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Cardiopulmonary Bypass Induces Neurologic and
Neurocognitive Dysfunction in the Rat
G. Burkhard Mackensen, M.D.,* Yukie Sato, M.D.,† Bengt Nellgård, M.D., Ph.D.,† Jose Pineda, M.D.,‡
Mark F. Newman, M.D.,§ David S. Warner, M.D.,§ Hilary P. Grocott, M.D., F.R.C.P.C.�

Background: Neurocognitive dysfunction is a common com-
plication of cardiac surgery using cardiopulmonary bypass
(CPB). Elucidating injury mechanisms and developing neuro-
protective strategies have been hampered by the lack of a suit-
able long-term recovery model of CPB. The purpose of this
study was to investigate neurologic and neurocognitive out-
come after CPB in a recovery model of CPB in the rat.

Methods: Fasted rats (n � 10) were subjected to 60 min of
normothermic (37.5°C) nonpulsatile CPB using a roller pump
and a membrane oxygenator. Sham-operated controls (n � 10)
were not subjected to CPB. Neurologic outcome was assessed on
days 1, 3, and 12 after CPB using standardized functional test-
ing. Neurocognitive outcome, defined as the time (or latency) to
finding a submerged platform in a Morris water maze (an indi-
cator of visual–spatial learning and memory), was evaluated
daily from post-CPB days 3–12. Histologic injury in the hip-
pocampus was also evaluated.

Results: Neurologic outcome was worse in the CPB versus the
sham-operated controls at all three measurement intervals (P <
0.001). The CPB group also had longer water maze latencies
compared with the sham-operated controls (P � 0.004), indi-
cating significant neurocognitive dysfunction after CPB. No dif-
ference in histologic injury between groups was observed.

Conclusions: CPB caused both neurologic and neurocognitive
impairment in a rodent recovery model. This model could po-
tentially facilitate the investigation of CPB-related injury mech-
anisms and possible neuroprotective interventions.

SINCE the advent of cardiopulmonary bypass (CPB),
cerebral injury after cardiac surgery has been repeatedly
documented in humans.1–3 Clinical manifestations of this
injury are variable, ranging from frank stroke to subtle
neurocognitive dysfunction.4,5 Although these types of
injuries have been studied in humans for decades, the
mechanisms of injury are incompletely described.

A major limitation to investigating injury mechanisms
and potentially developing neuroprotective strategies
has been the lack of a reproducible animal model of
cerebral injury after CPB.6 Although numerous animal
models of CPB have been described,7–9 they have sub-
stantial limitations. Models of CPB using large animals
require sophisticated surgical expertise and have exam-
ined only short recovery intervals. Such models are also
expensive, particularly with respect to management of
extended recovery from CPB. Large animals are also
limited by lack of development of standardized neuro-
logic and neurocognitive measurement techniques.

The rat has been extensively used for the investigation
of cerebral injury, allowing a wide spectrum of well-
developed methods for definitions of mechanisms and
neuroprotective interventions in a number of different
settings, including global and focal cerebral isch-
emia.10–15 Because of this, we sought to determine
whether the rat could become a suitable recovery model
for the study of cerebral dysfunction associated with
CPB. The purpose of this investigation was to determine
(1) whether long-term (� 24 h) survival in a rat CPB
model is feasible, (2) whether exposure to CPB causes
neurologic or neurocognitive dysfunction in rats, and (3)
whether such dysfunction is associated with specific
histologic findings.

