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Neurologic complications, awell-recognized source of
morbidity and mortality, continue to be the concern of
both patients undergoing cardiac surgery, and those
caring for them (1). Without question, advancements
in the conduct of surgery and bypass have been made
that have worked to mitigate the risk of neurologic in-
jury. However, to some extent, the neurologic advan-
tages that these advancements have allowed have been
masked somewhat by allowing surgery to be offered to
patients who are now older and possess many more co-
morbidities. The overal effect is that neurologic in-
jury persists as a frequent complication. Indeed, mul-
tiple technol ogic advancementsin the surgical and car-
diopulmonary bypass (CPB) technologies formed the
early basis for non-pharmacologic methods to de-
crease some of the neurologic injury that was being
observed. The search for a pharmacologic solution,
one that could be offered in addition to various surgi-
cal modifications (such as optimized atheroma detec-
tion and management), has been ongoing for decades.

Early efforts to identify pharmacologic neuropro-
tectants (such as with barbiturates) were based on as-
sumptions of the importance of metabolic suppression
to protect the ischemic brain. However, the over-sim-
plified concept that pharmacologically reducing cere-
bral metabolism in order to offset the depletion of
high energy substrates and destruction of brain tissue
that rapidly follows ischemia, has how been replaced
by a considerably more complex temporal, topograph-
ic and molecular picture of ischemic brain injury. Ad-
vanced imaging techniques have discovered spatial
gradations of residual blood flow in the downstream
territory of an occluded cerebral vessel producing an
ischemic ,,penumbra’‘, where blood flow is critically
reduced but still sufficient to prevent immediate cell
death. Thereisamarked differencein the temporal as-
sociation between the ischemic insult and eventual cell
death. Thereis a ,therapeutic window" in which po-

tential pharmacologic intervention may reduce infarct
size. This ,window" differs between the profoundly
ischemic core and the penumbra. 1n theischemic core,
restoration of oxygen and glucose suppliesis essential
in this area of severe ischemia where high-energy
phosphates have been severely depleted. In contrast,
in the penumbra, the decrease in oxygen and glucose
delivery is insufficient to kill cells directly. In these
regions, pharmacologic agents with little or no ability
to modify cerebra blood flow (CBF) have been
demonstrated experimentally to effectively reduce
cerebral infarct volume, even if administered after the
onset of permanent focal ischemia.

An ischemic cascade of intracellular eventsistrig-
gered by reductions in CBF, either globally or region-
aly, to the point at which the demands of cerebral me-
tabolism (CMRO2) can no longer be met (2). Thisde-
pletion in cerebral energy stores leads to membrane
ionic pump failure resulting in a cascade of injurious
events mediated by the influx of sodium, the opening
of voltage-dependent calcium gates, arelease of stored
intracellular calcium and overall membrane depolar-
ization. Membrane depolarization results in the re-
lease of excitatory amino acids (glutamate, aspartate),
with subsequent dramatic increasesin intracellular cal-
cium. This increase in cytoplasmic calcium propa
gatesthe cascade through the activation of a number of
calcium-dependent enzymes, including endonucleas-
€s, nitric oxide synthase, various proteases, protein ki-
nases, and phospholipase. If left unabated, these en-
zymes will result in neuronal death.

Although some of these events are potentially re-
versibleif reperfusionisquickly re-established, reper-
fusion itself initiates a number of other destructive
pathways. The re-establishment of oxygen delivery
provides substrate for the production of reactive oxy-
gen species (ROS), so-called free radicals. In addi-
tion, reperfusion initiates a number of other damaging
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extracellular events including blood brain barrier
breakdown, endothelial swelling, and localized throm-
bosis that together may culminate in microvascular oc-
clusion and further ischemia. Independent of these di-
rect ischemic related events, is the discreet inflamma-
tory milieu that isinitiated and propagated by the con-
tact of blood elements with the foreign surfaces of the
CPB circuit. Each of these pathways in the ischemic
cascade, as well as bypass-mediated inflammatory
pathways, represent distinct potential targets for neu-
roprotection.

From the outset, it should be stated that there are
currently no pharmacologic therapies that can be defi-
nitely recommended. Despite that, an understanding
of what has been studied previoudly identifies impor-
tant fertile, and some many futile, directions for con-
tinued and future research. Some of the most relevant
cardiac surgery pharmacologic neuroprotection strate-
gies, past and present, will be reviewed below.

