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Abstract
Background—Prolonged hypothermic circulatory arrest results in neuronal cell death and
neurologic injury. We have previously shown that hypothermic circulatory arrest causes both
neuronal apoptosis and necrosis in a canine model. Inhibition of neuronal nitric oxide synthase
reduced neuronal apoptosis, while glutamate receptor antagonism reduced necrosis in our model.
This study was undertaken to determine whether glutamate receptor antagonism reduces nitric
oxide formation and neuronal apoptosis after hypothermic circulatory arrest.

Methods—Sixteen hound dogs underwent 2 hours of circulatory arrest at 18°C and were
sacrificed after 8 hours. Group 1 (n=8) was treated with MK-801, 0.75 mg/kg IV prior to arrest
followed by 75 μg/kg/hr infusion. Group 2 dogs (n=8) received vehicle only. Intracerebral levels
of excitatory amino acids and citrulline, an equal co-product of nitric oxide, were measured.
Apoptosis, identified by H&E staining and confirmed by electron microscopy, was blindly scored
from 0 (normal) to 100 (severe injury), while nick-end labeling demonstrated DNA fragmentation.

Results—Group 1 and 2 dogs had similar intracerebral levels of glutamate. However, MK-801
significantly reduced intracerebral glycine and citrulline levels as compared to HCA controls.
MK-801 significantly inhibited apoptosis (7.92 ± 7.85 vs. 62.08 ± 6.28, Group 1 vs. 2, p<0.001).

Conclusions—Our results showed that glutamate receptor antagonism significantly reduced
nitric oxide formation and neuronal apoptosis. We provide evidence that glutamate excitotoxicity
mediates neuronal apoptosis in addition to necrosis after hypothermic circulatory arrest. Clinical
glutamate receptor antagonists may have therapeutic benefit in ameliorating both types of
neurologic injury after hypothermic circulatory arrest.
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Introduction
Hypothermic circulatory arrest (HCA) was initially introduced for the repair of complex
congenital heart lesions, but has since been widely adopted for aortic arch and thoracic
aortic procedures [1–3]. It is a technique that affords the surgeon a bloodless operative field
unobstructed by vascular clamps and cannulae. However, neurological injury occurs after
prolonged HCA. Morbidity and mortality increase substantially when the duration of arrest
exceeds 45–60 minutes [4]. Clinical neurologic sequelae include choreoathetosis, learning
and memory deficits, seizures, and impaired intellectual development. This occurs in up to
15% of children and 18% of adults [4–7].

Neuronal cell death is responsible for this HCA induced neurologic injury. There are two
types of neuronal cell death, necrosis and apoptosis, or programmed cell death [8]. Selective
neuronal necrosis of the neocortex, hippocampus, basal ganglia, and cerebellum has been the
neuropathological hallmark of HCA. We have previously shown that neuronal apoptosis is
an additional cause of neurologic damage after HCA and that inhibition of neuronal nitric
oxide synthase reduces apoptosis [9]. We also demonstrated that glutamate excitotoxicity
mediated neuronal necrosis after HCA [10]. We hypothesized that glutamate excitotoxicity
results in increased nitric oxide (NO) production and neuronal apoptosis after HCA. The
purpose of this study was to determine whether glutamate receptor antagonism reduced NO
production and apoptosis in a canine model of HCA.

Material and Methods
Preparation

Our canine model of hypothermic circulatory arrest has been previously described [9–11].
Sixteen colony-bred heart-worm negative male hound dogs, 20–27 kg, 7–12 months old,
were used. Anesthesia was induced with sodium thiopental (3.0 mg/kg intravenously) and
maintained with 0.5% to 2.0% halothane. Bilateral tympanic membrane, nasopharyngeal,
and rectal temperature probes were placed. Tympanic membrane temperature closely
correlates with brain temperature. Electrocardiographic monitoring was employed. Swan-
Ganz catheter through the left external jugular vein and arterial line in the left femoral artery
were placed.

Cardiopulmonary Bypass (CPB) and Hypothermic Circulatory Arrest (HCA)
CPB circuit consisted of a Cobe membrane oxygenator (Cobe Laboratories, Inc., Lakewood,
CO), a Sarns roller pump (Sarns Inc, Ann Arbor, MI), and a 40 μm in-line arterial filter.
Circuit was primed with 1.5 L of lactated Ringer’s solution with 50 mEq of sodium
bicarbonate and 10 mEq of potassium chloride. After heparinization (300U/kg
intravenously), dogs were cannulated with 12F to 14F arterial cannula in the descending
aorta from the right femoral artery and with 18F to 20F venous cannulae, advanced to the
right atrium through the right external jugular and femoral veins.