Methods

The following experimental protocol was approved by
the Duke University Animal Care and Use Committee
(Durham, NC). All procedures herein described met the
guidelines of the National Institutes of Health for animal
care.16

Male Sprague-Dawley rats (age, 12–14 weeks; weight,
325–375 g; Harlan, Indianapolis, IN) were fasted for
12–16 h but had free access to water. The animals were
then anesthetized with 3% isoflurane in oxygen in a
plastic box. After orotracheal intubation, the lungs were
mechanically ventilated (30% O2–balance N2). Ventila-
tion was adjusted to maintain an arterial carbon dioxide
tension (PaCO2) of 36-42 mmHg. During subsequent
surgical preparation, anesthesia was maintained with
2.0–2.5% isoflurane. Surgery was performed with an
aseptic technique, and all surgical fields were subse-
quently infiltrated with 1% lidocaine. Figure 1 illustrates
both the surgical and CPB preparations. Between exper-
iments, all reusable components were gas sterilized with
ethylene oxide to ensure sterility. The oxygenators were
not reused.
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Rectal temperature was monitored and servo-regulated
at 37.5 � 0.1°C (YSI 400 series thermistor and 73ATA
Indicating controller; YSI, Yellow Springs, OH) using a
heating blanket and convective forced-air heating sys-
tem. Mean arterial blood pressure was monitored via the
superficial caudal epigastric artery, which was cannu-
lated with polyethylene tubing (PE-10 Intramedic Tub-
ing, Becton-Dickinson, Sparks, MD). Rats were given
150 IU heparin intravenously after placement of the
arterial catheter. The tail artery was cannulated with a
20-gauge, 1.1-in intravenous catheter, which later served
as the inflow for the CPB circuit. Via a neck incision, a
4.5-French, multiorifice, dual-stage venous cannula was
inserted in the internal jugular vein and advanced until
the tip of the cannula was placed near the junction of the
inferior vena cava and right atrium. Position of the ve-
nous cannula had been confirmed in pilot experiments
with the use of transesophageal echocardiography that
used a commercially available intravascular ultrasound
system. With the tip of the venous cannula in this posi-
tion, drainage of the right atrium, the right superior vena
cava, the left superior vena cava (found routinely in rats),
and the inferior vena cava were optimized. Importantly,
the rat has both left and right superior vena cavae,
allowing the right to be ligated without adversely affect-
ing cerebral venous outflow.

The CPB circuit consisted of a venous reservoir, a
peristaltic pump, a membrane oxygenator, and the arte-
rial inflow cannula, all of which were connected via
1.6-mm-ID silicone tubing (Tygon®; Cole-Parmer Instru-
ment Co., Vernon Hills, IL). Blood returning through the
venous cannula to the venous reservoir (jacketed with
circulating water from a heat pump) was drained to a
peristaltic pump (Masterflex®; Cole-Parmer Instrument
Co.). Blood was pumped through a membrane oxygen-
ator (a modified Cobe Micro® neonatal oxygenator with
a surface area of 0.33 m2; Cobe Cardiovascular, Inc.,
Arvada, CO) and then back into the animal via the

arterial inflow cannula. An in-line flow probe (2N806
flow probe ands T208 volume flowmeter; Transonics
Systems, Inc., Ithaca, NY) was used to measure CPB flow
continuously. The CPB flow was 160–180 ml · kg�1 ·
min�1, which is similar to the normal cardiac output in
the rat.17,18 Arterial line inflow temperature was main-
tained at 37.5°C using a circulating water bath system.
Complete CPB was assumed by (1) the absence of pul-
satility in the monitoring arterial line; (2) transesopha-
geal echocardiographic demonstration of effective drain-
age of the right atrium resulting in empty right and left
ventricles; (3) pilot experiments that directly visualized
(via thoracotomy) the collapse of the right atrium
around the venous cannula with onset of CPB; and (4)
complete dependence on pump flow for the mainte-
nance of blood pressure seen during pilot experiments
and abrupt cessation of the pump output.

The CPB circuit was primed with approximately 40 ml
whole blood obtained before the start of the experiment
from two heparinized (100 IU per rat, intravenous) do-
nor rats, which were exsanguinated during isoflurane
anesthesia. In addition, 6% hetastarch (3–5 ml) was
added to the circuit during CPB to maintain adequate
concentrations in the venous reservoir. While excessive
hemodilution was avoided by priming the circuit with
whole blood, the resulting hemoglobin concentration
range was approximately 10–13 mg/dl. No further blood
transfusion was required. Sham-operated animals re-
ceived no additional intravenous fluid. Neither group
received any exogenous glucose. The venous oxygen
saturation from the venous return line was measured
continuously using an Oximetrix® Monitor and Opti-
cath® Catheter (Abbot Laboratories, North Chicago, IL).
Arterial blood gas analysis was performed using an IL
1306 blood gas analyzer (Instrument Laboratories, Inc.,
Lexington, MA), with hemoglobin determined using an
OSM3 Hemoximeter® (Radiometer Inc., Copenhagen,
Denmark), both of which were calibrated to rat blood.

