following DHCA, CPB was restarted at a pressure of 20
m Hg and slowly increased to 40 to 60 mm Hg. All pigs
ere then rewarmed to 37°C, by rewarming blood and

he heating–cooling blanket with a 10°C gradient over
ectal temperature. The heart was defibrillated at 30°C,
nd all animals were started on 5 �g · kg�1 · min�1 of

opamine. Dopamine was then either increased or
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eaned after discontinuation of CPB, to keep systolic
rterial pressure above 70 mm Hg.
After the hemodynamic measurements, protamine was

iven and all cannulas were removed. Bleeding was
ontrolled, the vessels were repaired, and all wounds
ere closed. Animals were then allowed to regain con-

ciousness, extubated, and underwent neurologic assess-
ent at 4, 6, and 24 hours. After extubation, buprenor-

hine (0.02 mg/kg intramuscularly) was administered for
ostoperative pain. Animals were euthanized with 30
g/kg pentobarbital and potassium chloride after the

ast neurologic assessment.

xperimental Groups
ONTROLS. To distinguish the effects of extracorporeal
irculation alone without ischemia, two pigs under-
ent cooling to 19°C and immediate rewarming to

7°C.

ig 1. Neurologic evaluation of the deep hypothermic circulatory
rrest groups that received no treatment (black line) and Cariporide
HOE, dashed line), at 4, 6, and 24 hours postcardiopulmonary
ypass. Results are expressed as mean � standard error of the
ean (error bars). Scoring system is shown in Table 1. *p �

able 2. Hemodynamic Variables

No.
MAP

mm Hg
Heart
Rate

MPAP
mm Hg

LAP
mm H

aseline
No DHCA 2 67 107 15 9
No treatment 5 66 � 10 94 � 12 13 � 2 6 �

HOE 642
pretreatment

5 61 � 19 105 � 12 8 � 1 4 �

fter CPB
No DHCA 2 53 150 18 7
No treatment 5 68 � 19 144 � 28 20 � 7 5 �

HOE 642
pretreatment

5 74 � 16 142 � 18 21 � 4 4 �

PB � cardiopulmonary bypass; DHCA � deep hypothermic circ
VSWI � left ventricular stroke work index; MAP � mean arterial pr
ascular resistance; SVR � systemic vascular resistance.
d.02.

ats.ctsnetjournalsDownloaded from 
O TREATMENT. Ten pigs underwent 90 minutes of deep
ypothermic circulatory arrest at 19°C.
ARIPORIDE PRETREATMENT. In 5 pigs, 5 mg/kg cariporide
as administered in the blood prime at the start of

ooling, and each underwent 90 minutes of DHCA.
EMODYNAMIC MEASUREMENTS. Hemodynamic measure-
ents were made before and 30 minutes after discon-

inuing CPB. Cardiac output was determined by repeti-
ive central venous injections of 4°C saline solution into
he Swan-Ganz catheter.
IOCHEMICAL ANALYSIS. Internal jugular blood samples
ere taken 5 minutes after initiating CPB (baseline), at

9°C before initiating DHCA, before resuming CPB, and
t 4 and 24 hours post-CPB.
ONJUGATED DIENES. As a marker of oxidant-mediated lipid
eroxidation, conjugated dienes (CD) levels were deter-
ined spectrophotometrically, after chloroform–
ethanol 2:1 (vol/vol) extraction as previously described

8], and expressed as absorbance at a wavelength of 240
m/0.5 mL plasma.
REATININE KINASE AND SERUM ASPARTATE AMINO TRANSFERASE.

ellular injury was determined by measuring creatinine
inase (CK) and serum aspartate amino transferase
AST) activity by the UV-spectrophotometric method
Sigma Chemical Co., St. Louis, MO) and expressed as
/mL plasma.

ITRIC OXIDE. Nitric oxide (�moles/L) was determined as
ts spontaneous oxidation products, nitrite and nitrate,
hich were converted to nitric oxide and quantitated
y a chemiluminescence assay using a nitrogen oxides
nalyzer (DASIBI Environmental Corp., Model 2108,
lendale, CA).