Closed chest CPB was instituted; animals were surface (ice bags around head and cooling
blanket) and core (CPB) cooled to a tympanic membrane temperature of 18°C within 25 to
30 minutes. Mean arterial pressures were maintained at 50–60 mmHg with pump flows of
80 to 100 ml/kg and reduced to 60 ml/kg when temperature was less than 32°C. Arterial
blood gases were controlled using alpha-stat strategy. Arterial pump was turned off and
venous blood was drained by gravity into the reservoir. Circulatory arrest was maintained
for 2 hours followed by reinstitution of CPB and rewarming. Sodium bicarbonate (50 mEq)
and lasix (20 mg) were added to the reservoir. At normothermia (37°C), animals were
weaned from CPB and decannulated.
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Postoperatively, dogs were survived for 8 hours after HCA. They were ventilated and
anesthetized with intravenous fentanyl (10–20μg/kg) and midazolam (1 mg) as needed.
Intensive care unit (ICU) monitoring was employed. Animals were then sacrificed fully
anesthetized by exsanguination and perfusion with ice cold saline or 4% paraformaldehyde.
Five normal dogs that did not undergo HCA had their brains harvested for normal controls.

Dizocilpine (MK-801) Protocol
Experimental dogs (group 1, n=8) received an N-methyl-D-aspartate (NMDA) receptor
antagonist, MK-801, 0.75 mg/kg IV bolus prior to arrest followed by 75 μg/kg/hr IV
continuous infusion. HCA control animals (group 2, n=8) received vehicle only.

Intracerebral Microdialysis
Animals, positioned in a Kopf stereotactic device, had the right side of skull exposed. Burr
holes were drilled 3 mm caudal to coronal suture and 8 mm from midsagittal axis. Dura was
opened and microdialysis probes (CMA 10/4; Acton, MA) stereotactically placed to depth of
20 mm in the corpus striatum. Confirmation of proper placement was determined at
sacrifice. Tissue stabilized after probe placement for 180 minutes. Warmed artificial
cerebrospinal fluid (CSF) (mmol/L concentration: NaCl, 131.8; NaHCO3, 24.6; CaCl2, 2.0;
KCl, 3.0; MgCl2, 0.65; urea, 6.7; and dextrose, 3.7) was infused at 1 μl/min. Effluent was
serially collected every 30 minutes and assayed by high performance liquid chromatography
with electrochemical detection (HPLC-EC) for extracellular amino acid concentrations [12].
Citrulline concentration was used as a marker of NO production.

Histopathology
Right hemisphere of each brain was post-fixed in 10% formalin, embedded in paraffin and 8
μm sections were stained with hematoxylin and eosin (H&E) or cresyl violet (CV). Left
hemisphere of saline perfused brains was frozen on dry ice for DNA nick end-labeling. Left
hemisphere of perfused fixed brains was post-fixed in 4% paraformaldehyde, cryoprotected
in sucrose, and frozen on dry ice for immunohistochemistry. Quantification of apoptosis was
performed on H&E stained sections by a neuropathologist in a blinded fashion. Apoptosis
was scored from 0 (normal) to 100 (severe injury).

Electron Microscopy
Coronal sections of perfused-fixed tissue were post-fixed in 0.1% gluteraldehyde and 4%
paraformaldehyde, osmicated, dehydrated, and embedded in epoxy resin. Ultrathin sections
were cut with an ultramicrotome and examined by electron microscopy. Apoptosis was
confirmed by electron microscopy.

DNA Nick End-Labeling
Apoptosis activates Ca2+ and Mg2+ dependent endonucleases to cut chromatin into DNA
fragments. We used a terminal deoxynucleotidyltransferase (TdT)-mediated dUTP-biotin
nick end-labeling (TUNEL) method (ApopTag kit, Oncor, Inc., Gaithersburg, MD) for
sensitive and specific staining of DNA fragmentation and apoptotic bodies. Though not as
specific as Caspase cleavage staining for apoptosis, TUNEL staining demonstrated cells
with DNA fragmentation—apoptosis vs. necrosis was confirmed by H&E and electron
microscopy. In addition, NMDA excitotoxicity can be capase independent via apoptosis
inducing factor [13].
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Statistical Analyses
All values are expressed as mean ± standard deviation of the population. Comparisons
between groups were made with two way analysis of variance without replication or
Student’s t-test where appropriate.

