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Immediate-.early Gene Expression in Ovine Brain
after Cardiopulmonary Bypass and Hypotbermic

Circulatory Arrest

Paula M. Bokesch, M.D.,” James Marchand, Ph.D.,t Peter A. Seirafi, M.D.,} Judith M. Deiss, B.A., C.C.P.,§
Kenneth G. Warner, M.D.,|| Roderick T. Bronson, D.V.M.,# Richard M. Kream, Ph.D.™

Background: Cardiopulmonary bypass (CPB) and hypother-
mic circulatory arrest (HCA) are associated with neurological
injury. Altered immediate-early gene expression occurs rap-
idly in the brain in response to ischemia, hypoxia, and severe
metabolic stress, which results in long-term changes in the
molecular phenotype of neurons. This study determined the
effects of CPB and HCA on the expression of the immediate-
early gene c-fos.

Methods: Neonatal lambs were subjected to 2 h of CPB at
38°C (n = 4) or 60 min (n = 6), 90 min (n = 7), and 120 min
(n = 6) of HCA at 15°C. One hour after terminating CPB at
38°C, the brains were analyzed for FOS-encoding mRNA and
FOS-like immunoreactivity in the hippocampal formation.
Other animals (n = 15), subjected to the same CPB and HCA
protocol, were allowed to survive 3—5 days before their brains
were examined for dead neurons.

Results: Minimal c-fos mRNA and FOS proteins were ob-
served in neurons of animals subjected to normothermic by-
pass and of those that served as controls. Non-neuronal FOS
proteins were observed in the choroid plexus, ependyma, and
blood vessels at all times, including normothermic CPB, but

not in the control animals without CPB. The magnitude of
cfos mRNA expression in hippocampal neurons increased
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directly with the duration of HCA. In contrast, expression of
FOS proteins peaked after 90 min of HCA and declined signifi-
cantly thereafter. Dead neurons were seen in surviving ani-
mals after 2 h of HCA only.

Conclusions: Cardiopulmonary bypass and HCA alter imme-
diate-early gene expression in the brain. Translational pro-
cesses are impaired after 120 min of HCA and correlate with
neuron death in the hippocampus. (Key words: Animals:
lambs. Brain: excitatory neurotransmitters; c-fos; immediate-
early gene expression; ischemia. Experimental techniques:
immunohistochemistry; in situ hybridization. Surgery: cardio-
pulmonary bypass; hypothermic circulatory arrest.)

THE molecular mechanisms of CNS complications ac-
companying cardiopulmonary bypass (CPB) and hypo-
thermic circulatory arrest (HCA) are poorly understood.
However, recent animal experiments provide evidence
that excitotoxic events mediated by glutamate recep-
tors may precipitate the neurological or neuropsycho-
logical deficits that can occur after cardiac surgery."”

Glutamate and aspartate are the major excitatory
amino acids in the brain and are responsible for many
normal neurological processes, including conscious-
ness, cognition, memory, and synaptogenesis. However
under adverse physiologic conditions such as ischemia,
hypoxia, or both, excessive activation of glutamate re-
ceptors can mediate neuronal injury or death. Olney
applied the term excitotoxicity to this condition, which
describes a common final pathway for neuronal injury
and death from various stressful and pathologic condi-
tions.”

Excessive extracellular glutamate triggers delayed
neuronal death by promoting the influx of calcium into
cells by activating N-methyl-D-aspartate (NMDA) or non-
NMDA glutamate receptors.’ Glutamate receptor activa-
tion, in turn, stimulates expression of rapidly induced
transcriptional activators known as the immediate-early
genes. These genes initiate a complex cascade of events
that transduct extracellular signals into alterations of
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cellular functions by regulating target genc expression
(late-response genes).” The immediate-early gene ¢
fos is rapidly and transiently induced in neurons within
the hippocampal formation of the brain after seizures,
hypoxia, and global ischemia through glutamate-medi-
ated NMDA and non-NMDA receptor activation.”” " The
protein product of ¢fos mRNA, FOS, modulates tran-
scription of several late-response genes, such as p53,
heat-shock protein, bel-x, tyrosine hydroxylase, and opi-
oid peptides.'””'* Some of the late-response genes €x-
pressed after c¢fos induction are associated with
apoptosis, whereas others enhance cell survival.” Al-
though it is not known whether cfos expression is in-
volved with cell survival or cell death, the appearance
of nuclear-associated FOS protein is a useful indicator
of severely stressed neurons and provides a potential
method for assaying pharmacologic interventions. In
rodents, for example, FOS expression by CAl neurons
of the hippocampus after global ischemia is associated
with the subsequent degeneration of these neurons.
Both FOS expression and neuronal death are prevented
with competitive and noncompetitive NMDA receptor
antagonists such as dextromethorphan and MK-801."*"*