NDOTHELIN-1. Endothelin-1 (ET-1) levels (pg/mL) were
etermined after sample purification (Ethyl C2 Amprep
inicolumns, Amersham Pharmacia Biotech, Piscataway,
J) by an Enzyme Immunometric Assay (ACE EIA kit,
ayman Chemical Company, Ann Arbor, MI) based on a

Cardiac
Output
(L/min) LVSWI SVR PVR

Dopamine
Postop (min)

3.9 28 1200 143
4.2 � 1.8 33.4 � 17.4 1327 � 492 153 � 78
4.2 � 1.2 28 � 10 1153 � 244 89 � 15

3.2 12 1015 130 0
4.2 � 1.5 25 � 10 1195 � 499 343 � 207 134 � 61
4.7 � 1.9 28 � 10 1434 � 778 352 � 155 87 � 54

y arrest; HOE 642 � cariporide; LAP � left arterial pressure;
e; MPAP � mean pulmonary artery pressure; PVR � pulmonary
g

2
1

4
1

ulator
ouble antibody “sandwich” technique.
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EUROLOGIC INJURY. Neurologic assessment was per-
ormed in all animals at 4 and 6 hours postanesthesia.
ive pigs in each group were followed 24 hours. A
ommonly used neurologic scale developed at the
niversity of Pittsburgh uniformly scored neurologic
eficit (Table 1) [9]. In neurologic deficit scoring, five
eneral components of the neurologic examination are
valuated and a score of 100 is assigned to each
ategory. A total score of 500 indicates brain death,
hereas a score of 0 is normal. Neurologic deficit

coring was agreed upon by two members of the
aboratory team. When a different score was reported,
he mean value was recorded for evaluation. All ani-

als were closely evaluated for seizure activity.

able 3. Postoperative Neurologic Evaluation

No
treatment

HOE 642
pretreatment

evel of consciousness
Normal 2 (40%) 5 (100%)
Cloudy 3 (60%) 0
otor/sensory function
Abnormal positioning 5 (100%) 0

ehavior
Drinking 0 5 (100%)
Chewing 5 (100%) 5 (100%)
Sitting 2 (40%) 5 (100%)
Standing (20%) 5 (100%)
Walking 1 (20%) 5 (100%)

OE 642 � Cariporide.

able 4. Biochemical Data

PreCPB PreCA PostC

onjugated Dienes (A/0.5
L)
No DHCA 0.89 � 0.11 0.87 � 0.19 1.00 � 0.
No treatment 0.86 � 0.07 0.84 � 0.08 1.70 � 0.
HOE 642 pretreatment 0.92 � 0.04 0.85 � 0.04 1.38 � 0.
ST (U/mL)
No DHCA 29 � 1 33 � 1 86 � 22
No treatment 29 � 3 45 � 4 265 � 38
HOE 642 pretreatment 33 � 4 41 � 5 195 � 8

K (U/mL)
No DHCA 385 � 35 355 � 35 638 � 34
No treatment 376 � 37 381 � 87 5153 � 11
HOE 642 pretreatment 401 � 43 354 � 28 3850 � 19

ndothelin-1 (pg/mL)
No DHCA 0.95 � 0.07 0.85 � 0.07 0.90 � 0.
No treatment 0.90 � 0.07 0.81 � 0.09 2.12 � 0.
HOE 642 pretreatment 0.94 � 0.05 0.84 � 0.05 1.44 � 0.
ST � aspartate amino transferase; CA � circulatory arrest; CK � c
ypothermic circulatory arrest; HOE 642 � Cariporide.

ats.ctsnetjournalsDownloaded from 
TATISTICAL ANALYSIS. All data are expressed as mean �
tandard deviation. Statistical analysis of data within and
etween groups was performed with multiple analysis of
ariance followed by application of the nonparametric
ilcoxon test. Changes within and between groups were

onsidered statistically significant when the p value was
ess than 0.05.

esults

omparability of Experimental Groups
here were no statistical differences between untreated and
retreated groups in cooling (41 � 8 minutes and 41 � 9
inutes, respectively) or rewarming time (82 � 17 minutes

nd 91 � 13 minutes, respectively). All animals remained in
table condition through out the experimental procedure.
emodynamic variables were similar in both groups before

nd after CPB (Table 2). Dopamine perfusion was required
n all animals (range 49 to 240 minutes post-CPB) with no
ifferences among ischemic groups. Oxygen administration
fter extubation was required in most animals, with no
ifferences between groups.

