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ABSTRACT

Propofol (2,6-diisopropylphenol) is one of the most popular agents used for induction of
anesthesia and long-term sedation, owing to its favorable pharmacokinetic profile, which
ensures a rapid recovery even after prolonged administration. A neuroprotective effect,
beyond that related to the decrease in cerebral metabolic rate for oxygen, has been shown to
be present in many in vitro and in vivo established experimental models of mild/moderate
acute cerebral ischemia. Experimental studies on traumatic brain injury are limited and less
encouraging. Despite the experimental results and the positive effects on cerebral physiology
(propofol reduces cerebral blood flow but maintains coupling with cerebral metabolic rate
for oxygen and decreases intracranial pressure, allowing optimal intraoperative conditions
during neurosurgical operations), no clinical study has yet indicated that propofol may be
superior to other anesthetics in improving the neurological outcome following acute cerebral
injury. Therefore, propofol cannot be indicated as an established clinical neuroprotectant
per se, but it might play an important role in the so-called multimodal neuroprotection,
a global strategy for the treatment of acute injury of the brain that includes preservation
of cerebral perfusion, temperature control, prevention of infections, and tight glycemic
control.
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INTRODUCTION

The failure in translating the successful results of drugs that attenuate acute neuronal
injury from the experimental to the clinical setting has contributed to the great interest
for the neuroprotective effects of molecules—such as minocycline derivatives, recombi-
nant human erythropoietin (rh-Epo), and anesthetics—that are already used in the clinical
practice with other indications. Indeed, many inhalatory and intravenous anesthetics share
some properties, such as the reduction in the cerebral metabolic rate for oxygen (CMRO>),
the inhibition of glutamate release, and the positive modulation of GABA 4 receptor func-
tion, which are known to mitigate the detrimental effects of acute brain injury and thus are
typical of the ideal neuroprotective drug (Kawaguchi et al. 2005; Koerner and Brambrink
2000).

In fact, the concept of pharmacologic brain protection originated in the operating room,
when it was observed that general anesthesia increases the tolerance to hypoxia and to the
disruption of metabolic substrate delivery (Wells et al. 1963; Michenfelder and Theye 1973;
Warner 2004). It became clearer, later, that acute neuronal injury is a dynamic process in
which neurons continue to die for a long time after an ischemic or traumatic insult (Patel
2004). This provides a useful window of opportunity for the pharmacologic treatment of
acute brain injury, but brings up the question of whether anesthetic neuroprotection, often
evident early after the insult, is maintained over a much longer recovery period. In many
instances, the protective effects of anesthetics have been shown to be transient, thus question-
ing their utility as therapeutic agents for acute brain damage (Patel 2004; Warner 2004). A
distinction, however, must be made between “neuroresuscitation,” that is protection against
acute ischemic or traumatic events that have already occurred, and “neuroprotection,” that is
strategies aimed at preventing potential brain damage under particular circumstances, such
as neurosurgery and cardiac surgery, that may result in acute brain injury. In the latter case,
anesthetics can certainly play an important role in decreasing the likelihood of brain dam-
age and in gaining time for other neuroprotective approaches (multimodal neuroprotection)
(Koerner and Brambrink 2006).

In this review, we will discuss the experimental and clinical data that have assessed the
neuroresuscitative/neuroprotective effects of the intravenous anesthetic propofol in acute
cerebral injury.

CHEMICAL PROPERTIES

Propofol (2,6-diisopropylphenol) is a short-acting intravenous agent that is chemically
unrelated to other clinically used general anesthetics (James and Glen 1980). Propofol
has a structural analogy with the antioxidant vitamin E, a fact that can partly explain its
antioxidant properties. As shown in Figure 1, the presence of two isopropylic groups in ortho
position with respect to the —OH group exerts a steric hindrance that prevents the approach

CH, OH CH,
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FIG. 1. Chemical structure of propofol (2,6-diisopropylphenol).
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of hydrophilic molecules to the —OH itself. Hence, the molecule is highly hydrophobic and,
as such, it was originally dissolved in Cremophor EL, a nonionic solubilizer and emulsifier
whose main component is glycerol-polyethylene glycol ricinoleate. This solvent, however,
turned out to be toxic, causing severe anaphylactic reactions (Briggs et al. 1982), and,
therefore, propofol nowadays is presented in a 1% or 2% formulation consisting of an
oil-and-water emulsion containing 10% soya bean oil, 1-2% egg phosphatide, and 2-5%
glycerol. Although propofol emulsions are widely and successfully used, negative aspects
still exist, such as emulsion instability, injection pain, need for antimicrobial agents to
prevent sepsis, and a concern for hyperlipidemia-related side effects (Baker and Naguib
2005).