The effects of CPB and HCA on immediate-early gene
expression in the brain have not been reported. The
objectives of this study were (1) to establish a model
that defines the relation between CPB and increasing
duration of HCA on the expression of FOS-encoding
mRNA and FOS protein in the hippocampal formation,
and (2) to determine if there is a relation between FOS
expression and delayed neuronal death in these neu-
rons. The hippocampus, the brain region associated
with memory, learning, and cognition, was selected be-
cause it is particularly vulnerable to injury from CPB
and HCA."”

Materials and Methods

Animal Preparation

Neonatal lambs (weighing 4 - 6 kg) obtained from Par-
sons Farms (Springfield, MA) were used in this study.
All experimental protocols were approved by the Tufts
University School of Medicine Animal Research Com-
mittee and conducted in accordance with the Guide
for the Care and Use of Laboratory Animals (National
Institutes of Health publication no. 85-23, revised
1985). Anesthesia was induced with isoflurane by mask;
the animals were tracheally intubated and their lungs
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were mechanically ventilated with isoflurane, 1-2.5%
in 100% oxygen. Intravenous vecuronium was given for
muscle relaxation. Only Ringer’s lactate or balanced salt
solutions were administered intravenously. Solutions
containing glucose werc avoided because of reports
that hyperglycemia may worsen the deleterious effect
of ischemia in neurons. '’

Animal body temperature was measured with tym-
panic, nasopharyngeal, and rectal probes. The CPB cir-
cuit included a Minimax (Medtronics, Anaheim, CA)
pediatric membrane oxygenator, Medtronic pediatric
arterial filter, CDI in-line arterial/venous blood gas moni-
tor (3M Healthcare, Ann Arbor, M), and a Stockert/
Shiley roller pump. The pump prime consisted of 100
mg methylprednisolone, 25 mEq sodium bicarbonate,
fresh whole sheep blood, 0.5 g/kg mannitol, 0.25 mg/
kg furosemide, 2,000 units of heparin, and 300 mg
CaCl,. This prime is similar to that used clinically for
infants having open-heart surgery with HCA at our insti-
tution. A venous cannula (16-18 Fr) was placed in the
right atrium through a right thoracotomy incision, and
an arterial cannula (10 Fr) was placed in the the right
femoral artery and advanced into the descending aorta
for CPB.

Animals were divided into four groups. Group 1 (n
= 4) had normothermic CPB (38°C) for 2 h; group 2
(n = 6) had CPB with 60 min of HCA; group 3 (n = 7)
had CPB with 90 min of HCA; and group 4 (n = 6) had
CPB with 120 min of HCA. In all experiments, pump
flow rates were maintained at 100-150 ml-kg ' - min "'
during CPB. Isoflurane (1-2%) was used during CPB.
Mean arterial pressure was maintained between 30 and
50 mmHG during CPB with isoflurane and intravenous
fluid administration. A control group (n = 5) received
1 -2% isoflurane alone without CPB at normal body tem-
perature for 3 h. Another control group of lambs (n =
3) was anesthetized with isoflurane and then given 2
100-mg/kg intravenous bolus of pentylenetetrazol to in-
duce seizures. This seizure model induces cxprcssion
of c-fos and FOS-related antigens in the hippocampus.'
The experimental animals were cooled to tympanic,
rectal, and bladder temperatures of 14°C with core cool-
ing on CPB, cooling blanket, and ice packs around the
head. Arterial blood gases were controlled by the alpha-
stat strategy. At 14°C, the pump was turned off and
venous blood drained by gravity from the animal. Hypo-
thermic circulatory arrest was maintained for 60, 90, of
120 minutes at 14-16°C.