ostoperative Neurologic Outcome
xtubation time after weaning from anesthesia was sim-

lar in all groups. Animals that underwent CPB, cooling
o 19°C, and immediate rewarming with no DHCA pre-
ented no neurologic deficits at 4 hours postanesthesia,
lthough behavior such as sitting, standing, or walking
as not present and each presented a cloudy level of

onsciousness. Neurologic recovery was almost normal

4h postop 24h postop

P
Between
Groups

P
Within
Group
(time)

Interaction
Time Group

�0.01 �0.01 �0.01

0.95 � 0.14 0.97 � 0.03
1.58 � 0.10 1.18 � 0.05
1.26 � 0.05 1.11 � 0.21

�0.01 �0.01 �0.01
107 � 22 72 � 4
242 � 33 179 � 11
169 � 9 126 � 7

�0.01 �0.01 �0.01
3715 � 686 2032 � 117
6257 � 152 4317 � 416
4168 � 109 2357 � 322

�0.01 �0.01 �0.01
1.05 � 0.07 0.90 � 0.14
1.88 � 0.26 1.55 � 0.13
1.32 � 0.13 1.08 � 0.08
PB

18
10
06

4
6
3

00
19
11
reatine kinase; CPB � cardiopulmonary bypass; DHCA � deep
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t 6 hours, and related to only unbalanced walking, and
as considered normal at 24 hours (Neurologic score is

epresented in Table 1).
Animals that underwent 90 minutes of DHCA pre-

ented with major neurologic deficits that were main-
ained at 24 hours. Abnormalities included inability to
tand, walk, or drink, except for one pig that could stand.

In contrast, animals with 90 minutes of DHCA and
ariporide pretreatment presented a similar recovery to
nimals with no DHCA: each of them could walk and
eed themselves at 24 hours. Figure 1 and Table 3 show
hat the neurologic score between DHCA groups was
tatistically significant at 24 hours.

iochemistry Analysis
one of the variables measured were modified by CPB

nd cooling to 19°C (Table 4). CD remained within base
ine levels in pigs not undergoing DHCA. In the un-
reated animals, a twofold rise in plasma levels was

ig 2. (A) Oxidant-mediated lipid peroxidation measured as conju-
ated dienes, and (B) creatinine kinase plasma levels in internal jug-
lar vein at different stages of the experiment. *p � 0.05 between
roups. Values are mean � standard error. (CPB � cardiopulmo-
ary bypass; HOE � Cariporide; DHCA � deep hypothermic cir-
ulatory arrest.)
bserved after rewarming. Conversely, pretreated animal a

ats.ctsnetjournalsDownloaded from 
evels were significantly lower than untreated animals
ost-CPB (Fig 2A). Indicators of cellular injury also rose
fter ischemia. Myocyte membrane disruption, measured
s CK levels, rose in all groups, probably by limb isch-
mia owing to femoral cannulation (Fig 2B), and were
igher after DHCA than in the control group. Differences
etween ischemic groups were also significant, with the

owest levels in the pretreated group. Similarly, post-CBP
evels of AST were raised, with highest intergroup levels
n the DHCA untreated animals (Fig 3A).

CPB and cooling to 19°C and rewarming did not raise
ascular constrictor ET-1 from baseline levels. In con-
rast, DHCA raised ET-1 by twofold and it remained high
t 24 hours (Fig 3B). In pretreated animals, ET-1 rose
ignificantly less during the first 4 hours postoperative,
nd returned to baseline levels at 24 hours. Nitric oxide
evels remained constant throughout the experiment in

ig. 3. (A) Plasma levels of aspartate amino transferase (AST) and
B) endothelin-1 (ET-1) throughout the experiment. *p � 0.05 be-
ween ischemic groups. Values are mean � standard error. (CPB �
ardiopulmonary bypass; HOE � Cariporide; DHCA � deep hypo-
hermic circulatory arrest.)
ll groups.
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omment

eep hypothermic circulatory arrest is increasingly used
s a surgical adjunct for an array of complex surgical
rocedures in children and adults. Concern about brain

ntolerance to anoxia has limited ischemic intervals to 45
o 60 minutes, despite cooling to 18° to 20°C [10]. This
aution is undertaken because even shorter ischemic
ntervals cause neurologic damage [11, 12]. The patho-
hysiology of ischemic–reperfusion cerebral injury is
ncertain, but excitatory amino acids may become neu-
otoxic, and calcium overload that is enhanced by NHE
ctivity may produce neuron death by allowing activa-
ion of reactive oxygen species and disrupting the mito-
hondrial membrane [1].

