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Drug Metabolism within the Brain Changes Drug Response:
Selective Manipulation of Brain CYP2B Alters Propofol Effects

Jibran Y Khokhar' and Rachel F Tyndale*'

'Centre for Addiction and Mental Health (CAMH) and Departments of Pharmacology and Toxicology and Psychiatry, University of Toronto,
Toronto, Ontario, Canada

Drug-metabolizing cytochrome P450 (CYPs) enzymes are expressed in the liver, as well as in extrahepatic tissues such as the brain.
Here we show for the first time that drug metabolism by a CYP within the brain, illustrated using CYP2B and the anesthetic propofol
(2, é-diisopropylphenol, Diprivan), can meaningfully alter the pharmacological response to a CNS acting drug. CYP2B is expressed in the
brains of animals and humans, and this CYP isoform is able to metabolize centrally acting substrates such as propofol, ecstasy, and
serotonin. Rats were given intracerebroventricularly (i.c.v.) injections of vehicle, C8-xanthate, or 8-methoxypsoralen (CYP2B mechanism-
based inhibitors) and then tested for sleep time following propofol (80 mg/kg intraperitoneally). Both inhibitors significantly increased
sleep-time (1.8- to 2-fold) and brain propofol levels, while having no effect on plasma propofol levels. Seven days of nicotine treatment
can induce the expression of brain, but not hepatic, CYP2B, and this induction reduced propofol sleep times by 2.5-fold. This reduction
was reversed in a dose-dependent manner by i.c.v. injections of inhibitor. Sleep times correlated with brain (r=0.76, P =0.0009), but not
plasma (r=0.24, P=0.39) propofol concentrations. Inhibitor treatments increased brain, but not plasma, propofol levels, and had no
effect on hepatic enzyme activity. These data indicate that brain CYP2B can metabolize neuroactive substrates (eg, propofol) and can
alter their pharmacological response. This has wider implications for localized CYP-mediated metabolism of drugs, neurotransmitters, and

neurotoxins within the brain by this highly variable enzyme family and other CYP subfamilies expressed in the brain.
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INTRODUCTION

The liver is the primary site of cytochrome P450 (CYPs)
enzyme-mediated drug metabolism (Lewis, 1996); however,
several CYP isoforms have also been detected in the brain
with variable distribution among different brain regions and
expression in both neuronal and glial cell types. Cerebral
expression of CYPs might be able to alter metabolism of drugs
in a clinically relevant manner (Gervasini et al, 2004), but this
has not been shown. Although these brain CYPs are functional
in vitro (Albores et al, 2001; Miksys and Tyndale, 2009), it is
unclear as to whether these enzymes have sufficient cofactors,
coenzymes, and activity in the brain to meaningfully impact
local drug metabolism and, by extension, central drug
response. The clinical relevance of brain CYP-mediated drug
metabolism has not been shown, in part, because of difficulty
in determining the relative in vivo contribution of CNS
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metabolism in the presence of hepatic metabolism and the
passage of peripheral metabolites into the brain. Recent
advances in our ability to assess the expression and activity
of extrahepatic CYPs indicate that rat brain CYPs are active
in vivo and metabolism by these CYPs can be altered locally in
the brain (Miksys and Tyndale, 2009). This enables us, for the
first time, to investigate the impact of CNS CYPs on drug
response.

CYP2Bs are a CYP subfamily, members of which are
expressed in the brains of rats, mice, monkeys, and humans
(Miksys and Tyndale, 2002). CYP2Bs metabolize a variety of
CNS acting drugs such as propofol (2, 6-diisopropylphenol,
Diprivan) and bupropion, and also play a role in the
metabolism of neurochemicals and neurotoxins (Ekins et al,
2008). Rat brain, but not liver, CYP2B can be induced by
7-day nicotine treatment, with a return to baseline levels
7 days later (Khokhar et al, 2010). Both basal and induced
CYP2B activity can be inhibited selectively in the brain by
an injection of a mechanism-based inhibitor (MBI) also
known as a suicide inhibitor (Miksys and Tyndale, 2009).