After the surgical preparation, local anesthetic was
instilled into the wounds, which were closed around the
catheters. After priming of the CPB circuit, baseline
physiologic measurements were performed, and 10 min
before commencement of CPB, the anesthetic was con-
verted from isoflurane to fentanyl (150 �g/kg, intrave-
nous), diazepam (2 mg/kg, intravenous), and pancuronium
(0.2 mg, intravenous). A subsequent dose of fentanyl
(75 �g/kg, intravenous) and diazepam (1 mg/kg, intrave-
nous) was given after 30 min of CPB, thereby insuring an
adequate depth of anesthesia. Pilot studies had been per-
formed to assure that rats would not exhibit an escape
response in the absence of pancuronium given this anes-
thetic regimen.

All animals underwent the same surgical preparation
and were exposed to the same anesthetic conditions as
described. The rats were then randomly assigned to
receive either CPB (n � 10) or to serve as sham-operated

Fig. 1. Schematic diagram of the surgical preparation and rat
cardiopulmonary bypass apparatus. Modified from Grocott et
al.21 with permission.
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controls (n � 10). In the CPB group, CPB was instituted
and maintained for 60 min. To prevent atelectasis during
CPB, the lungs were not ventilated but received 5 mmHg
of continuous positive airway pressure (fraction of in-
spired oxygen [FIO2] � 0.21). After 60 min of CPB, the
animals were weaned from CPB without the need for
inotropes or vasopressors. The heparin anticoagulation
was allowed to dissipate spontaneously without supple-
mental administration of protamine. After decannula-
tion, rats remained anesthetized, intubated, and venti-
lated for 2 h, after which any residual neuromuscular
blockade was reversed with neostigmine (50 �g/kg, in-
travenous) and glycopyrrolate (20 �g/kg, intravenous).
When the animals resumed spontaneous ventilation, the
tracheas were extubated. The animals were allowed to
recover in an oxygen-enriched environment for 24 h
with free access to water and food. The control group
had all CPB catheters left in place for the 60 min (there-
by mimicking the surgical procedures for CPB) but were
not connected to the external CPB circuit itself. The
animals were decannulated and recovered in the same
fashion as the CPB group did.

All animals underwent standardized functional neuro-
logic testing. Twenty-four hours after CPB–sham opera-
tion, all animals underwent testing according to an es-
tablished protocol that included assays of prehensile
traction, strength, and balance-beam performance,
which was graded on a 0–9 scale (best score � 9).13,15

This testing was repeated again on the 3rd and 12th
postoperative days.

In addition to the neurologic evaluation, behavioral
testing using the Morris water maze to evaluate neuro-
cognitive outcome was instituted on the third postoper-
ative day by an investigator blinded to group assign-
ment.12 Briefly, the Morris water maze consisted of a
1.5-m-diameter, 30-cm-deep pool of water (27°C) with a
submerged (1 cm below surface), hidden platform in
one quadrant. Rats were placed in the water in a dimly lit
room with multiple extra maze visual clues. The time to
locate the submerged platform (defined as the latency)
was measured to test for of impairment in visual–spatial
learning and memory. Rats underwent daily testing in
the water maze with four trials per testing period, each
limited to a 90-s water exposure. Each of the trials was
begun from a separate quadrant. Testing was performed
daily until the 12th postoperative day (10 consecutive
days of testing). To ensure that a difference in swimming
speed between CPB animals and sham-operated controls
would not confound the water maze results, the final
nine rats (CPB, n � 5; sham-operated controls, n � 4)
had their swimming recorded by a computerized video
tracking system (EthoVision®; Noldus, Wageningen,
The Netherlands).