Barbiturate anesthetic agents were among the first
compounds investigated as neuroprotectant agents in
cardiac surgery. In an early study by Nussmeier et dl.,
thiopental was administered, to an EEG isoelectricity
end-point, prior to cannulation and continued until
separation from CPB (3). Neurologic complications
on post-operative day 10 were significantly reduced in
the thiopental group versus controls. Based on these
encouraging results, high-dose thiopental was fre-
quently used for valvular and other open ventricular
procedures. The mechanism of this effect related to
the suppressive effects of barbiturates on cerebral me-
tabolism. This mechanism, along with experimental
data reporting the beneficial effects of the barbiturates
(4), made it alogical choice for cardiac surgery. How-
ever, further investigations of the use of thiopental
were not as positive. A study by Zaidan et al and one
by Pascoe et a, failed to support a beneficial effect of
thiopental on neurologic outcome after cardiac surgery
(5,6). These negative trials and the side-effects of pro-
longed sedation with barbiturates served to quell the
optimism for barbiturates. Retrospectively examining
theinitial Nussmeier study, the beneficial effects of the
thiopental, although not demonstrated in longer-term
follow-up, may not have been related to a direct neu-
roprotective effect per se, but due to an indirect effect
on reducing emboli-containing CBF. The well-known
cerebral vasoconstricting effects of thiopental (in
which CBF is reduced via a matching with a barbitu-
rate-induced reduction in CMRO,) may have resulted
in areduction in embolic load to the brain during CPB
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and as a result, a beneficial effect on neurologic out-
come.

Propofol has similar effects on CMRO, and CBF
as thiopental and has also been demonstrated to pos-
sess antioxidant and cal cium-channel antagonist prop-
erties (7). Along with supportive data from the exper-
imental cerebral ischemia studies (8-10), propofol un-
derwent evaluation as a neuroprotectant in the setting
of cardiac surgery. A prospective randomized clinical
trial by Roach et al. (11) to determine whether propo-
fol-induced EEG burst-suppression would reduce the
incidence or severity of cerebral injury during valvular
surgery was performed (11). In 109 of 215 patients
randomized to receive burst-suppressive doses of
propofol, there was no beneficial cognitive effect at
two-months. The authors concluded that EEG burst-
suppressive doses of propofol provided no neuropro-
tection during valvular cardiac surgery. No other stud-
ies in non-valvular cardiac surgery have assessed the
effects of propofol on the brain.

The y-aminobutyric acid (GABA) receptor antago-
nist clomethiazole has been evaluated in CABG sur-
gery. GABA has repeatedly been shown to be an im-
portant neuroprotective target, both in focal and glob-
a experimental ischemia (12,13). However, in arela
tively large well-designed and conducted study, it
failed to decrease neurocognitive dysfunction after
cardiac surgery (14).

The adenosine-regulating agent, acadesine, was
studied in the early 1990s with the aim of improving
myocardial outcome; stroke was examined as a sec-
ondary outcome (15). Compared to placebo, both high
and low dose infusions of acadesine resulted in alow-
er stroke rate (p = 0.016). There are a number of other
adenosine-like agents that in pre-clinical experimental
settings have provided neuroprotection (16,17). De-
spite this positive (albeit indirect) clinical data and
supportive experimental data, no further clinical neu-
roprotection indication for acadesine has been pursued
(18).

Aprotinin is a non-specific serine protease in-
hibitor that was first used in the 1950s for the treat-
ment of pancreatitis. Its most recent indication in car-
diac surgery was for the prevention of blood loss and
transfusion. In severa large multi-center trials of
aprotinin for primary or redo CABG and valvular sur-
gery evaluating aprotinin’s blood loss reducing effects,
the high-dose aprotinin group also had a lower stroke
rate compared to placebo (p = 0.032) (19,20). Similar-
ly, Frumento et al. retrospectively examined patients at
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high risk for stroke (due to the presence of significant
aortic atheroma); those who received aprotinin had a
significantly lower strokerate (21). In arecent small (n
= 36) study examining the effect of aprotinin on cog-
nitive deficit following CABG surgery, the incidence
of cognitive deficit was reduced in the aprotinin group
(58%, aprotinin vs. 94% placebo; p = 0.01) (22).
However, the high rate in the placebo group, the small
size of the study, and methodologic concerns limit the
applicability of these results to broader populations
(23). Animal investigations in the setting of cerebral
ischemia failed to show any direct benefit on either
functional or neurohistologic outcome following cere-
bral ischemia (24).