PHARMACOKINETIC PROPERTIES AND CLINICAL USE

The first report on the clinical use of propofol dates back to 1977 as an anesthesia-
induction agent (Kay and Rolly 1977). Subsequently, propofol has been extensively em-
ployed also for short-term sedation, for example, during invasive procedures, as well as
for long-term sedation in intensive care unit patients. The antiemetic and sedative-amnesic
properties of propofol, together with its ability to relieve pruritus caused by intrathecal opi-
oids (Borgeat et al. 1992) and by cholestasis (Borgeat et al. 1994) have greatly contributed
to its clinical success (Liu and Gropper 2003).

Propofol exerts its sedative, hypnotic, and amnesic effects by interacting with an
allosteric site on the GABA A receptor, potentiating currents elicited by low concentra-
tions of GABA, increasing agonist efficacy, and, at higher concentrations, directly open-
ing the GABA receptor C1™ channel in the absence of GABA (Concas et al. 1991;
Orser et al. 1994). It also inhibits excitatory glutamate release by a presynaptic mech-
anism (Ratnakumari and Hemmings Jr. 1997). Interestingly, some of propofol’s effects,
such as antiemesis, postrecovery mood alterations, and postoperative dreaming (Mortero
et al. 2001), might rely on inhibition of the cannabinoid degrading enzyme, with conse-
quent increases in anandamide (AEA) and 2-arachidonylglycerol in the brain (Patel et al.
2003).

A three-compartment model best describes the pharmacokinetic profile of propofol,
which is characterized by rapid distribution from blood to tissues, an equally rapid clear-
ance of the molecule from the blood, and a slow return of the drug from the deep compart-
ments (Kanto and Gepts 1989). These characteristics are responsible for the rapid onset,
clear emergence, and lack of cumulative effects observed in clinical use. Propofol is mainly
and rapidly metabolized in the liver to inactive metabolites (the glucuronide and the cor-
responding quinol glucuronides and sulfates). Other minor metabolites are detected in the
urine. The total body clearance of propofol is greater than liver blood flow; therefore, an
extrahepatic metabolism occurs. Hepatic and renal dysfunction do not significantly alter
the pharmacokinetics of propofol (Fulton and Sorkin 1995).

Adverse properties of propofol include pain on injection (greatly relieved by adding
long-chain triglycerides to the emulsion), apnea in up to 40% patients after induction, hy-
potension, and bradycardia (especially when used with other vagotonic drugs and in hypo-
volemic patients). Decreases in blood pressure induced by propofol are generally dose- and
infusion-rate-dependent, and the effect is related to its vagotonic activity and to decreases
in peripheral vascular resistance (Bryson et al. 1995). Other limitations and adverse effects
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of propofol include the risk of extraneous microbial contamination of the emulsion formu-
lation and lipidemia induced by repeated administration of the agent over time (infusions
for periods exceeding 3 days produce progressive increases in levels of serum lipids, partic-
ularly triglycerides). The so-called propofol infusion syndrome, characterized by metabolic
acidosis and/or rhabdomyolysis associated with progressive myocardial failure, although
rare, has been increasingly reported over the years (Wysowski and Pollock 2006). The syn-
drome appears to be duration- and dose-related (usually, doses >5 mg/kg/h for >48 h) and
more frequent in the pediatric population than in adults. Hence, presently propofol is not
indicated for long-lasting sedation in children.

NEUROPROTECTION WITH PROPOFOL IN EXPERIMENTAL
MODELS OF CEREBRAL ISCHEMIA

The neuroprotective effects of propofol have been investigated in numerous in vivo and
in vitro models of cerebral ischemia (Table 1). Propofol has proved to be an efficacious
neuroprotective agent, but the results have not always been entirely consistent, mostly de-
pending on the variety of models, the different endpoints, and the modality of propofol
administration selected by various laboratories. The administered dose of propofol also
varied among different laboratories, depending on the severity of the model. A dose tar-
geted at suppressing EEG bursts was reached by some but not all authors (see Table 1 for
details).