After completion of the neurologic testing on the final
day, the animals were anesthetized in 3% halothane and

underwent in situ brain fixation using an intracardiac
injection of 4% buffered formalin. Twenty-four hours
later, the brains were removed and stored in 4% forma-
lin. Paraffin-embedded brain sections were then serially
cut (5-�m-thick sections) and stained with acid fuchsin–
celestine blue. Images of the brain were then evaluated
by light microscopy by one of the investigators (Y. S.) as
well as a neuropathologist. With these investigators
blinded to group assignment, the hippocampus was ex-
amined for evidence of neuronal necrosis (eosinophilic
and pyknotic cells). The total number of both normal
and necrotic cells were recorded. In addition, represen-
tative sections of the cerebellum, cortex, and caudopu-
tamen were also stained, examined, and qualitatively
assessed for the presence of necrotic injury.

Statistical Analysis
Water maze performance, the primary outcome, was

compared between groups using repeated-measures
analysis of variance. Physiologic values were compared
between groups using the Student t test, with the Bon-
ferroni correction used to control for multiple compar-
isons. Neurologic outcome between groups on post-CPB
days 1, 3, and 12 was compared using repeated-measures
analysis of variance. Between-group comparisons of the
average swimming speed over the 10-day swimming
period were performed using the Student t test. Histo-
logic outcomes were compared between groups using
the Mann–Whitney U test. Statistical significance was
assumed when P � 0.05.

Results

Table 1 displays physiologic values from the CPB and
sham-operated rats. The only differences between
groups were in regard to a lower hemoglobin and a
transient higher arterial oxygen tension (PaO2) in the
CPB versus the sham-operated group, both due to the
nature of CPB. There were several deaths in both groups,
both due to technical limitations (unintentional discon-
nection of the CPB circuitry; one CPB animal), insuffi-
cient venous return (one CPB animal), perforation of the
right atrium (one sham-operated animal), and failure to
resume normal eating and drinking patterns postopera-
tively (days 4–6, n � 3 CPB group, none in the sham-
operated group). These animals were all excluded from
the analysis, leaving a total of 10 animals in each group
for analysis.

The CPB group had a worse neurologic outcome com-
pared with the sham-operated controls on the 1st, 3rd,
and 12th postoperative days (P � 0.001). Qualitative
analysis of the individual components within the func-
tional neurologic testing suggested that this difference
was predominantly attributable to worse performance

1487CPB INDUCES NEUROCOGNITIVE DYSFUNCTION IN THE RAT

Anesthesiology, V 95, No 6, Dec 2001



on the balance beam and prehensile traction ability (ta-
ble 2).

Figure 2 represents the Morris water maze perfor-
mance in the two groups. CPB rats showed longer water
maze latencies compared with the sham-operated con-
trols (P � 0.004), indicating significant neurocognitive
dysfunction after CPB. Figure 3 represents the daily wa-
ter maze swimming speed of the rats. The average swim-
ming speed (days 3–12) was not different between
groups (CPB group, 27.2 � 2.8 cm/s; sham-operated
group, 25.3 � 2.7 cm/s; P � 0.34).

Despite these marked differences in functional neuro-
logic and neurocognitive outcome, histologic outcome be-
tween the two groups was less clear. There was no differ-
ence between groups with respect to total number of
hippocampal neurons or total number of necrotic hip-
pocampal neurons (table 3). Assessment of representative
sections of the cerebellum, cortex, and caudoputamen
showed no evidence of gross neuronal injury.

Discussion

Although acute models of partial CPB in the rat have
been reported previously,19,20 the current study repre-
sents the primary description of long-term recovery after
complete CPB in the rat. Rats undergoing CPB demon-
strated both neurologic and neurocognitive impairment
when compared with sham-operated controls.