Cardiopulmonary bypass was reinstituted in groups 2
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CNS GENE EXPRESSION AND CPB

through 4, the animals were rewarmed to 38°C, and
CPB was terminated. Additional KCI, Ca**, and NaHCO;
were given during rewarming as indicated by arterial
blood gas sampling. One hour after terminating CPB, a
bolus of KCl was administered and the carotid arteries
were perfused with 500 ml chilled, heparinized saline
for 20 min followed by 1 1 of 4% paraformaldehyde for
30 min. The brains were removed rapidly and postfixed
in 4% par:lf()rmaldehyde for an additional 4 h, stored
overnight in 20% sucrose with 0.1 M phosphate-buffered
saline, pH 7.2, and then stored at —80°C.

Additional lambs (n = 15) subjected to the same pro-
tocol just described were allowed to survive 3-6 days
after CPB and HCA. The purpose of these experiments
was to determine if immediate-early gene expression
was associated with subsequent delayed neuronal de-
generation. Animals were anesthetized with isoflurane
using a mask, tracheally intubated, and their lungs me-
chanically ventilated with 2% isoflurane. The lambs
were killed with intravenous KCl and their brains were
perfusion-fixed with paraformaldehyde as previously
described. The brains were removed and stored 2-3
days in paraformaldehyde before they were embedded
in paraffin. The brains were cut into 5-um sections and
stained with hematoxylin and eosin. The number of
dead neurons at X 100 magnification in the same regions
of hippocampal formation were counted by a veterinary
neuropathologist blinded to the experimental protocol.

In Situ Hybridization Immunobistochemical

Analysis

Twelve-micron coronal sections were cut and thaw-
mounted onto gelatin-coated slides. Plasmids containing
cither sense or antisense reading frames were tran-
scribed using SP6 polymerase according to previously
published procedures.'® The sense (Of control) probe
contains the same base sequence as cfos mRNA,
whereas the antisense probe is the complementary RNA
(cRNA) to c-fos mRNA. Thus analysis with the sense
probe yields minimal background signal and the anti-

sense probe is used to detect c-fos mRNA. Sections were

hybridized at 55°C overnight, treated with RNAse to
eliminate nonspecifically bound probe, and stringently
washed at 55°C in 0.1x standard sodium citrate. Slides
were apposed to x-ray film for 1 week and then dipped
in NTB2 and exposed for 2 -3 weeks. The hybridizution
signals obtained from analyses using S€Nsc versus anti-
sense CRNA probes were compared to determine the

specificity of the signal, with the cells and tissue exclu-
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sively labeled with the antisense probe representing
specific hybridization. Sections were stained with thio-
nine to locate the specific regions of hippocampal for-
mation and then examined under dark-field illumination
at X 20 magnification for quantification of FOS-encoding
mRNA.

Immunobistochemical Analysis

Immunohistochemical analyses were performed as
previously described.'™"” The brains were cut into 12-
pm coronal sections and pretreated with 0.1% H,0, in
methanol for 20 min to eliminate endogenous peroxi-
dase activity (that is, blood cells). Slide-mounted sec-
tions were incubated with primary antibody for c-fos
and fos-related proteins (provided by Dr. M. J. Iadarola,
National Institute of Health; final dilution 1:2,000). This
peptide sequence is common to three members of the
FOS family, fra-1, fra-b, and cfos. The sections were
incubated with biotinylated goat anti-rabbit serum and
processed by the avidin-biotin-peroxidase method
(ABC;: Vector, Burlingame, CA) using diaminobenzidine
as the peroxidase substrate. In addition, this procedure
was modified to include nickel intensification of the
diaminobenzidine reaction. Mounted and coverslipped
tissue sections were examined using a Zeiss standard
microscope (Zeiss, Heidelberg, Germany) at X 20 magni-
fication, with brown/black reaction product indicating
the presence of immobilized antigen. To assess the
specificity of immunohistochemical staining, represen-
tative tissue sections were processed with primary anti-
serum preabsorbed with 1 uM of the conserved M-pep-
tide within the FOS protein sequence used to generate
antibody and yielded essentially no cellular-specific re-
action product. Furthermore, in every immunohisto-
chemical analysis, sections were processed in parallel to
avoid interassay differences in labeling intensity. Finally,
immunohistochemically detected nuclear-associated re-
action product is called “FOS-like immunoreactivity.”