In Vivo Experimental Models of Cerebral Ischemia

Propofol was postulated to be a possible beneficial agent against cerebral ischemia based
on the assumption that it decreases cerebral blood flow (CBF) (with a parallel reduction
in CMRO; and EEG activity) and mitigates intracranial pressure (ICP), all effects that are
similar to those observed for barbiturates and other intravenous neuroprotective anesthetic
agents (Kawaguchi et al. 2005; Koerner and Brambrink 2006). Initial studies, however, were
performed using quite unconventional in vivo models of cerebral ischemia or inappropriate
controls. Hence, propofol at first yielded contradictory results, in that it ameliorated the
neurological outcome and neuronal damage following incomplete forebrain ischemia pro-
duced in rats by right common carotid artery occlusion combined with 30-min hemorrhagic
hypotension (Kochs et al. 1992), but it was unable to improve the neurohistopathologi-
cal outcome in rats undergoing permanent middle cerebral artery occlusion (MCAO) plus
60-min occlusion of both common carotid arteries (Tsai et al. 1994). Similarly, propofol
failed to afford neuroprotection in cats exposed to a hypotension model that induced incom-
plete global ischemia (Weir et al. 1989) or in spontaneously hypertensive rats subjected to
transient MCAO (Ridenour et al. 1992). However, a problem with these two latter studies
is the use of halothane, which per se improves outcome from experimental ischemia, as a
control treatment.

More consistent neuroprotective results with propofol were obtained when established
models of global and focal ischemia were used. In most of these studies, other aspects were
addressed in addition to the effects of propofol on neurological and histological outcome.
For example, Arcadi et al. (1996) observed that propofol reduced the extent of CA1 injury
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8 days after two-vessel occlusion in gerbils, although it did not affect the rate of animal
survival. In the same model, Ito et al. (1999) showed that the effects of propofol were
mimicked by midazolam and muscimol and blocked by bicuculline, suggesting a role for
GABA 4 receptors in the inhibition of neuronal damage, whereas Yamaguchi et al. (2000)
reported that propofol attenuated CA1 pyramidal cell death by preventing the production
of malondialdehyde, a marker of lipid peroxidation. Propofol was neuroprotective and
prevented lipid peroxidation also in the four-vessel occlusion rat model of global ischemia
(Ergun et al. 2002), but its effect in this model was not ascribed to a corresponding reduction
in the extracellular CA1 concentrations of glutamate (Yano et al. 2000). In rats subjected to
transient MCAO, at dose levels causing similar effects on EEG burst suppression, propofol
was equivalent to pentobarbital (Pittman et al. 1997) and produced greater protection than
isoflurane (Young et al. 1997), suggesting again an action by other mechanisms in addition
to CMRO, depression. However, when administered as a preconditioning agent prior to
MCAO occlusion, halothane proved to be more effective than propofol in the attenuation
of the infarct volume (Bhardwaj et al. 2001).

Various neurotransmitters have been investigated for their possible contribution to the
effects of propofol. Striatal dopamine accumulation was completely abolished by propofol
infusion during and after 1-h MCAO in the rat (Wang et al. 2002), whereas propofol and
sevoflurane, but not fentanyl/nitrous oxide anesthesia, decreased both norepinephrine and
glutamate cerebral concentrations by approximately 60% in a rat model of incomplete
ischemia (Engelhard et al. 2003). The effects on glucose metabolism were addressed by
Ishii et al. (2002), who showed that high doses of propofol (60 mg/kg/h) attenuated both
edema formation (as estimated by nuclear magnetic resonance [NMR] techniques) and
lactate accumulation in hyperglycemic rats undergoing transient MCAO.

Because in vivo models of cerebral ischemia are typically carried out in anesthetized an-
imals, local intracerebral injections of the potent vasoconstrictor endothelin-1 were used to
induce focal ischemia in the awake rat (Gelb et al. 2002). Under these conditions, 25 mg/kg/h
propofol was neuroprotective even when administered 1 h after stroke induction. In a sub-
sequent study, the same group demonstrated that a propofol infusion period of 3 h, even
when delayed for 2 h after the endothelin-1 injection, reduced the infarct size when observed
3 days but not 21 days after ischemia (Bayona et al. 2004). On the other hand, motor function
improvements (using the Montoya staircase test) were evident even at the latest time-point
in their study. The issue of long-term neuroprotection with propofol was also addressed
by Engelhard et al. (2004) in their model of incomplete hemispheric ischemia combined
with hemorrhagic hypotension, demonstrating that propofol reduced neuronal damage for
at least 28 days. It should be noted, however, that this model appears to be particularly
mild, given that propofol-treated rats displayed no residual injury after ischemia. In a recent
study, Adembri et al. (2006) were able to demonstrate neuroprotection with propofol also
in a rat model of permanent MCAOQ: the infarct volume was reduced by approximately 30%
when administered up to 30 min after the occlusion. Protection was particularly evident
in the most anterior brain areas, including the frontoparietal cortex, where a network of
surface collateral connections exists and thus ischemic neuronal damage (and the ensuing
impairment of spontaneous activity) is more likely to be salvaged by pharmacologic inter-
vention. The high dose of propofol used in this study (100 mg/kg, i.p.) was perhaps justified
by the severity of the model, and in any case it should be taken into account that in most
other studies propofol was used at lower doses but administered for hours by continuous
infusion.
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In Vitro Experimental Models of Cerebral Ischemia