There has been considerable discussion and inves-
tigation as to the potential mechanism for any apro-
tinin-derived neuroprotection. Initial enthusiasm fo-
cused upon its anti-inflammatory effects potentially
preventing some of the adverse inflammatory sequelae
of cerebral ischemia. However, aprotinin may have
had its beneficial effects independent of any direct
neuroprotective effect through an indirect effect of
modulating cerebral emboli. Brooker et al. have iden-
tified the cardiotomy suction asamajor source of cere-
bral emboli during CPB (25). One could extrapolate
that if a drug reduces the amount of particulate-con-
taining blood returning from the operative field to the
cardiotomy reservoir (by decreasing overall blood
l0ss), then cerebral emboli (and the resulting neurol og-
ic consequences) might also be decreased.

More recently, the neurologic effects of aprotinin
have been re-examined in a publication by Mangano et
a. (26). Contrary to the previous data which suggest-
ed, albeit weakly, that aprotinin may have some neuro-
protective effects, the Mangano observational study
outlined a significant increase in the stroke rate. The
mechanism responsible for this potential side effect
may be related to a net prothrombotic effect. In sum-
mary, the data suggesting that aprotinin had any neu-
roprotection was somewhat indirect and weak; howev-
er, the data suggesting that it is neurologically detri-
mental is similarly weak. The true effects of aprotinin
on the brain during cardiac surgery remain incom-
pletely understood, and with its recent withdrawal
from the market due to renewed safety concerns, will
likely remain unknown.

Calcium plays a centra role in propagating cere-
bral ischemic injury. For this reason, as well as a
demonstrated beneficial effect of the calcium channel
blocker nimodipine in subarachnoid hemorrhage and
experimental cerebral ischemia, arandomized double-

blind placebo, single center trial to access the effect on
nimodipine on neurologic, neuro-opthalmologic and
neuropsychol ogic outcomes after valvular surgery was
undertaken (27-29). The trial was not completed after
safety concerns regarding an increased bleeding and
death rate in the nimodipine group prompted an exter-
nal review board to suspend the study (after enrolling
150 of 400 patients planned to be studied). There was
also no neuropsychologic deficit difference between
the placebo or nimodipine groups at this interim re-
view. Asaresult, the true effect of this drug, or simi-
lar calcium trial blockers, may never be fully knownin
this setting.

The monosialoganglioside, GM 1-ganglioside has
been investigated as a potential neuroprotectant during
cardiac surgery (30). In addition to the potential ben-
eficial effects of this type of compound on preserving
neuronal membranes, there is also some data to sug-
gest that it has a potential beneficial effect on reducing
excitatory amino acid transmission (31). In aprelimi-
nary (but underpowered) cardiac surgery study, there
was no beneficial effect demonstrated. However, the
authors used this pilot trial to describe useful statisti-
cal methodology needed to measure differences in
neurocognitive outcome, thereby constituting a tem-
plate for later trials. This trial highlights one of the
biggest difficulties in this investigative field — the in-
terpretation of negative but underpowered studies.

Several antagonists to the N-methyl-D-aspartate
(NMDA) receptor, known to play amajor rolein cere-
bral ischemic injury (2), have been studied. Although
human stroke trials have been limited by distressing
psychomimetic side effects, there is awealth of exper-
imental data pointing towards NMDA receptor antag-
onists being robust neuroprotective agents. It has also
been postulated to play a potential role in CPB-associ-
ated cerebral injury (32). Dextromethor phan, known
for its antitussive activity has been demonstrated to
have some nonspecific NMDA antagonism properties.
A small pilot study examined dextromethorphan in the
setting of pediatric cardiac surgery and used both EEG
and MRI end points to determine a difference between
treatment groups, but saw no difference (likely due to
the small size of the study) (33). There have been no
other studies examining NMDA receptor antagonism
in the setting of pediatric cardiac surgery.