Image Analysis

Immunohistochemical data were analyzed by a
blinded observer using a MS-DOS 386-based image pro-
cessing system,” which detects and quantitates the
number of FOS-like immunoreactive nuclei per ana-
tomic field. Neurons in the hippocampal formation
were casily distinguished from glia, ependyma, and cho-
roid cells, which also contained FOS-like immunoreac-
tivity, by their characteristic pyramidal shape, size, and
distribution. For in situ hybridization immunohisto-
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chemical analyses, bright pixels associated with labeled
neuronal somata were isolated by removing background
from each image using preestablished noise threshold
values and an adaptive discriminator. Objects in each
filtered image were extracted by locating sets of contig-
uous active pixels, whereas marginally labeled cells and
small artifacts are discarded. For the remaining objects,
intensity levels are converted to either grains or levels
of radioactivity (fCi) per pixel, and the sum of these
values was used to calculate the concentrated hybrid-
ized probe contained within each object, expressed as
fCi/pm”.

Data Analysis

The amount of hybridized probe and the number of
FOS-like immunoreactive nuclei within discrete areas
of the hippocampal formation are expressed as mean
+ SEM. In addition, the number of dead neurons within
each region of the hippocampal formation are ex-
pressed as mean =+ SEM. In situ hybridization and immu-
nohistochemical data were evaluated for the treatment
groups using the Kruskal-Wallis one-way analysis of vari-
ance of the ranks. Durations of HCA among study
groups were compared using Dunn’s method (InStat
program). A probability value less than 0.05 was consid-
ered statistically significant.

Results

All animals survived the CPB and HCA periods. The
mean cooling times during CPB were similar (24 = 6
min) for groups 2 through 4. There were no significant
differences in tympanic, nasopharyngeal, or rectal tem-
peratures among groups throughout the cooling, arrest,
and rewarming phases. There were no differences in
mean arterial pressure in all groups during CPB and
post-CPB periods. No vasopressors were given after
CPB.

In Situ Hybridization Histochemical Analyses

Very high concentrations of c-fos mRNA were ob-
served in the hippocampal formation (particularly the
ventral hippocampus) in the seizure-induced control
animals that received pentylenetetrazol. Low concentra-
tions of ¢-fos mRNA were observed in the hippocampal
formation of the control animals exposed to general
anesthesia only and in those that underwent CPB at
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fCi/ 0.05mm2

120 MIN

90 MIN

Fig. 1. c-fos mRNA expression in CAl, 3, 4, and dentate gyrus
regions of hippocampal formation. The transcription of c-fos
mRNA was significantly different among groups of animals
that had HCA and both the controls and the animals that had
cardiopulmonary bypass at normothermic (P - 0.001). The
transcription of c-fos mRNA in the CA-1 region after 120 min
of hypothermic circulatory arrest (n = 6) was significantly
greater than the amount after 60 (n = 5) or 90 min (n = 7) of
hypothermic circulatory arrest (AP < 0.01).

38°C (fig. 1). Cardiopulmonary bypass with HCA re-
sulted in substantial induction of c¢fos mRNA in the
hippocampal formation. The magnitude of ¢fos gene
expression increased linearly with the duration of HCA,
with maximum expression after 120 min of HCA (figs.
1 and 2B). Induction of ¢-fos mRNA was not observed
in the choroid plexus, ependyma, and blood vessels in
any of the experimental or control groups of animals.

Immunobistochemical Ancalyses

The pentylenetetrazole-treated lambs in the control
group had intense intranuclear FOS-like immunoreactiv-
ity in neurons in the hippocampal formation, particu-
larly in the dentate gyrus cells of the ventral hippocan-
pus. The FOS response to pentylenetetrazol observed
in lambs is similar to that reported in rodents.'” Intra-
nuclear FOS-like immunoreactivity was not observed in
brain sections from control animals, which had general
anesthesia alone. Similarly, negligible FOS-like immuno-
reactivity was observed in the nuclei of the hippocanr
pal neurons in the animals that had normothermic CPB
without circulatory arrest and in those animals that un-
derwent 60 min of HCA (fig. 3). In contrast, intense
FOS-like immunoreactivity was detected in neurons and
glia of the hippocampal formation in animals subic’CWd
to 90 min of HCA (see figs. 2C and 3). Interestingly, the
appearance of FOS-like immunoreactivity was equally

Fig. 2. Ph
sections of
field view «
90 min (4)
mic circula
tions&show

rotedns af
of h§poth
though c:fc
est after 12
tory %rresl
sponding i
D). @ar €q

4pd-ao11e/ABO|0ISBY}SBUE/WOD J|E!