In vitro models of cerebral ischemia are often exploited as preliminary screening ap-
proaches in the quest for novel neuroprotective agents. However, in the case of propofol,
they have been basically used to confirm in vivo findings or to shed a clearer light on its
possible mechanism of action (Table 2).

As for the in vivo studies, initial experiments with propofol in vitro were carried out
using widely variable doses (0.05—-160 uM, see Table 2) and nonconventional simulations
of cerebral ischemia, such as fresh hippocampal slices prepared from adult rats and im-
mediately exposed to brief periods (5-10 min) of anoxia or oxygen-glucose deprivation
(OGD). When a reduction in the amplitude of CA1 pyramidal cell layer population spikes
was used as an index of “ischemic” neurotransmission damage, propofol was able to im-
prove its recovery only under hyperthermic (39°C) conditions, possibly due to its effects
on Ca®* influx and on Nat and K™ levels at this temperature (Amorim et al. 1995). The
negative effects of 100 uM propofol on CA1 population spikes at 37°C were related to its
inability to reduce the NMDA-mediated [Ca™ ]; response in the pyramidal cell layer (Zhan
et al. 2001). In a similar study by the same group, thiopental, but not propofol, was able to
reduce cell swelling, as revealed by light transmittance and CA1 pyramidal cell expansion,
immediately after a brief (10 min) OGD (Qi et al. 2002).

Brain cells or slices prepared from embryonic or neonatal rat tissue can be cultured for
weeks in vitro, allowing for more prolonged exposures (30-90 min) to OGD and assessment
of delayed neuronal damage after adequate periods (at least 24 h) of reoxygenation. In
mixed cortical cell cultures exposed to 90-min OGD, clinically relevant concentrations of
propofol (0.05-10 uM) afforded neuroprotection, as observed 24 h later, equivalent to that
of the NMDA antagonist MK-801 (Velly et al. 2003). In this study, propofol was able to
restore the increase in glutamate extracellular concentrations and the decrease of glutamate
uptake induced by OGD via a GLT 1-independent mechanism. In organotypic hippocampal
slice cultures exposed to 1-h OGD, mild hypothermia (35°C) attenuated OGD injury in
CAl, CA3, and dentate neurons, whereas propofol, at concentrations (10—100 ©M) that
reduced glutamate and NMDA receptor responses in cortical and hippocampal neurons,
could only protect the dentate gyrus (Feiner et al. 2005). In a more recent organotypic
hippocampal slice study, in which a shorter (30 min) exposure to OGD induced selective CA1
injury as occurs in vivo, propofol (10-100 M) reduced pyramidal cell death, possibly by
preventing an increase in neuronal mitochondrial swelling (Adembri et al. 2006). Similarly,
in hippocampal cell cultures exposed to OGD, propofol attenuated neuronal death 3 h after
OGD and prevented the depolarization of the mitochondrial membrane potential, without
reducing the number of TUNEL-positive neurons (Iijima et al. 2006). Hence, it appears
that propofol may block early necrosis in vitro but not subsequent apoptosis, which is
in agreement with the lack of long-term histological protection in vivo, particularly if the
ischemic insult is severe. However, this postponement of neuronal death afforded by propofol
may be of importance to permit intervention with other decisive pharmacologic strategies.