Our study tested NHE inhibition before ischemia,
nd this treatment dramatically improved early neuro-
ogic recovery, suggesting that increased NHE activity
ontributes to brain damage after circulatory arrest.
nimals pretreated with the NHE inhibitor cariporide
xhibited a better whole-body protection from isch-
mia, shown by the return to control levels of several
easured biochemical markers of cellular injury that

ncluded CK (myocyte injury), AST (global cell injury),
nd ET-1 (endothelium).
These salutary effects parallel previous reports of

lobal [13] and selective NHE protection in heart, endo-
helium, platelets, liver, and brain [6, 14–17]. Of most
mportance was that the clinical assessment of these pigs
howed total preservation of neurologic function after 90
inutes of DHCA, an ischemic time described to induce

lmost 100% of neurologic events [18]. The 24-hour time
rame of postoperative evaluation, without histologic
tudy, did not allow us to distinguish if the preliminary
nding of complete recovery reflected very rapid im-
rovement from brain stunning or avoided an irrevers-

ble brain infarction.
NHE activation during ischemia is mainly attributed to

naerobic-induced acidosis, although multiple signaling
roteins have been described to stimulate the exchanger

19]. Six NHE subtypes have been described, with NHE-5
s the most common in neuronal tissue. We did not study
revailing mechanisms of action, but will summarize
HE interactions in ischemic tissue. As an ATP indepen-

ent antiporter, NHE over-function during ischemia leads
o sodium accumulation by expelling protons. The main
athways of intracellular sodium extrusion fail to limit
odium overload, as the energy dependent sodium–
otassium pump is unable to work without ATP avail-
bility. Consequently, the high intracellular sodium con-
entration gradient activates the ATP independent
odium–calcium exchanger in a reverse mode to allow
odium extrusion, and thus, calcium accumulation [19].
lthough unproven, we suspect that preischemic NHE

nhibition protects the cell from calcium-induced injury
y controlling cellular ion unbalance, resulting in full
linical neurologic recovery from ischemia–reperfusion.
hese actions matched this beneficial action in other
easured cellular types [6, 14–17].

We used �-stat strategy to match clinical events in a s

ats.ctsnetjournalsDownloaded from 
irculatory arrest trial [20]. Studies by Jonas [21] show the
enefits of pH-stat, with improved cerebral flow, slower
rain desaturation during initiation of circulatory arrest,
nd luxury perfusion during rewarming. Although such
eperfusion benefits of pH-stat may conceptually exert
ositive effects on brain calcium entry, our prior cardiac

schemia–reperfusion studies show that pH per se did
ot change myocardial damage [22]. Conversely, caripo-
ide was effective at both �-stat and pH-stat blood pH
tatus after cardiac ischemia–reperfusion studies [22], so
hat brain ischemia comparisons must now be made after
onger DHCA intervals.

Our whole-animal studies enhance prior reports where
erebral NHE inhibition in brain ischemia–reperfusion is
ssociated with better neuronal energy state preservation
nd lessened infarct-area edema [6, 23–25]. Of most
mportance was that gerbils received NHE inhibition
uring reperfusion and showed improved consciousness
ecovery after transient ischemia. The solid, reproduc-
ble, and complete neurologic recovery was a critical
nding in our experiment; however, we recognize the

imitations of a neurologic score, especially the inability
o determine neurocognitive defects in pigs [26].

Our failure to extend our observations beyond 24
ours, do histologic analyses, or check for apoptosis,

imits any long-term conclusions beyond those of neuro-
ogic normality. However, the central clinical time frame
uideline is progressive improvement, so that we suspect
hat our treatment markedly limited brain damage [27].