Animal Care
All experimental protocols were preapproved by the Animal Care and Use Committee of the
Johns Hopkins Medical Institutions. Animals received humane care in compliance with the
“Guide for the Care and Use of Laboratory Animals” published by the National Institutes of
Health (NIH Publications No. 85–23, revised 1985).

Results
Physiological Variables

Cooling times on CPB for groups 1 and 2 ranged from 25–30 minutes. No significant
differences in tympanic membrane temperatures between both groups were found during
cooling, arrest, rewarming, and recovery phases. Esophageal and rectal temperatures
remained similar for both groups throughout the experiment. Mean arterial pressures and
cardiac output were similar for both groups. No significant differences in arterial blood
gases were found, with similar pH and pCO2, and bicarbonate requirements were also
similar for both groups. Glucose and hemoglobin levels were examined and both groups
exhibited similar hyperglycemia and hemodilution.

In Vivo Microdialysis
Extracellular amino acid concentrations of glutamate, glutamine, glycine, arginine, and
citrulline were measured over time. Peak levels of each amino acid were examined over 3
time periods, arrest, reperfusion CPB, and recovery (2–8 hours after HCA), and compared to
baseline. Intracerebral glutamate levels, which increased during HCA and throughout the
experiment, did not significantly change with administration of MK-801 (Figure 1A).
Glycine, a co-agonist with glutamate on the NMDA receptor, increased during reperfusion
CPB and recovery; glycine levels were significantly reduced by MK-801 treatment (Figure
1B). No significant changes in glutamine occurred over time during HCA, with or without
MK-801 treatment.

NOS converts arginine and oxygen to citrulline and nitric oxide in a 1:1 ratio. Since
ornithine transcarbamylase in the liver is the only other enzyme that performs this reaction,
citrulline production in the brain can be used as a marker for NO production by NOS
activity. NO production increased significantly during reperfusion and recovery and was
completely inhibited by MK-801 (Figure 1C). NO production at the end of the experiment
was found to be reduced as compared to baseline. No significant changes in arginine
concentration were found with or without MK-801 during arrest.

Identification of Apoptosis
Apoptosis was identified morphologically by electron microscopy (EM) and light
microscopy, and biochemically DNA fragmentation was identified by the TUNEL assay.
Morphological criteria for identifying apoptosis were cytoplasmic and cellular shrinkage,
nuclear chromatin condensation and aggregation, fragmentation of the cell with or without
nuclear fragments to produce apoptotic bodies, nuclear pyknosis with a peripheral
distribution in the nucleus, plasma membrane blebbing with no loss of integrity, and the lack
of an inflammatory response. Similarly, as previously demonstrated for neuronal nitric oxide
synthase inhibition [9], electron microscopy confirmed apoptotic cells in contrast to normal
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cells after 2 hours of HCA. Ultrastructurally, the integrity of the plasma membrane and
organelles of the apoptotic cell was preserved and apoptotic bodies were present. By light
microscopy, H&E stained sections also demonstrated apoptosis in HCA treated animals with
or without MK-801 treatment (Figure 2B–2C) versus controls (Figure 2A).

Biochemically, apoptosis results in internucleosomal fragmentation of DNA into multiples
of single nucleosome length of DNA, approximately 180 bp. The TUNEL assay, an in situ
method for staining of DNA fragments, is nonspecific marker for apoptosis. TUNEL
showed cells with DNA fragmentation after HCA with or without MK-801 treatment
(Figure 3B–3C) compared with controls (Figure 3A). Confirmation of apoptosis vs. necrosis
was performed by H&E and electron microscopy.

Inhibition of Apoptosis
As we have previously described, apoptosis was distributed in selective neuronal
populations, including layer 2 of the neocortex, layers 2, 3, and 5 of the entorhinal cortex,
and dentate gyrus of the hippocampus [9]. Notably, apoptosis did not occur in the CA1-CA4
regions of the hippocampus. Of all the regions, however, apoptosis most extensively
targetted the granule cell layer of the dentate gyrus of the hippocampus. With such severity
in a well-defined region, apoptosis was most amenable to quantification in the dentate gyrus.