NEUROPROTECTION WITH PROPOFOL IN EXPERIMENTAL
MODELS OF TRAUMATIC BRAIN INJURY

As compared with studies in models of cerebral ischemia, there are relatively fewer re-
ports on the effects of propofol in experimental traumatic brain injury. A first in vitro study
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in fresh hippocampal slices showed that propofol promotes acute granule cell survival if
applied before and during the mechanical amputation of their dendrites, by potentiating pre-
and postsynaptic GABA 5 -mediated inhibitory transmission (Hollrigel et al. 1996). Subse-
quent in vivo studies, however, have led to less encouraging results, presumably because the
histopathological outcome has consistently been examined too early after the induction of
traumatic injury. In a weight drop model of spinal cord injury in the rat, a single intraperi-
toneal (i.p.) dose of propofol (at 15 or 40 mg/kg) induced significant attenuation of lipid
peroxidation but no ultrastructural improvement 1 h after trauma (Kaptanoglu et al. 2002).
Similarly, propofol (100 mg/kg, i.p.) prevented the increases in malondialdehyde and nitric
oxide serum levels 24 h after closed head injury in rats (Ozturk et al. 2005) but was unable,
at doses that maintained EEG burst-suppression ratios of 1-5% and 30-40%, to amelio-
rate histopathological damage and caspase-3 levels 6 h after controlled cortical impact in
rats (Eberspacher et al. 2006). Interestingly, in a similar model propofol was associated
with a poor motor function outcome 1-5 days after trauma, but shared the same beneficial
properties as other sedative/anesthetics on posttraumatic cognitive testing and histological
analysis at 18 and 21 days, respectively (Statler et al. 2006). Nevertheless, as discussed by
the authors of the latter study, the scientific literature still lacks scrupulous publications
reporting the results of studies aimed at elucidating the precise effects of anesthetics on
posttraumatic injury cascades and outcomes.

MECHANISMS OF THE NEUROPROTECTIVE EFFECTS
OF PROPOFOL

Most anesthetic agents are neuroprotective because of their ability to reduce the CMRO>,
which has a beneficial impact on the balance between brain energy supply and demand, and
because they increase neuronal tolerance to hypoxic/ischemic injury. However, it appeared
quite soon evident that propofol has no direct preconditioning effect (see for review Hans
and Bonhomme 2006) and that cerebral metabolic depression cannot entirely account for its
effects in experimental ischemia, suggesting that there might be other mechanisms playing
a key role in propofol-mediated neuroprotection (Todd and Warner 1992) (Fig. 2).

Propofol has been proposed to attenuate glutamate-mediated excitotoxic mechanisms by
either decreasing NMDA receptor activation, reducing glutamate release, or recovering the
function of transporters responsible for glutamate uptake into neuronal and glial cells. The
antagonism exerted by propofol on NMDA receptors, however, is rather weak. Propofol
at clinical concentrations (35 uM) displays only a slight inhibition (by ~30%) of NMDA
receptors expressed on Xenopus oocytes (Yamakura et al. 1995), whereas its IC5g on NMDA
responses in cultured mouse neurons is quite high (160 uM) (Orser et al. 1995). Hence,
it is not surprising that propofol was able to protect cultured hippocampal neurons against
NMDA toxicity (Hans et al. 1994), but displayed either a lack of protection in primary
cortical cell cultures (Shibuta et al. 2001) or a worsening of NMDA toxicity (Zhu et al.
1997) and NMDA-mediated [Ca®T]; responses (Zhan et al. 2001) in hippocampal slices.
Moreover, Feiner et al. (2005) showed that the reduction of glutamate and NMDA receptor
responses exerted by propofol in cortical and hippocampal neurons was not associated
with an attenuation of OGD injury and excitotoxicity in organotypic hippocampal slices.
Propofol has also been shown to modulate glutamate release: although the hypoxia-evoked
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FIG. 2. Schematic model providing a possible explanation for the neuroprotective effects of propofol. Fol-
lowing acute cerebral injury, excessive release and reduced glial uptake of glutamate activates NMDA recep-
tors and produces a sustained influx of Ca?t in neurons. The rapid buildup of intracellular Ca>* promotes the
deleterious formation of reactive oxygen species (ROS) and lipid peroxidation and, on the other hand, leads
to the opening of the mitochondrial membrane permeability transition pore (MPTP), release of cytochrome
C (Cyt-C) into the cytosol, and apoptotic cell death. Propofol can interfere with these toxic mechanisms at
many levels: (1) by directly activating GABA o receptors, thus potentiating the inhibitory effects of GABA
on excitatory postsynaptic neurons and on glutamate release; (2) by inibiting the fatty acid amide hydrolase
(FAAH), thereby increasing the levels of endocannabinoids like anandamide (AEA) and their action on pre-
synaptic CB1 receptors that exert an inhibitory control on glutamate release; (3) by preventing the inhibitory
effects of ROS on astrocytic high-affinity glutamate transporters (EAAT) and on the Na*/H" exchanger (NHE1)
that regulates intracellular pH and the efficiency of EAAT; (4) by increasing the expression of the antioxi-
dant enzyme heme oxygenase 1 (HO-1) in astrocytes; (5) by preventing mitochondrial swelling caused by acute
overload of Ca?*; (6) by preventing the elevation of the proapoptotic factor Bax and increasing the concentra-
tions of the antiapoptotic factor Bcl-2; and (7) by directly scavenging ROS and inhibiting lipid peroxidation.
Other abbreviations: AA = arachidonic acid; Eth = ethanolamine; PE = phosphatidylethanolamine.