CYP2B is present in human brain and shows large
interindividual variation in expression owing, in part, to genetic
polymorphisms (Miksys et al, 2003). In addition, similar to the
higher CYP2B brain levels found in nicotine-treated rats,
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human smokers have higher brain CYP2B levels than non-
smokers (Miksys et al, 2003). Interindividual differences in
brain CYP2B might alter the metabolism of propofol, thereby
contributing to the great variability seen in the response to
propofol (Iohom et al, 2007; Kanto and Gepts, 1989). Using a rat
model of brain CYP2B manipulation, we investigated the
functional consequences of inducing and inhibiting brain
CYP2B-mediated metabolism of propofol on drug response.
Propofol is a commonly used anesthetic and sedative because
of its short duration of action, rapid onset, and preferable
side effect and recovery profiles (Langley and Heel, 1988). Upon
administration in humans, propofol distributes rapidly and is
cleared by both glucuronidation and hydroxylation to the
inactive 4-OH metabolite (Favetta et al, 2002). CYP2B6 is the
major contributor to the interindividual differences in the rate
of propofol hydroxylation (Court et al, 2001). In the rat, CYP-
mediated hydroxylation is the primary route of metabolism for
propofol (Le Guellec et al, 1995).

When the propofol dose was modeled to achieve a desired
effect site (brain) concentration, it more accurately predicted
the depth of anesthesia compared with modeling for plasma
concentrations (Liu et al, 2009). In addition, a hysteresis
exists between arterial propofol concentration and anesthetic
effect, whereas brain propofol has a close relationship with
cerebral blood flow and depth of anesthesia in a sheep model
of propofol pharmacokinetics (Ludbrook et al, 1996). In the
rat, brain propofol concentrations correlate with tail-flick
latency after propofol administration (Shyr et al, 1995), which
indicates that the local concentration of propofol in the brain
contributes to the drug’s effect. Propofol acts primarily on
GABA, receptors (Altomare et al, 2003); it can also inhibit
some subtypes of nicotinic acetylcholine receptors (nAChRs),
but they are not the primary sites of action for the drug
(Tassonyi et al, 2002). Repeated exposure to propofol does
not result in tolerance (Fassoulaki et al, 1994), making this
model suitable for multiple testing in a within-animal design.

Here, we use a rat model of propofol sedation to study the
effects of altered brain, and not hepatic, CYP2B-mediated
metabolism on propofol sleep time. More broadly, this
study is a proof of concept for the contribution of central
metabolism, in addition to hepatic metabolism, to altered
response to CNS acting drugs. This mechanism could help
clarify a disconnect which is often seen between plasma
drug levels and central drug effects, as well as further our
understanding of interindividual differences in drug response.

MATERIALS AND METHODS
Animals

Adult male Wistar rats (250-300g; Charles River,
St-Constant, PQ, Canada) were housed in pairs and kept
under a 12-h artificial light/dark cycle (lights on at 0600
hours). The animals were handled daily to habituate them to
manipulation. All procedures were approved by the Animal
Care Committee at the University of Toronto.

Drug Treatment

Propofol (10mg/ml Diprivan; AstraZeneca, Mississauga,
ON, Canada) was injected intraperitoneally (i.p.) at
40-120 mg/kg for the dose-response experiments, 80 mg/kg
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for the inhibition and induction experiments, and 40
and 50mg/kg for the dose-response shift experiments.
C8-xanthate (C8-X) was purchased from Toronto Research
Chemicals (Toronto, ON, Canada) and was dissolved in
artificial cerebro-spinal fluid (ACSF), and 0.625-80 Lg was
given intracerebroventricularly (i.c.v.) in a 0.5-2pl total
volume. A dose of 40 pg radiolabeled MBI 8-methoxypsor-
alen (*H-8-MOP) (a gift from William F Trager) was
dissolved in 0.5 ul ACSF and given i.c.v.. Nicotine bitartarate
was purchased from Sigma-Aldrich Canada (Oakville, ON,
Canada) and rats were injected subcutaneously (s.c.) once
daily for 7 days with 1 mg nicotine base per kg body weight
in sterile saline (pH 7.4).