The current study extends our earlier work in which
we first demonstrated the feasibility of complete CPB
followed by short-term (24-h) recovery in the rat.21 In
the current study, we allowed a recovery interval of 12
days, which gave us the opportunity to examine neuro-
logic, neurocognitive, and histologic outcomes. The abil-
ity to obtain longer-term recovery from CPB is an essen-
tial condition if lasting effects of CPB on various organ
systems are studied. In particular, delayed neuronal ne-
crotic (although not present herein) and apoptotic
mechanisms may dramatically affect the extent of mea-

Table 1. Physiologic Values

CPB After CPB

Baseline 30 min 60 min 60 min

MAP (mmHg)
CPB 83 (12) 74 (14) 78 (11) 95 (8)
Control 89 (8) 82 (18) 88 (8) 91 (11)

CPB flow (ml � kg�1 � min�1)
CPB 165 (14) 161 (15)
Control — —

Hemoglobin (mg/dl)
CPB 13.9 (1.3) 10.9 (0.9) 10.5 (0.7) 10.8 (0.5)
Control 13.6 (0.4) 13.3 (0.7)* 12.9 (0.9)* 12.3 (0.6)*

Glucose (mg/dl)
CPB 125 (22) 127 (19) 135 (23) 136 (24)
Control 120 (12) 110 (5) 128 (8) 126 (6)

SaO2 (%)
CPB 98 (0.9) 99 (0.7) 99 (0.9) 98 (2)
Control 96 (0.6) 98 (0.7) 98 (0.6) 97 (0.7)

Sv�O2 (%)†
CPB 55 (6) 57 (8)
Control — —

pHa
CPB 7.41 (0.04) 7.40 (0.06) 7.35 (0.09) 7.35 (0.07)
Control 7.40 (0.03) 7.36 (0.03) 7.36 (0.03) 7.34 (0.04)

PaO2 (mmHg)
CPB 183 (56) 436 (31) 422 (38) 201 (42)
Control 171 (25) 191 (26)* 208 (19)* 209 (31)

PaCO2 (mmHg)
CPB 39 (6) 35 (4) 34 (9) 39 (5)
Control 37 (5) 37 (5) 35 (4) 38 (2)

HCO 3
� (mEq)

CPB 22.5 (1.2) 23.5 (1.4) 23.7 (2.1) 22.3 (1.1)
Control 23.0 (1.5) 22.3 (1.8) 23.1 (1.1) 23.7 (0.8)

Rectal temperature (°C)
CPB 37.3 (0.3) 37.4 (0.1) 37.5 (0.5) 37.5 (0.2)
Control 37.4 (0.2) 37.4 (0.1) 37.5 (0.2) 37.4 (0.4)

Values are mean (SD). n � 10, CPB; n � 10, sham-operated control.

* P � 0.05. † Sv�O2 was performed in the outlet from the venous reservoir so was unavailable in the control group.

CPB � cardiopulmonary bypass; MAP � mean arterial pressure; SaO2 � arterial oxygen saturation; Sv�O2 � mixed venous oxygen saturation; pHa � arterial pH;
PaO2 � arterial oxygen tension; PaCO2 � arterial carbon dioxide tension; HCO3 � bicarbonate.
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surable neurologic injury in models of cerebral inju-
ry.22–24 Without adequate time for degenerative and re-
parative mechanisms to occur, at least some of the
effects of CPB may be missed.

In a recent editorial, Hindman et al.6 stated that there
is a lack of a suitable animal model of CPB by which to
study both the mechanisms behind CPB-related neuro-
logic injury and experimental compounds that poten-
tially could alter cerebral outcomes after cardiac surgery
using CPB. A number of large animal models of CPB in
pigs, dogs, and rabbits have been described.7–9 All had
limitations with respect to costs of equipment and ani-
mals, technical difficulties associated with performing
CPB in larger animals, and limited recovery periods due