=

integse in
amirged: (

FOB-like
ronag cell;
bloo§ ves
cont%ol la

0-000Z 1966

100

o
¥HPE9Z00

803

5

60

e -OTHOF

IS
o

14495
ROMSE
™Moo

#FOS-POSITIVE CELLS PER 20X FIELD
n
o
= o




MIN 120 MIN
HCA-————
and dentate gyrus
1scription of cfyg
roups of animals
> animals that had
(*P < 0.001). The
rion after 120 min
was significantly
90 min (n = 7)f
.

s with HCA re
s mRNA in the
e of cfos gent
{uration of HCA
1in of HCA (figs
as not observed
blood vessels it
yups of animals.

s in the control
> immunoreactiv-
rmation, particu~
entral hippocatt
etrazol observed
rodents."” Int
s not observedid
hich had generd
:0S-like jmmund
of the hippoc®
yrmothermiC P
- animals that u
contrast, intenst
-d in neurons an
nimals subjecte
lnlcrestingly“ ¢
ivity was €q¥ f

CNS GENE EXPRESSION AND CPB

Fig. 2. Photomicrographs of histologic
sections of hippocampal formation. Dark-
field view of transcribed c;fos mRNA after
90 min (4) and 120 min (B) of hypother-
mic circulatory arrest. Corresponding sec-
tions showing translation of FOS-related
proteins after 90 min (C) and 120 min (D)
of hypothermic circulatory arrest. Al-
though c-fos mRNA expression was great-
est after 120 min of hypothermic circula-
tory arrest (B), there was not a corre-
sponding increase in protein production
(D). Bar equals 500 pm.

intense in all regions of the hippocampal formation €x-
amined: CA1, CA3, CA4, and dentate gyrus.

FOS-like immunoreactivity was observed in non-neu-
ronal cells; that is, glia, ependyma, choroid plexus, and
blood vessels in the brain at all points except in the
control lambs, which did not have CPB (fig. 4). How-

100 |

80

#FOS-POSITIVE CELLS PER 20X FIELD

T —— = [ e —
CONTROL CPB38°

oy N—

Fig. 3. FOS-related protein synthesis in the hippocampal for-
mation. The translation of FOS-related proteins was signifi-
cantly greater after 90 min of hypothermic circulatory arrest
(HCA) (n = 7; “P < 0.001 for 90 min vs. control, normothermic
cardiopulmonary bypass, 60 and 120 min of HCA). Translation
of FOS-related protein was signiflcuntly greater after 60 min
of HCA in the dentate gyrus and all regions of the hippocam-
pus after 120 min of HCA compared with controls and animals
that had normothermic cardiopulmonary bypass at (/ P

0.01).
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ever, because these structures did not express c-fos
mRNA, this indicates that one or more of the other
genes of the FOS family (fra-1, fra-2, or fos-b) were
expressed. There was no statistical difference in the
number of non-neuronal cells with intranuclear FOS-like
immunoreactivity after normothermic CPB compared
with those after 60, 90, or 120 minutes of HCA (ig. 5).

In the surviving animals, neuronal necrosis was only
observed in CA1 and CA3 cells of animals subjected to
2 h of HCA (table 1). Dead neurons were identified
by their characteristic shrunken nuclei and bright red

cytoplasm (fig. 0).

Discussion

These experiments demonstrated a linear relation be-
tween ¢-fos mRNA expression in hippocampal neurons
and the duration of HCA. Expression of FOS-related pro-
teins was greatest after 90 min of HCA and decreased
significantly thereafter. The intensity and distribution
of ¢fos mRNA and FOS-related proteins observed in
these experiments are similar to that reported in other
animal models of ischemia and hypoxia, seizures, and
head trauma.” " Neuronal death in CAl and CA3 was
observed only after 2 h of HCA, which correlated with
a decrease in FOS-related protein production.