Inhibition of Rat Brain CYP2B Activity Following
I.C.V. Injection of a CYP2B MBI

The methods used were modified from previous studies
(Khokhar et al, 2010; Miksys and Tyndale, 2009). Briefly,
the rats were treated for 7 days with nicotine (1 mg/kg) or
saline. The rats were anesthetized (isoflurane) and placed in
the stereotaxic frame. The animals then received an i.c.v.
injection into the right lateral ventricle (Bregma coordi-
nates: dorsal-ventral, —3.6; anterior-posterior, —0.9; lateral,
—1.4; Paxinos and Watson, 1986) of either 20pug C8-X
(CYP2B MBI; Yanev et al, 2000) in 0.5ul ACSF or ACSF
alone (vehicle). All i.c.v. injections were made over 2 min,
and the Hamilton syringe was left in place for 3 min post-
injection. At 20h after the first i.c.v. injection, the rats
received another i.c.v. injection of 40ug of *H-8-MOP
in 0.5 pl sterile ACSF. The animals were killed 4 h after the
H-8-MOP injection to assess the remaining rat brain
CYP2B activity 24h after i.c.v. injection of the inhibitor
C8-X.

As described previously (Miksys and Tyndale, 2009),
400 pg brain membranes from animals killed as described
above were incubated overnight with 100 pl of monoclonal
antibody raised against rat CYP2B1/2 (Fitzgerald Industries,
Concord, MA) in phosphate-buffered saline (PBS, pH 7.4)
at 4°C. The antibody-CYP2B protein complex was then
incubated with 400pl of a 50% slurry of protein G
immobilized on resin beads (Pierce, Rockford, IL) for 3h
on a rocker and then centrifuged for 1 min at 3000g. The
beads were washed twice with 500 pl PBS, centrifuged for
1 min at 3000 g, and then re-suspended in PBS. Aliquots of
the beads and supernatants were counted. In vivo brain
CYP2B activity is expressed as the percentage of radioactive
counts bound to the beads relative to total counts detected
in 400 pg of brain membranes. To further assess the
specificity of the MBI for rat brain CYP2B, 100pul of
monoclonal antibodies raised against CYP2A, CYP2D,
CYP2E, and CYP3A (BD Biosciences, Mississauga, ON,
Canada) were also incubated with 400 ug of radiolabeled
frontal cortex (FC) membranes as outlined above for the
antibody raised against CYP2B.

Rat Hepatic CYP2B Activity Measured by In Vitro
Nicotine Oxidation

Rat hepatic CYP2B activity was measured using in vitro
nicotine oxidation, as this is a sensitive and selective assay
for rat CYP2B (Nakayama et al, 1993). Rat liver microsomal
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proteins were prepared as done previously (Siu and
Tyndale, 2008) from rats that received an i.c.v. injection
of MBI (20png C8-X or 40ug 8-MOP) or vehicle control
(ACSF). As before (Siu and Tyndale, 2008), microsomes
(0.5mg/ml) were incubated with nicotine (a CYP2B
substrate; 120 and 480 pM), 1 mM NADPH, and 1.5 mg/ml
liver cytosol in 50 mM Tris-HCI buffer (pH 7.4) for 20 min at
37°C in a final volume of 0.5 ml. The reaction was stopped
using 4% (v/v) Na,COs;. After incubation, the internal
standard 5-methylcotinine (65 pg) was added with 50 pl of
NaOH (10 M) and 4 ml of dichloromethane. The tubes were
capped and shaken for 10min, and then centrifuged at
3000 r.p.m. for 10 min. The organic fraction was added to
25Ul of 6N HCI, evaporated under a nitrogen stream
at 37°C, and dissolved in 105l of distilled water. A 90 pl
aliquot was analyzed by HPLC-UV, with a limit of
quantification of 5ng/ml for both nicotine and cotinine.