release of glutamate from cortical slices does not appear to be affected (Bickler et al.
1995), both the Na™ channel-dependent release from isolated nerve terminals (Ratnakumari
and Hemmings, Jr. 1997; Lingamaneni et al. 2001) and the KT -evoked glutamate output
from cerebrocortical slices (Buggy et al. 2000) are inhibited by propofol. In addition,
propofol does not alter high-affinity glutamate uptake by brain synaptosomes under standard
conditions (Nicol et al. 1995) but is able to normalize glutamate transport in astrocytes
during oxidative stress (Sitar et al. 1999; Peters et al. 2001) and in cortical neurons exposed
to OGD (Velly et al. 2003). Altogether, these effects on glutamate release and uptake
were predicted to result in a decrease in the brain extracellular concentrations of glutamate
to nonexcitotoxic levels. In a first study, however, i.c.v. administration of propofol was
neuroprotective against global ischemia, but the parallel reduction in extracellular glutamate
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was ascribed to the intralipid vehicle (Yano et al. 2000). More recent studies were eventually
able to demonstrate that propofol effectively reduces glutamate extracellular concentrations
in models of ischemia in vitro (Velly et al. 2003) and in vivo (Engelhard et al. 2003).

A mechanism that is known to be beneficial against acute neuronal injury is the potenti-
ation of GABAergic neuronal activity, mainly due to its counteracting effects on excitatory
neurotoxicity. Propofol directly activates GABA A receptors (Williams and Akabas 2002),
leading to neuronal hyperpolarization and enhancement of inhibitory synaptic transmis-
sion (Concas et al. 1991; Orser et al. 1994, 1995). Bicuculline completely reversed the
inhibition of evoked CA1 population spikes induced by propofol in hippocampal slices
(Wakasugi et al. 1999) and blocked the neuroprotective effects of propofol in granule cells
after dendrotomy (Hollrigel et al. 1996) or in gerbils subjected to global ischemia (Ito et al.
1999). In a number of occasions, propofol’s inhibitory effects on glutamate transmission
have been reported to be indirectly mediated by GABA 4 receptors, such as the reduction of
K™ -evoked glutamate release from cerebrocortical slices that was blocked by bicuculline
(Buggy et al. 2000) and the inhibition of glutamate receptor responses that was removed by
picrotoxin in cortical and hippocampal neurons (Feiner et al. 2005).

Free radical generation is an important component of neurologic injury. Propofol has
been assumed to possess antioxidant activity because it bears a phenolic OH group like the
natural lipid peroxidation inhibitor a-tocopherol (vitamin E). Indeed, propofol has repeat-
edly been demonstrated to inhibit free radical generation, prevent the initiation of free radical
chain reactions, and terminate their propagation by scavenging highly reactive species and
inhibiting lipid peroxidation (see for review, Wilson and Gelb 2002). In particular, propofol
reduced the production of the lipid peroxidation marker malondialdehyde following tran-
sient forebrain ischemia in gerbils (Yamaguchi et al. 2000) and rats (Ergun et al. 2002) as
well as in experimental models of spinal cord injury (Kaptanoglu et al. 2002) and closed
head injury (Ozturk et al. 2005) in rats. In astrocyte primary cultures, propofol prevented
the inhibitory effects of the oxidant ferz-butyl hydroperoxide (--BOOH) on glutamate up-
take and retention (Sitar et al. 1999; Peters et al. 2001) and on the Nat/HT exchanger,
which regulates intracellular pH and the efficiency of the high-affinity glutamate trans-
porter (Daskalopoulos et al. 2001). However, in this experimental system, propofol had
contradictory effects on astrocytic ascorbate and was unable to prevent the loss of glu-
tathione induced by ~-BOOH (Daskalopoulos et al. 2001; Bayona et al. 2004). Recently, a
novel antioxidant mechanism has been proposed, in which propofol attenuates the effects
of peroxynitrite oxidative stress in cultured astrocytes by increasing the expression of heme
oxygenase-1 (Acquaviva et al. 2004).