Immediate-early genes such as c-fos are rapidly ex-
pressed throughout the CNS in response to stress, hyp-
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indicate the presence of the antigens fra-
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oxia, and ischemia. Although other pathways have been
described, the transcription of immediate-early genes is
usually initiated by glutamate-mediated membrane de-
polarizations linked to intracellular second messengers
such as calcium, calmodulin, and c-AMP-dependent
processes.>”'"*' We assumed in these experiments that
the intense c¢-fos expression was due to glutamate-medi-
ated mechanisms, even though extracellular glutamate
was not measured. We make this assumption because
other animal models of cerebral ischemia, trauma, and

1,fra-2,or fos-b. FOS-like immunoreactiv-
ity was not observed in the choroid
plexus, ependyma (Ep), or blood vessels
(BV) of control animals (4), whereas in-
tense signal was seen after normothermic
cardiopulmonary bypass (B) and after 90
min (C) and 120 min (D) of hypothermic
circulatory arrest. Bar equals 50 pum.

seizures have measured increased extracellular gluta-
mate concentrations in association with FOS induction.
Furthermore, the distribution of FOS we observed in
the hippocampal formation mirrors that of the NMDA
form of the glutamate receptor.” Once activated, the ¢-
fos gene is transcribed in the nucleus to mRNA, which
is then translated into protein in the cytoplasm. The
protein product, FOS, after forming a heterodimer with
a member of the jun family of proteins, then translo-
cates to the nucleus, where it binds to regulatory re-
gions of target genes. Therefore the extent of FOS pro-
tein induction may act as an intracellular signaling

e switch that can modulate the transcription of many late-
L k- response genes.'"'* Our results are consistent with the
z L E contention that the neuronal damage reported after
LéL o * long periods of CPB and HCA is associated with immedi-
% ate-early gene expression.
3 50 It is not clear from this study which target genes are
2 40 activated by the increased induction of FOS protein degenerat
2 30 Which ¢o;
@ 20 tion
2 » Whe
8 . Table 1. Number of Dead Neurons in the Hippocampal Neurons
Formation 3—-7 Days after 90 and 120 Min of HCA ¥
; ; : Productioy
CONTROL CPB 38° 60 MIN 90 MIN 120 MIN CA1 CA3 CA4 DG Protein p
DHCA :
; Oth :
Fig. 5. FOS-related protein synthesis in the choroid plexus. 90 min HCA 0 0 0 0 h (0
Translation of FOS-related protein (fra-1, fra-2, fos-B) was sig- 120 min HCA 7.8 + 2.0 11.3 + 55 45+ 4.7 0.33*05 of HCA
nificantly increased after both normothermic cardiopulmo- ‘thUghOU
nary bypz'lss and Pypothermic circulatory arrest (P < 0.001, *P < 0.001; n = 5; 100 x field. ConSiSte
by analysis of variance). DG = dentate gyrus. Me nt
dasurey
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Fig. 0. Photomicrographs (x100) of CA1 neurons in animals
surviving 90 min (4, n = 5) and 120 mins (B, n = 5) of hypo-
thermic circulatory arrest. Extensive neuronal death was seen
only after 120 min of hypothermic circulatory arrest.

observed after 90 min of HCA. Neither is it known
whether FOS protein production subserves cell survival
after reperfusion or contributes to necrotic or apoptotic
cell death.®” However, we did not observe any neuronal
degeneration in the animals surviving 90 min of HCA,
which correlated with maximal FOS protein produc-
e degeneration of CA1 and CA3
neurons was seen after 2 h of HCA when FOS protein
production was diminished. This would imply that FOS
protein production is necessary for cells to survive.
Other animal CPB models have demonstrated that 2
h of HCA is associated with profound neuronal death
throughout the hippocampal formation,"** which is
consistent with our results.
Measurement of the steady-stat

tion, whereas extensiv

e level of a specific
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mRNA and its protein may provide only one index of the
alteration of two dynamic processes: synthesis, which
includes both transcription (with posttranscriptional
modification) and translation, and degradation. Typi-
cally, cfos transcription requires about 30 min for ex-
pression after ischemia and is visible in the cytoplasm
for about 1 h. Intranuclear FOS protein is visible about
45 min after the stimulus and persists for 3 or 4 h. From
this perspective, we selected the same time point (45 -
60 min after terminating CPB at 38°C) in every experi-
ment to consistently detect, quantify, and compare both
cfos and FOS protein during reperfusion.