Since apoptosis occurred maximally in the dentate gyrus of the hippocampus, that region
was closely examined. Investigation of H&E stained sections revealed reduction in
apoptosis after HCA in dogs treated with MK-801 (Figure 2C). Quantitatively, apoptosis
was scored using the H&E stained sections in a blinded fashion by a neuropathologist from
0 (normal) to 100 (severe injury), based on the percentage of apoptotic cells. MK-801
significantly reduced apoptosis in dogs that underwent 2 hours of HCA (7.92 ± 7.85 vs.
62.08 ± 6.28, p<0.001). TUNEL staining also demonstrated a reduction in the number of
cells with DNA fragmentation (Figure 3C).

Comment
HCA is an important technique for repair of complex congenital heart lesions and operations
on the aortic arch and thoracic aorta [1–3]. It provides a bloodless operative field,
unobstructed by vascular clamps and cannulae. However, the central nervous system is
exquisitely sensitive to ischemia, limiting the duration of safe arrest. Neurological injury
occurs when the duration of arrest exceeds 45–60 minutes [4,7]. Clinical sequelae include
seizures, choreoathetosis, learning and memory deficits, and impaired intellectual
development [4–7,14]. Clinically apparent neurologic damage occurs in up to 12% of
children and 15% of adults [4–7,14].

Neuronal cell death causes HCA induced neurologic injury. Necrosis is one neuropathologic
hallmark of HCA induced injury; however, we have previously shown that neuronal
apoptosis is an additional cause of neurologic injury after HCA [9]. We demonstrated that
neuronal apoptosis is a process occurring early, peaking 8 hours, diminishing by 20 hours,
and disappearing by 72 hours after HCA. This time frame may be different in other animal
models, such as neonatal pigs, and the acute nature of this time frame may also be
influenced by the degree and severity of ischemia, where shorter durations of HCA may
show a longer time till onset of apoptosis [15].

Previous work in our laboratory has demonstrated the utility of glutamate receptor
antagonists in ameliorating necrosis associated with HCA at 72 hours [16,17]. In contrast,
one study showed no neuroprotective effect of memantine, an NMDA receptor antagonist in
a porcine model of 75 minutes of HCA at 20°C after 7 days [18]. They found no significant
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changes in histology or behavioral scoring; however, since they did not investigate changes
in nitric oxide, it is uncertain whether the dose response curve of memantine was sufficient
to reduce nitric oxide production. In this study, we investigated the mechanism of apoptosis
which occurs more acutely in our HCA model using an NMDA receptor antagonist,
MK-801. We used the same dose of MK-801 as Dr. Redmond’s chronic study examining
necrosis [10], and demonstrated not only inhibition of apoptosis after HCA but also near
complete suppression of nitric oxide production.

In our prior microdialysis study, we examined changes in extracellular amino acid
concentrations in the brain associated with neuronal apoptosis after hypothermic circulatory
arrest [19]. Glutamate levels increased significantly during arrest, reperfusion CPB, and
recovery, supporting the hypothesis of glutamate excitotoxicity. In addition, citrulline levels,
reflective of NO production, increased significantly during reperfusion CPB and recovery
[19]. In this study, MK-801, a noncompetitive antagonist, did not change glutamate levels;
however, it did significantly reduce NO production, supporting the upstream actions of
glutamate. MK-801 also reduced glycine levels, a requisite co-agonist of glutamate on the
NMDA receptor.

We have demonstrated that glutamate excitotoxicity mediates neuronal apoptosis in this
model of HCA. Apoptosis was pathologically defined by cellular shrinkage and nuclear
chromatin condensation and aggregation on H&E and electron microscopy. Apoptosis was
the morphologic representation of regularly cut nucleosome length DNA, and the TUNEL
assay of nick-end labeling demonstrated cells with DNA fragmentation. Subsequent work in
Dr. Johnston’s laboratory has demonstrated good correlation of TUNEL positive staining
with activated caspase staining in the dentate gyrus for apoptosis. Increased glutamate via its
effects on NO production may result in DNA strand breaks by base deamination to result in
apoptosis.