to significant cost, morbidity, and mortality associated
with recovery after CPB. The rat offers several advan-
tages, being a species in which the effects of cerebral
ischemia on neuronal and neurologic outcome have
been extensively studied and characterized.10,14,15 A re-
cent literature review by Ballaux et al.20 outlining the
need for and advantages of a preclinical model of CPB in
small animals describes a number of earlier attempts to
develop a model of CPB in the rat. According to those
authors, the advantages include the reduction of costs of
animals and equipment as well as the fact that a full-scale
operating environment is not needed. Existing rat mod-
els have achieved only partial CPB or, because of inva-
sive cannulation (usually with sternotomy), have made
long-term survival impossible. Open-chest surgery se-
verely limits recovery in small rodents, partly because of
the need for intact sternal musculature for ambulation.
Further, because several of these earlier descriptions of
CPB in the rat are more than two decades old,25–27

recent technical developments and improvements to the
CPB circuitry are not reflected, which makes these older
models less relevant to the current clinical situation.
This, and the opportunity to develop a technically feasi-
ble and relatively inexpensive recovery model,
prompted us to pursue new attempts to develop a long-
term recovery model of complete CPB in the rat.

Fig. 2. Neurocognitive outcome as assessed daily from postop-
erative days 3–12 after cardiopulmonary bypass (CPB) by visu-
al–spatial learning with the Morris water maze. Analyzing the
group mean latency in a repeated measures of analysis of vari-
ance, the CPB group had longer latencies compared with the
sham-operated control group (P � 0.004), indicating significant
neurocognitive dysfunction after CPB.

Fig. 3. Water maze swimming speed as assessed using a com-
puterized video tracking system in a subset of rats (cardiopul-
monary bypass [CPB], n � 5; sham operated, n � 4). The average
swimming speed (days 3–12) was not different between groups
(P � 0.34). NS � not significant.

Table 2. Neurologic Outcome

Test Control CPB

24 h Screen 3.0 � 0 3.0 � 0
Balance 3.0 � 0 1.6 � 1.1
Traction 2.6 � 0.5 1.8 � 0.6
Total 8.6 � 0.5 6.4 � 1.4

72 h Screen 3.0 � 0 3.0 � 0
Balance 3.0 � 0 2.0 � 0.8
Traction 3.0 � 0 2.0 � 0.7
Total 9.0 � 0 7.0 � 0.9

12 days Screen 3.0 � 0 2.8 � 0.4
Balance 3.0 � 0 1.6 � 0.8
Traction 2.7 � 0.5 1.6 � 0.7
Total 8.7 � 0.5 6.0 � 1.2

Neurologic outcome as assessed with the neuromotor scoring system rep-
resented by three different assays: rotating screen (screen), balance be-
amperformance (balance), and prehensile traction (traction). Values are
mean � SD. A score of 3 in any category indicates normal performance. The
cardiopulmonary bypass (CPB) group had a worse neuromotor score com-
pared with the sham-operated control group (P � 0.0001).

Table 3. Histology Results

Normal-appearing Cells Dead Cells

CA 1–2 CA 3 CA 1–2 CA 3

CPB 490 � 85 186 � 112 9 � 5 3 � 2
Control 501 � 99 205 � 124 10 � 5 2 � 3
P 0.48 0.68 0.86 0.59

Values are mean � SD. Cell counts (normal and dead appearing cells) in the
hippocampal segments CA 1–2 and CA 3. Cardiopulmonary bypass (CPB):
n � 10; control: n � 10. No difference was present between both groups with
respect to total number of hippocampal neurons or total number of necrotic
hippocampal neurons.
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However, there are some limitations to this current
model. Although our model closely resembles current
clinical standards with respect to the CPB circuit, a
number of potentially important differences to the clin-
ical setting are present. Median sternotomy, direct sur-
gery on the heart involving aortic cross-clamping, and
cardiac arrest with the use of cardioplegia were not
performed. Similarly, the absence of significant athero-
matous disease and the complex comorbidities seen in
patients undergoing coronary artery bypass graft surgery
are limitations. All these factors are thought to contrib-
ute, at least in part, to cerebral injury after cardiac
surgery. With respect to our aortic cannulation site, the
retrograde aortic perfusion used in our model is not as
commonly used as antegrade perfusion; however, it has
been used extensively for PortAccess (Heartport Inc.,
Redwood City, CA) minimal access cardiac surgery and is
frequently used for operations on the intrathoracic aorta
using CPB.