Following acute brain injury, oxidative stress can lead to neuronal death by triggering a
number of detrimental cellular responses, including the loss of selective ion permeability in
mitochondria, which appears to be one of the regulators of the apoptotic cascade (Mattson
and Kroemer 2003). As discussed earlier, however, propofol appears to prevent necrotic
rather than apoptotic cell death in experimental cerebral ischemia (Iijima et al. 2006).
Acquaviva et al. (2004) showed that propofol attenuated peroxynitrite-mediated caspase-
3 activation in astrocytes, but this apoptotic marker was not modified by propofol after
incomplete cerebral ischemia in rats (Engelhard et al. 2004). In the latter study, other apop-
totic mechanisms like the elevation of Bax and the reduction of Bcl-2 were prevented by
propofol at various time-points up to 7 days after ischemia, but not 28 days later (Engelhard
et al. 2004). On the other hand, propofol has been demonstrated to prevent mitochondrial
swelling caused by acute overload of Ca?* in isolated brain mitochondria or by OGD injury
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in organotypic hippocampal slices (Adembri et al. 2006). Similarly, the OGD-induced de-
polarization of mitochondrial membrane potential was prevented by propofol in hippocam-
pal neuronal cultures (Iijima et al. 2006). It is not known at present whether propofol acts
directly on mitochondria or, indirectly, by modulating the production and concentrations
of other cytotoxic mediators (i.e., free radicals, glutamate, and intracellular Ca2+) that
can trigger multiple downstream cascades that lead to the opening of the mitochondrial
permeability transition pore and to apoptotic neuronal death.

Very recently, propofol has been shown to interact with the endocannabinoid system in
the brain. This novel mechanism has been associated with the sedative, psychomimetic, and
antiemetic properties of propofol, but there is accumulating evidence that the endocannabi-
noid system regulates the release of various neurotransmitters and may also be involved in
neuroprotection (van der Stelt and Di Marzo 2005). Specifically, propofol (at 10-100 uM
in vitro) has been demonstrated to inhibit one of the enzymes catalyzing endocannabinoid
hydrolysis and inactivation, the fatty acid amide hydrolase, thereby enhancing at sedat-
ing doses (100 mg/kg, i.p.) the brain levels of the endogenous endocannabinoids AEA and
2-arachidonoylglycerol in mouse brain in vivo (Patel et al. 2003). The CB1 endocannabinoid
receptor appeared to contribute to the sedative effects of propofol in this study. Interestingly,
whereas the use of sevoflurane in humans resulted in a decrease of whole blood AEA levels,
total intravenous anesthesia with propofol produced a slight increase in AEA concentrations
(Schelling et al. 2006).

NEUROPROTECTION IN THE CLINICAL SETTING

Even molecules that have shown to be dramatically neuroprotective under experimental
conditions may not have clinical utility if they are endowed with negative effects on cerebral
physiology, especially on ICP and on the coupling between CBF and CMRO;. The effects
of propofol on cerebral physiology are generally positive. In contrast to volatile anesthetic
agents, which cause a dose-dependent increase in CBF with the risk of increasing ICP,
propofol always reduces CBF and ICP (Kaisti et al. 2002; Ludbrook et al. 2002). The effect
on CBF is mostly mediated by the reduction of CMRO», even if a direct vasoconstrictor effect
is also thought to contribute, as the decrease in CBF is larger than that in CMRO; (Cenic
et al. 2002). Despite direct vasoconstriction, coupling is substantially preserved (Newman
et al. 1995). Propofol reduces ICP, a property that is mandatory in case of intracranial
hypertension and is always favorable in cases of acute brain injury. Cerebral autoregulation
and CO, responsiveness are maintained during propofol anesthesia (Fox et al. 1992), and
an anticonvulsant activity comparable to that of thiopental has also been described (Walder
etal. 2002). Other specific advantages in the use of propofol in neurosurgery include a rapid
recovery when intraoperative awake functional evaluation is requested, a lower incidence
of nausea and vomiting as compared to volatile anesthetics (Gupta et al. 2004), a lesser
degree of depression of electrophysiological brain activity as compared to all the other
anesthetic agents, which allows better intraoperative monitoring (Boisseau et al. 2002).
Finally, there is now relatively clear evidence of postoperative cognitive dysfunction after
major noncardiac surgery, especially in the elderly. However, general anesthetics (both
inhalational and intravenous) seem not to play a causative role (Newmann et al. 2007).