FOS-like immunoreactivity was observed in non-neu-
ronal cells (ependyma, choroid plexus, and blood ves-
sels) in the brain in all CPB and HCA experiments, in-
cluding normothermic CPB (fig. 4). The absence of ¢-
fos mRNA signal in these cells indicates that the antise-
rum is detecting one of the FOS-related antigens, fra-
1, fra-2, or fos-B. There was no statistical difference in
the number of cells producing these proteins at nOrmo-
thermic CPB or after HCA (fig. 5). The effect of these
proteins in non-neuronal cells, which make CSF in the
brain. is not clear, but their presence at all times involv-
ing CPB implies that they are responding to the altered
cerebral circulation that occurs with CPB. We can spec-
ulate that increased CSF production (or decreased reab-
sorption) accompanies CPB. even though we did not
measure CSF volumes in these experiments. Clinically,
CPB and HCA cause cerebral edema in infants.***!

Additional studies are needed to define precisely the

temporal relations between c-fos induction, the occur-
rence of DNA damage, and the appearance of morpho-
logic changes characteristic of neuronal death. Simi-
larly, whether increased c-fos expression plays a direct
functional role in excitotoxic-mediated cell death after
HCA or mediates attempts at protective mechanisms
within neurons remains to be determined. Our labora-
tory is using this model to study late-response gene
expression and the effects of NMDA antagonists.

The authors thank Ofelia Martinez and Julie Wincinger for technical

assistance.

References

1. Redman JM, Gillinov AM, Zehr KJ, Blue ME, Troncoso JC, Reitz
BA. Cameron DE, Johnston MV. Baumgartner WA: Glutamate excito-

A mechanism of neurologic injury associated with hypother-

toxicity:
107:776-87

mic circulatory arrest. ] Thorac Cardiovasc Surg 1994;



1446

BOKESCH ET AL.

2. Redman JM, Gillinov AM, Blue M, Zehr KJ, Troncoso JC, Cam-
eron DE, Johnston MV, Baumgartner WA: The monosialoganglioside,
GM1. reduces neurologic injury associated with hypothermic circula-
tory arrest. Surgery 1993; 114:324-33

3. Rothman SM, Olney JW: Glutamate and the pathophysiology of
hypoxic-ischemic brain damage. Ann Neurol 1986; 19:105-11

4. Lipton SA, Rosenberg PA: Excitatory amino acids as a final com-
mon pathway for neurologic disorders. N Engl ] Med 1994; 330:613 -
22

5. Hughes P, Dragunow M: Induction of immediate-early genes
and the control of neurotransmitter-regulated gene expression within
the nervous system. Pharmacol Rev 1995; 47:133-78

6. Smeyne RJ, Vendrell M, Hayward M, Baker §J, Miao GC, Schilling
K, Robertson LM, Curran T, Morgan JI: Continuous c-fos expression
precedes programmed cell death in vivo. Nature 1993 363:166-9

7. Kiessling M, Gass P: Stimulus-transcription coupling in focal
cerebral ischemia. Brain Pathol 1994; 4:77-83

8. Morgan JI, Cohen DR, Hempstead JL, Curran T: Mapping pat-
terns of c-fos expression in the central nervous system after seizures.
Science 1987; 236:192-7

9. Bullitt E: Expression of C-foslike protein as a marker for neu-
ronal activity following noxious stimulation in the rat. ] Comp Neurol
1990; 296:517 -30

10. Sheng M, Greenberg ME: The regulation and function of c-fos
and other immediate early genes in the nervous system. Neuron 1990;
4:477-85

11. IkedaJ, Nakajima T, Gerfen C, Nowak TS: In situ hybridization
analysis of c-fos and prodynorphin mRNA levels and distribution in
gerbil hippocampus after transient ischemia. Stroke 1990; 21:1 - 16

12. Sonnenberg JL, MacGregor-Leon PF, Curran T, Morgan J: Dy-
namic alterations occur in the levels and composition of transcription
factor AP-1 complexes after seizure. Neuron 1989a; 3:359-65