Our finding of a discordance between functional out-
come and histologic damage warrants special consider-
ation. There are several possible explanations for this
discrepancy. With respect to the neurologic outcome,
given the absence of any neuronal necrosis in either CPB
or sham-operated animals, the relatively high scores in
the strength-related parts of the neuromotor function
test are not surprising.13 Previous work has shown that
this neuromotor scoring system, although commonly
used in rat models, is not sufficiently sensitive to detect
behavioral differences, even after substantial ischemic
damage subsequent to experimental ischemia.13,15

Therefore, we included a more sensitive assay of cere-
bral dysfunction (the Morris water maze test) in the
current study. There was again no apparent relation
between this measure of neurocognitive outcome and
histology. A potential explanation for this might relate to
the dependence of swimming on motor strength and
function. That is, if the animals were physically weaker
in the CPB group, they may not have been able to swim
properly, which might artificially increase their latency
times. However, this is unlikely because the swimming
speeds measured were similar between groups, actually
tending to be slightly better in the CPB group (fig. 3).

The absence of a histologic correlate could also be due
to our choice of histologic technique as well as the time
point chosen. The stains chosen were targeted for ne-
crotic neurons.22,28,29 There may have been apoptotic
neurons that we were unable to image. Neuronal necro-
sis is believed to occur more rapidly, whereas apoptosis
may occur over longer time periods. However, by day
12, both of these processes should be well underway
(apoptosis) or completed (necrosis). If necrosis, apopto-
sis, or both had occurred, we would have expected to
see a reduced total number of normal neurons, so this
seems an unlikely explanation. However, the most likely
reason for our finding may relate to direct neuronal

dysfunction in the absence of actual cell death that might
then lead to the functional outcome differences that we
measured. Interestingly, impairments of visual–spatial
learning, as seen in the current study, have been associ-
ated with distinct changes in synaptic plasticity of the
hippocampus in diabetic rodents.30 Cognitive ability de-
pends on the synaptic integrity of the hippocampus.31,32

Changes of synaptic plasticity in CA1 pyramidal cells of
the hippocampus have also been reported in models of
cerebral ischemia in rats and can be detected long before
cell death.33,34 To our knowledge, the role of hippocam-
pal synaptic plasticity in the context of neurocognitive
dysfunction after CPB has not been investigated.

The potential ability of this model to investigate cere-
bral injury after cardiac surgery relates to its ability to
address mechanistic questions as well as neuroprotec-
tive strategies. The exact etiology of CPB-associated neu-
rologic injury is unknown, but it is likely that a number
of contributing factors have a role. Several potential
factors can be investigated with our model, including
systemic inflammation,35–37 genetic influences (e.g., apo-
lipoprotein genotype),38 apoptosis,39,40 cerebral ede-
ma,41 and hyperthermia during rewarming or after sep-
aration from cardiopulmonary bypass42,43. Inflammatory
cascades may be particularly important in CPB-associ-
ated cerebral injury because they are involved not only
as a result of cerebral ischemia (assumed to be secondary
to embolization and global hypoperfusion) but also as
part of the “whole body” inflammatory response initi-
ated by the contact of blood with foreign surfaces in the
CPB apparatus. In a recent study, Hindman et al.44 dem-
onstrated that in a similar but acute model of CPB in rats,
the systemic inflammatory response was mild and de-
layed but was represented by increasing brain cycloox-
ygenase (COX2) messenger RNA expression at 4 h after
CPB. They speculated that COX2 induction may alter
cerebral physiology after CPB.45

In summary, this study shows the presence of both
neurologic and neurocognitive impairment in a rodent
recovery model of CPB similar to that commonly ob-
served in humans subjected to a similar procedure. Be-
cause of the availability of sophisticated methods of
neuroscientific inquiry into mechanisms of injury and
therapy for this species, use of this CPB model may allow
advance in our understanding of the clinical neurocog-
nitive injury associated with CPB.

The authors thank Betty Smith and Ann Brinkhous (Duke University Multidis-
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