A second NMDA receptor antagonist that has been
evaluated for neuroprotection during CABG surgery is
remacemide. In awell-designed and executed study
by Arrowsmith et al. remacemide was given orally for
four days prior to CABG (32). A neurocognitive bat-
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tery was performed one week before and eight weeks
after CABG. A deficit was defined asa decreasein one
standard deviation in two or more of the 12 tests with-
in the neurocognitive battery. In addition, the patients
were evaluated for their learning ability by subtracting
the post-operative neurocognitive score from the pre-
operative score (thusformulating aZ score). Although
there was no difference between groups with respect to
the dichotomous outcome of cognitive deficit (p =
0.6), examination of a continuous measure of learning
ability showed there was a beneficial cognitive effect
in the patients who received remacemide (p = 0.028).
Despite these apparently beneficial results, due to the
length of time that it took to perform this single center
trial, initial non-beneficial preliminary results, as well
as a prolonged period of data analysis and review for
publication, this drug was not further pursued for this
indication. It has, however, highlighted the potential
utility of this class of drugs for thisindication and on-
going investigations examining other NMDA receptor
antagonists continue (34-36).

Recently, the neuroprotective effects of S(+)-keta-
mine, afrequently used anesthetic that is also an NM-
DA-receptor antagonist, was evaluated in asmall (n =
106) study in cardiac surgery patients (37). The inci-
dence of neurocognitive dysfunction 10 weeks after
surgery trended towards being lower in the ketamine
group (20%, ketamine vs. 25%, controls; p = 0.54), but
asthe study was underpowered, it was not a significant
change. There are no other published trials evaluating
ketamine for neuroprotection in this setting.

Lidocaine, a sodium channel-blocking agent, that
al so possesses potential anti-inflammatory actions, has
been investigated several times as a neuroprotectant in
cardiac surgery. In astudy of 55 patients undergoing
valvular surgery, a lidocaine infusion (in an anti-ar-
rhythmic dose of 1 mg/min) was begun pre-induction
and maintained for 48 hours following surgery (38).
Neurocognitive testing was performed pre-operatively,
then eight days, two and six months post-operatively.
Compared to placebo, neurocognitive outcome eight
days following the surgery was significantly better in
the lidocaine group (p = 0.025). However, a much
larger double blind randomized trial in cardiac surgery
failed to replicate the finding (39). Currently, lido-
caine cannot be recommended as a clinical neuropro-
tective agent in cardiac surgery. Interestingly, not on-
ly did lidocaine not confer any benefit, but in diabetic
patients, it actually worsened neurocognitive outcome.

Although betablocker use in patients with cardiac
disease has been predominately directed towards the
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prevention of adverse myocardial events, their rela-
tionship to neurologic outcomes following cardiac sur-
gery has aso been studied (40). In a retrospective
study of nearly 3000 patients, stroke, and encephalo-
pathy were studied. Patients receiving beta-blocker
therapy had a significantly lower incidence of neuro-
logic deficit versus those not receiving beta-blockers.
Although the reasons for this potential benefit are not
clear, there are several potential reasons why they may
be efficacious, including the modulation of both cere-
brovascular tone and CPB-related inflammatory
events. Supporting this observational effect of a po-
tential neuroprotective effect from beta-blockers is a
study of carvedilol, which is known to have mixed
adrenergic antagonist effectsaswell asacting asan an-
tioxidant and inhibitor of apoptosis (41).

The generation of reactive oxygen species (ROS)
isawell-described pathophysiol ogic mechanism of is-
chemic reperfusion injury. This, combined with the
whole-body inflammatory response associated with
CPB (with its own ROS generation), has opened the
field of neuroprotection in cardiac surgery to antioxi-
dant therapies. Superoxide dismutase (SOD) is in-
volved in the catabolism of free radicals, and SOD
mimetics have had beneficial results in the setting of
experimental ischemia. Pegorgotein, a covalently
linked monomethyoxypolyethyleneglycol to SOD has
been shown to be protective against reperfusion-medi-
ated cardiac and neuronal injury in animal studies
(42). One small study examined whether pegorgotein
would be associated with a reduced number of neu-
rocognitive deficits following cardiac surgery (43). In
this study of 67 patients undergoing primary elective
CABG surgery were studied (n = 22-23 in each of
three groups: placebo, 200 U/kg pegorgotein or 5000
IU/kg pegorgotein), no difference in neurocognitive
outcome was found.