Future studies will search for quantification of histol-
gy and apoptosis events, as these measurements will be

ntroduced when longer ischemic intervals produce ad-
erse clinical neurologic findings. Experimentally, NHE
nhibition also diminishes cerebral endothelium post-
schemic dysfunction [15] and attenuates leukocyte ad-
esion during reperfusion [24]. Our finding of normal
ecovery of endothelin levels is in concert with these
ndings. Clinically, heart surgery patients who under-
ent extracorporeal circulation presented lower serum

evels of S-100B and neurone-specific enolase when pre-
reated with cariporide, suggesting better preservation of
he blood–brain barrier [28].

Our hypothesis is that anaerobic-induced proton
ccumulation triggers NHE stimulation and ultimately
auses intracellular calcium overload. This is sup-
orted by previous studies showing that avoidance of
n extracellular–intracellular pH gradient during isch-
mia by artificial acidification of the extracellular space
ill inhibit NHE and delay calcium entry [29, 30]. Also,
yperglycemic neurons delay calcium influx, probably
y providing additional substrate for (anaerobic) ATP
roduction and retarding proton accumulation [1].
hese reports indicate that proton accumulation may
e a main cause of calcium entrance. Pharmacologi-
ally blocking the NHE maintains intracellular anaer-
bic acidification by preventing proton extrusion and
hereby limits calcium entrance. Although edema is
imited by the inhibition of the main pathway of

odium into the ischemic cell, we did not measure
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rain water levels to document this presumed
dvantage.
We believe NHE inhibition may become an impor-

ant factor that protects the brain against ischemic
nsult following reperfusion in a manner that parallels
he benefits in the heart, as shown by our studies and
hose of other research groups [14, 31, 32]. This study
iffers from others, as our use as pretreatment differs

rom our prior studies that tested how neurologic
njury in this same experimental model could be favor-
bly changed by altering the reperfusate by filtering
hite cells, platelets, and complement during reperfu-

ion [33].
The brain recovery in this study was complete and

imilar to that achieved by reperfusion management
lone, but important systemic differences were ob-
erved. Aside from confirming the pretreatment bene-
ts of NHE inhibition, the global effects of an intrave-
ous preischemic intervention allowed better recovery
f CK, AST, and endothelin than available when the
reatment was restricted to focal white cell, platelet,
nd complement limitation during reperfusion into the
arotid vessels [33].

Our studies did not differentiate between pretreatment
nd reperfusion management, because NHE inhibition
as present during both intervals. We suspect that NHE

nhibition will add to the benefits of isolated reperfusion
anagement, but this must be tested, especially with

onger ischemic time intervals. We suspect that neuro-
ogic damage is predominantly related to damage caused
uring reperfusion. Our suspicion is based upon the
ypothesis that NHE inhibitor protection from the isch-
mic injury prevented neurons and endothelium from
riggering reperfusion injury to limit reoxygenation dam-
ge and leukocyte adhesion and activation. We suspect
hat previous reports associating NHE inhibition to lower
eukocyte-induced injury during reperfusion misinter-
ret the true cause-and-effect of NHE blockage [24].
Further data are needed before clinical applications of

erebral NHE inhibition can be launched, such as dose–
esponse studies to maximize the therapeutic window
hile limiting possible adverse effects, and histopatho-

ogic studies must be done to search for late apoptosis.
evertheless, confirmation of the benefits of NHE inhi-
ition may open a therapeutic door to many situations in
hich cerebral ischemia is anticipated, such as carotid

urgery, elective or emergent aortic aneurysm repair,
ardiac surgery, and surgical procedures in adults and
hildren that require deep hypothermic circulatory ar-
est. Furthermore, the reported benefits of cerebral pro-
ection when NHE inhibition is achieved during reperfu-
ion expand its possible clinical usage to stroke and
atients undergoing cardiopulmonary resuscitation [6,
4, 25].
We acknowledge that our study has limitations. We did

ot measure anticipated calcium, sodium, or water con-
entrations in brain tissue to confirm the anticipated
onic results of NHE inhibition. However, our ultimate
oal was to record brain function. Histologic analyses are

seful, but perhaps less meaningful than defining the

ats.ctsnetjournalsDownloaded from 
utcome that is linked to how any test measures up
gainst the desired neurologic outcome of complete
ecovery.