Glutamate Excitotoxicity and Cell Death Mechanism
Neuronal injury may be caused by overstimulation of excitatory amino acid receptors,
including glutamate and aspartate [20,21]. This excitotoxicity is predominantly mediated by
calcium influx through ionic channels of activated glutamate receptors. Hypoxia and
ischemia result in overaccumulation of the excitatory amino acid, glutamate. Glutamate, the
principal neurotransmitter of the brain, is responsible for many physiologic functions,
including cognition, memory, movement, and sensation. Pathophysiologically, excessive
glutamate activates N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA), and kainate glutamate receptors. Glutamate along with co-
agonist glycine stimulates NMDA receptors to increase intracellular calcium, which triggers
a cascade of intracellular reactions, activating phospholipases, proteases, protein kinases,
phosphatases, and nitric oxide synthase (NOS). NOS causes increased nitric oxide
production, which may damage DNA by base deamination to result in DNA strand breaks.
Damaged DNA activates poly(adenosine 5′-diphosphoribose) polymerase (PARP) to add
dATP to the ends of nicked DNA, resulting in depletion of energy sources from the cell.
These processes ultimately lead to cell death, which can be necrotic or apoptotic in nature
[22,23].

Apoptosis, or programmed cell death, is a tightly regulated process, requiring energy,
macromolecular synthesis, and gene transcription [21,24]. It results in nonrandom
oligonucleosomal length DNA fragmentation. A number of genes have been implicated in
the programmed cell death process, including antiapoptotic genes, i.e. bcl-2, and
proapoptotic genes, i.e. bax and interleukin converting enzyme (ICE) family of cysteine
proteases [21,24]. However, what shifts the balance of antiapoptosis to proapoptosis is
unknown. Furthermore, why cells die via apoptosis vs. necrosis is unknown. Evidence
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suggests that any insult below the threshold to cause necrosis may result in apoptosis, so that
mild and intense insults result in apoptosis and necrosis, respectively [21,24,25]. Initiation
of the apoptotic pathways appears to involve increasing intracellular calcium, acidosis,
reactive oxygen species, and Fas receptor activation [21]. Reduction in neuronal apoptosis
has primarily focused on calpain and caspase inhibition and antioxidants [26].

Neuronal Cell Death after HCA
In hypothermic circulatory arrest, glutamate excitotoxicity mediates both apoptosis and
necrosis [27]. How glutamate triggers one cell to undergo apoptosis, while another necrosis
is not known. Severe ischemia with large increases in glutamate may result in necrosis,
characterized by cellular swelling and lysis, while milder insults cause apoptosis. Greater
insults may generate more superoxide anion to convert nitric oxide to peroxynitrite, which
leads to lipid peroxidation and cellular lysis. Milder insults may generate nitric oxide, but
less peroxynitrite, to alter the oxidative state of the cell and shift the balance from
antiapoptotic to proapoptotic forces.

In this study, we have demonstrated that NMDA receptor antagonism with MK-801
significantly reduced downstream nitric oxide production with no effect on glutamate
concentrations. This reduction in nitric oxide resulted in significant reduction in neuronal
apoptosis after HCA. Apoptotic cell death is significant not only for its role in neurologic
injury after HCA, but also for its role in hypoxia, ischemia, Huntington’s, Alzheimer’s, and
physiological neural development. Strategies for cerebral protection after HCA require
amelioration of both forms of neuronal cell death, necrosis and apoptosis. Glutamate
receptor antagonists in HCA are efficacious in reducing both necrosis and apoptosis;
however, long-term efficacy and outcomes are uncertain due to the complicating factors of
their own neurologic side effects, including problems with memory and cognition. Clinically
safe glutamate receptor antagonists with minimal side effects are challenging to develop, but
would be beneficial in reducing neurologic complications after HCA.
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Figure 1.
Intracerebral glutamate levels (μM) over time with and without MK-801 treatment (figure
1A). Intracerebral glycine levels (μM) (figure 1B) and intracerebral citrulline levels (μM)
(figure 1C) over time with and without MK-801 treatment. *, p<0.05 compared to baseline.
**, p<0.05 compared to HCA without MK-801 treatment.
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Figure 2.
Light microscopy of H&E stained sections for a normal dog (figure 2A). Apoptosis is seen
in an HCA treated dog (figure 2B). Reduction in apoptosis seen in an MK-801 treated HCA
dog shown by light microscopy of H&E stained sections (figure 2C).

Tseng et al. Page 13

Ann Thorac Surg. Author manuscript; available in PMC 2011 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Tseng et al. Page 14

Ann Thorac Surg. Author manuscript; available in PMC 2011 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
TUNEL assay shows no DNA fragmentation in a normal dog (figure 3A). TUNEL
demonstrates cells with DNA fragmentation in an HCA dog (figure 3B). Reduction in cells
with DNA fragmentation is seen in an HCA dog treated with MK-801 (figure 3C).
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