The activation of complement is centra to the in-
flammatory response seen as a response to CPB (44).
In asmall (n = 18) study using a simple assessment of
cognitive function, patients receiving an inhibitor to
C5 (h5G1.1-scFv; pexelizumab), demonstrated fewer
visuospatial deficits at hospital discharge (45). Further
large-scale (phase 111) investigations of this compound
to more adequately delineate any potential longer-term
neuroprotective effects from this drug in this setting
have been performed. Mathew et al. studied pex-
elizumab in a 914-patient study aimed at evaluating its
effect on both myocardial outcome and mortality (45).
A secondary endpoint of neurocognitive outcome
demonstrated that pexelizumab, although having no
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effect on global measures of cognition, appeared to
have a benefit with respect to the visuospatial domain.

Platelet activating factor (PAF) antagonists have
demonstrated neuroprotective effects in experimental
models of cerebral ischemia (46). Platelet activating
factor is thought to modulate postischemic injury via
the release of cerebral cellular lipids and free fatty
acids that may result in cellular injury and cerebral
edema (47). In a recent investigation of 150 cardiac
surgery patients (receiving either placebo or one of
two different doses of L exiphant) however, no protec-
tive effects were found in neurocognitive outcome
three months after cardiac surgery. Thisstudy wassig-
nificantly underpowered, which is a recurring and
troublesome feature of many studies in this field (48).

Corticosteroids have long been considered as po-
tential cerebroprotective agents in part due to their
ability to reduce the inflammatory response. Inflam-
mation is considered an important factor in propagat-
ing ischemia mediated brain injury (49,50). However,
with the exception of spinal cord injury (51), they have
never been demonstrated to possess any significant
clinical neuroprotective properties. Furthermore, the
administration of steroids has actually worsened cere-
bral outcome in a recent large (n = 10,000) trial. The
CRASH trial demonstrated an increased relative risk
of death (1.18 [95% CI, 1.09 — 1.27], p = 0.0001) in
those receiving high dose steroids with 8 hours of in-
jury (52,53). Part of their lack of effect may be due to
the hyperglycemia that generally follows their admin-
istration. Hyperglycemia, in anima models and sever-
a human studies of cerebral injury, has been associat-
ed with worsened neurologic outcome (54,55). Hyper-
glycemia has also been shown to increase the inci-
dence of cognitive deficits after CPB (56). The admin-
istration of steroids with the intent of conferring some
degree of neuroprotection during cardiac surgery can-
not be recommended.

Future neuroprotective drug trials

Degspite the failure thus far to discover a robust phar-
macol ogic neuroprotectant, there continue to be efforts
inthisinvestigative field. Most of these drug trials are
using neurocognitive dysfunction, or mild cognitive
impairment, as primary endpoints, though strokeis as-
sumed (albeit with little evidence) to be on the same
brain injury continuum. Dexanabinol is one such po-
tential neuroprotective compound that is synthetic
non-competitive NMDA receptor antagonist. It also

possesses some TNF-o. antagonist properties. 1ts neu-
roprotective potential has been evaluated extensively
experimentally in the setting of various models of
cerebral ischemia (57,58). It is currently being evalu-
ated in early phase clinical trialsin CABG for the pre-
vention of neurocognitive dysfunction. In addition to
the dexanabinal trial, other peptides are also under in-
vestigation. One of these, AL-208, is an 8-amino acid
activity dependent neurotrophic factor that is secreted
by allele cellsin response to stimulation by vasoactive
intestinal protein. Augmenting its to anti-apoptotic ac-
tivity, it has also been shown to promote neurite out-
growth and stabilize microtubules. It is currently un-
derway in a Phase Il trial in coronary artery bypass
graft surgery.

Another growth factor related peptide, Glypro-
mate® (glycine-proline-glutamate) is an insulin-like
growth factor that has completed a small Phase Il trial
(n=30) and has advanced to larger clinical trials. Fur-
thermore, asmall Phase| CABG tria (nh = 20) was un-
dertaken with the energy substrate providing ketone
body drug, KTX-0101 (sodium B-hydroxybutyrate),
but the results have not been reported. Severa other
proprietary compounds are also undergoing evaluation
and have yet to be reported.

In summary, despite decades of work and the in-
vestigations of dozens of drugs, the prospect of having
arobust pharmacol ogic neuroprotective agent does not
appear promising. However, with a better understand-
ing of the etiology and mechanisms of neurologic in-
jury, investigations will continue to be undertaken.
Clearly, when it comes to neuroprotection, the search
continues, but the answers have thus far remained elu-
sive.
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