Our results may indicate only a faster neurologic
ecovery in an injury that may cause progressive cerebral
dema so that future magnetic resonance imaging stud-
es are needed for sequential comparison. Although

any studies suggest the neurologic injury in the non-
reated animals is permanent, graded improvement from
rain stunning can occur so that longer follow-up is
eeded, especially when early evidence of damage is
onfirmed by clinical examination.

We conclude that NHE inhibition before ischemia
imits neurologic ischemia–reperfusion injury, probably
y better control of sodium, water, and calcium overload.
e suspect NHE function plays an important role in

lobal and more specifically in brain ischemia–
eperfusion damage.
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ISCUSSION
R JOHN MAYER (Boston, MA): I think this is really exciting
ork. I have a couple of questions.
First of all, in regard to the sodium–hydrogen exchanger
echanism, is that ubiquitously distributed throughout the CNS

nd throughout the body? I ask this because we know that
ertain areas of the CNS may be more vulnerable to ischemia–
eperfusion than others. Is there any variation known in various
arts of the CNS? And if this is applicable to CNS protection, is

t also applicable to renal or cardiac or other kinds of protection?
The second question is, I noticed in your methods you have

sed an alpha-stat strategy versus a pH-stat strategy. The
bvious question then is what impact do you think your pH
trategy might have had on your results? Can you speculate on
hat the effects might be in a situation where you use pH-stat.

R CASTELLÁ: Well, there are 6 isoforms described. Number 5
s the one more common in the central nervous system. Number

is the one most common in the heart. And I am not certain if
here are very many differences between the neurologic tissues
oncerning distribution of the isoform number 5. Although we
now that in the hippocampus studies, the most sensitive place
f tissue within the central nervous system, the exchanger is
ctive. So we can say that in the most sensitive tissue for
schemia, the exchanger is there.
ew experiments that we have performed after these studies, we
now that the pH-stat strategy, by having lower pH during
eperfusion, has much better results. And therefore, for exam-
le, using the same experimental model, we saw that the scoring
f animals using pH-stat strategy was almost normal. So there-
ore, we think that either it can be additive, the results with
ariporide and the pH-stat, or the pH-stat by itself, by lowering
he pH, can be useful for this.

R SCOTT M. BRADLEY (Charleston, SC): Does the adminis-
ration of cariporide have any hemodynamic effects that you
oted, or does it have any other negative side effects that could

imit its use?

R CASTELLÁ: Since it was given systemically, we could expect
ome hemodynamic results. And we saw that the levels of
opamine that we had to use were lower in the pretreated
roup. The necessity for dopamine was up to 87 minutes after
ardiopulmonary bypass in the treated group and up to 137
inutes with no cariporide. And also, cardiac output was

lightly higher in the pretreated group, it was 4.7 per liter minute
ean against 4.2. But none of these results were significant.
And about side effects, we did not see any side effects in the

reated group. We have to say though that we gave a low dose,

mg per kilo. We give it in one shot, only 5 minutes before
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ooling. So we did not give constant pre- or postoperative
erfusion as it has been in different clinical trials.

R ANDREW C. FIORE (St. Louis, MO): Did you make any
ffort to look at the actual brain temperature in these animals to
e sure that it was the same in both groups?

R CASTELLÁ: No. Since our main goal was to assess the
linical brain function, we could not measure calcium inside
hecell or we could not measure temperature or we could not do

nything that could harm during the postoperative period. d

ats.ctsnetjournalsDownloaded from 
R BRADLEY: I think that the slide you showed of the neuro-
ogic outcomes had two curves on it. What did the curve for the
nimals that had no circulatory arrest look like? Asked another
ay, did your bypass approach without any circulatory arrest
ave any detectable neurologic effects?

R CASTELLÁ: Well, yes, just the cardiopulmonary bypass and
ypothermia by itself showed that at the 4 and 6 hours the
eurologic score was not normal. But we have to take into
ccount that this is after extubation and still with a little bit of
nesthesia, we can say. But the score was zero at 24 hours. So
hey were also considered normal. They were all walking,

rinking and behaving normally.
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