Despite the great number of experimental studies indicating that propofol is neuropro-
tective and its manifold positive effects on cerebral physiology when administered in the
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clinical setting, there are no data in the literature showing that the use of propofol improves
the neurological outcome following acute cerebral injury in patients. Several factors may
have contributed to this. First, the neuroprotective effects of propofol on spontaneous stroke
and on head trauma have never been specifically assessed in randomized clinical trials, most
likely because propofol, like all other drugs tested so far in clinical trials with the excep-
tion of recombinant tissue plasminogen activator (De Keyser et al. 1999; Khaja and Grotta
2007), does not appear from experimental studies to possess the ability to be a neuroresus-
citative drug. Second, most of the studies with propofol in humans were performed during
surgery, evaluating the possible neuroprotective effects of propofol not per se but always
in comparison with other anesthetic regimens, often using small numbers of patients and
disparate (and frequently nonrelated) end-points of neuroprotection (cognitive assessment,
cerebral O; content, and biochemical markers).

At present, there is no clear evidence that propofol may offer specific neuroprotective
advantages in cardiac or brain surgery as compared to volatile anesthetics.

Neuroprotection During Cardiac Surgery

Because cardiac surgery with cardiopulmonary bypass is complicated by permanent neu-
rological sequelae in a high percentage of patients, most of the clinical studies investigating
the potential neuroprotective effects of propofol were conducted in cardiac surgery settings.
Mostly, studies were aimed at evaluating whether propofol was able to mitigate the episodes
of jugular vein O, saturation (SjvO;) under the threshold of ischemia (SjvO; < 50%)
that frequently occur during cardiac surgery with bypass (Cook et al. 1994). Propofol was
not able to reduce SjvO; desaturation in some studies (Souter et al. 1998; Nandate et al.
2000), whereas in another study the number of episodes of desaturation and their durations
were shown to be reduced with propofol as compared with fentanyl anesthesia (Kadoi et al.
2003). In a small study in 20 patients undergoing coronary artery bypass grafting, propo-
fol anesthesia, but not isoflurane anesthesia, was associated with a surprising increase in
the plasmatic protein S-1008, a marker of cerebral injury (Kanbak et al. 2004). However,
extracerebral potential sources of S-1008 exist (Stocchetti 2005), and the neurological out-
come in propofol-treated patients was similar to that observed in the control group treated
with isoflurane. Therefore, it is questionable whether slight differences in SvjO; and in
biochemical markers translate into differences in clinical outcome, taking also in consider-
ation that the intraoperative use of propofol has never been reported to be correlated with
a deterioration of the neurological outcome.

Use of Propofol in Neurosurgery

As for cardiac surgery, no clinical trial has demonstrated that propofol ameliorates the
outcome in neurosurgery (Magni et al. 2005). Therefore, the debate remains hot about the
best anesthetic in neurosurgery. On one hand, propofol has been suggested as the best anes-
thetic in patients undergoing brain tumor removal because it maintains cerebral perfusion
pressure better than isoflurane or sevoflurane (Petersen et al. 2003). On the other hand,
reports showing that during neurosurgical anesthesia propofol episodes of SjvO, below the
critical threshold of 50% do occur (Cenic et al. 2002; Chieregato et al., 2003), had raised
concerns about its safety, even though the clinical outcome in neurosurgical patients was
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never reported to be altered (Munoz et al. 2002). A recent study by Rasmussen et al. (2004)
has directly addressed the question, showing that propofol anesthesia may be associated
with a SjvO; below the ischemic threshold, but there is no evidence of cerebral ischemia,
as detected by NMR. Therefore, taking in consideration its positive effects on cerebral
physiology, propofol not only is safe during neurosurgery but probably is the anesthetic of
choice in many conditions.

CONCLUSIONS

Taken as a whole, the available data appear to indicate that propofol anesthesia, as
compared to the awake state, has the potential of offering a certain degree of neuroprotection,
which is not exclusively due to reduction of the CMRO; but involves inhibition and/or
modulation of specific cellular pathways activated following acute brain injury. At present,
however, there are no clinical data available to indicate that propofol may have neuro-
resuscitative properties (Koerner and Brambrink 2006), as it occurs with other anesthetic
agents with the possible exception of xenon (Preckel et al. 2006). It is probably quite naive
to imagine that a single anesthetic, given for a limited amount of time, might offer long-
lasting protection against cerebral injuries for which an evolution of days and months after
the primary insult occurs. On the other hand, propofol may share a useful role with other
anesthetics in the prevention of intraoperative ischemic insults, which tend to be less severe
than spontaneous strokes. Undoubtedly, propofol offers advantages during neurosurgery in
which intracranial hypertension is a menace, in that it allows the surgeon to operate under
safe and optimal conditions (Hans and Bonhomme 2006).
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