13. Bokesch PM, Marchand JE, Connelly CS, Wurm WH, Kream
RM: Dextromethorphan inhibits ischemia-induced c-fos expression
and delayed neuronal death in hippocampal neurons. ANESTHESIOLOGY
1994; 81:470-7

Anesthesiology, V 85, No 6, Dec 1996

14. Gil R, Foster AC, woodruff GN: Systemic administration of
MK-801 protects against ischemia-induced hippocampal neurodegen-
eration in the gerbil. ] Neurosci 1987; 7:3343-49

15. Shaw PJ, Bates D, Cartlidge NEF, French JM, Heaviside D, Julian
DG. Shaw DA: Neurologic and neuropsychological morbidity follow-
ing major surgery: Comparison of coronary artery bypass and periph-
eral vascular surgery. Stroke 1987, 18:700-7

16. Feerick AE, Johnston WE, Jenkins LW, Lin CY, Mackay JH,
Prough DS: Hyperglycemia during hypothermic canine cardiopulmo-
nary bypass increases cerebral lactate. ANESTHESIOLOGY 1995; 82:512-
20

17. Sonnenberg JL, Rauscher FJ, Morgan JI, Curran T: Regulation
of proenkephalin by Fos and Jun. Science 1989; 246:1622-5

18. Marchand JE, Zaccheo TS, Connelly CS, Kream RM: Selective
in situ hybridization histochemical analyses of alternatively spliced
mRNAs encoding preprotachykinins in rat central nervous system.
Mol Brain Res 1993; 17:83-94

19. Shimonaka H, Marchand JE, Connelly CS, Kream RM: Develop-
ment of an antiserum to the midportion of substance P: Applications
for biochemical and anatomical studies of substance P-related peptide
species in CNS tissues. ] Neurochem 1992; 59:81-92

20. Zaccheo TS, Gonsalves RA, Kream RM: Detection and estima-
tion of mRNA levels using a non-linear model in neurona labeled by
in situ hybridization histochemistry. NeuroIlmage 1993; 1:151 -61

21. Gasic GP, Hollman M: Molecular neurobiology of glutamate
receptors. Annu Rev Physiol 1992; 54:507 -36

22. Crittenden MD, Roberts CS, Rosa L, Vatsia SK, Katz D, Clark
RE, Swain JA: Brain protection during circulatory arrest. Ann Thorac
Surg 1991; 51:942-7

23. McConnell JR, Fleming WH, Chu WK, Hahn FJ, Sarafian LB,
Hofschire PJ, Kugler JD: Magnetic resonance imaging of the brain in
infants and children before and after cardiac surgery. Am J Dis Child
1990; 144:374-8

24. Stow PJ, Burrows FA, McLeod ME, Coles JG: The effects of
cardiopulmonary bypass and profound hypothermic circulatory ar-
rest on anterior fontanel pressure in infants. Can J Anaesth 1987;
34:450-4

,\ncsthesiology
1996; 85:144'f-
o 1996 AmETIiC
uppmcon-Ru\'

sevof
and 1

Supp

HideczHiral
Satokg Sal,
Kenjir@ Mo

zese//:dpy wol

Backgrou
pressés pla
study’by th
aggreiation
ing affinity
on platelet

Metiiods:
ane wfpre €
aggregatior
rine, grach
([+]-981-ep
aggre%omel
mund@ssay
recepgprs v
labelé}l TX

-Z¥S00

6

*Staff-Anes
o
tAsQciate
Medicge.
1Staf Ane:
§Associate
(0]
||Cli§ical F
”Ch*:?f-An(
*p, S
Préfesso;
Collegg, Wal
T1Professo
pital.

HProfessc
of Medicine.

Received ¢
2uke Kofuka
Departments
ulty of Medic
1996. Acce D
& the annyy)
Atlanta, Gy
n-ajq from tl

Address re|
tano Hospi

Anesthcsiolog



	Anesthesiology Vol 85_1531.tif
	Anesthesiology Vol 85_1532.tif
	Anesthesiology Vol 85_1533.tif
	Anesthesiology Vol 85_1534.tif
	Anesthesiology Vol 85_1535.tif
	Anesthesiology Vol 85_1536.tif
	Anesthesiology Vol 85_1537.tif
	Anesthesiology Vol 85_1538.tif