Dose-Response Curve for Sleep Time Following
an Intraperitoneal Injection of Propofol

Rats were given 40-120 mg/kg propofol i.p. and were then
placed under a heat lamp and monitored for propofol-
induced sedation. Sleep was defined as the loss of
purposeful movement, with the end point being the initial
moment of head lift (Dam et al, 1990). Blood draws to
measure plasma propofol levels or killings were performed
2h after propofol injection. The livers and brains were
removed and frozen from killed animals for measurement
of hepatic CYP2B activity and brain propofol levels; no
perfusion was performed before killings to avoid differences
in collection of blood for propofol analyses throughout the
study. All experiments, unless otherwise indicated, were
performed in a within-animal design.

Effect of 1.C.V. MBI Injection on Propofol-Induced
Sedation

Propofol-induced sleep times were measured at baseline
and 24 h after an i.c.v. injection of a CYP2B MBI (20 pg C8-X
or 40 ug 8-MOP) or the vehicle control (ACSF). C8-X and
8-MOP had similar effects, but C8-X has greater selectivity
for CYP2B (Yanev et al, 1999), hence, C8-X was used for all
further experiments.

Effects of Nicotine’s Induction of Rat Brain CYP2B
and nAChR Blockade on Propofol Response

Rats were tested for baseline propofol response and were
then injected s.c. once daily for 7 days with nicotine
bitartarate (1 mg/kg) or the vehicle (saline). The animals
were tested for propofol response 24 h after 1 and 7 days of
nicotine treatment. At this dose, nicotine is cleared from the
plasma by 24 h and any acute effects of nicotine on nAChRs
may have partially recovered, diminishing any potential
confounding effects that the nicotine treatment could have
on propofol’s actions. CYP2B is still induced 24h after
7-day nicotine treatment in the rat brain (Figure 1b).
After propofol testing post 7-day nicotine treatment,
animals were either killed 2h after propofol or received
another nicotine injection. At 24 h after the eighth nicotine
injection, animals received an i.c.v. injection of 20 ug C8-X.
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The animals then received a ninth injection of nicotine and
were tested with propofol 24 h later.

As nAChRs are the primary site of action for nicotine in
the brain and can be upregulated by chronic nicotine
(Vallejo et al, 2005), we assessed whether nAChR blockade
altered propofol response, both alone and following 7-day
nicotine treatment to determine whether nAChR upregula-
tion affects propofol response. We tested the effects
of irreversible (chlorisondamine 10mg/kg s.c.) or acute
(mecamylamine 1mg/kg s.c.) blockade of nAChRs on
response to propofol. Chlorisondamine is a quasi-irrever-
sible blocker of nAChRs and blocks nicotine-induced
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Figure | Selective inhibition of rat brain CYP2B activity after
intracerebroventricular  (i.cv.) injection of CYP2B mechanism-based
inhibitor (MBI). (a) Radioactivity was detected following immunoprecipita-
tion of rat brain frontal cortex tissue using antibodies specific to CYP2B, but
not to CYP2A, CYP2D, CYP2E, or CYP3A, indicating a specificity of MBI
activation and irreversible binding to CYP2B enzyme following i.c.v.
injection of radiolabeled MBI. (b) Rat brain CYP2B activity was significantly
increased by 7-day nicotine treatment in the brainstem (<P =0.006).
Both basal («»P =0.05) and nicotine-induced CYP2B («» P =0.03) activity
in the brain were significantly reduced in animals pretreated with i.c.v.
C8-xanthate (C8-X) compared with the i.c.v. artificial cerebro-spinal fluid
(ACSF) pretreated animals in the brainstem. In the frontal cortex, which has
low basal activity, 7-day nicotine treatment also increased CYP2B activity
(<> P=0.04) and pretreatment with i.cv. C8-X inhibited this («»P =0.05).



responses for up to 2 weeks (Clarke et al, 1994); chlori-
sondamine pretreatment does not alter CYP2B induction by
nicotine (Khokhar et al, 2010). Propofol response was
measured at baseline and after chlorisondamine pretreat-
ment. The animals then received 7-day nicotine treatment
and were tested with propofol 24h after the last nicotine
injection. The mecamylamine study was run similarly, but
the animals received mecamylamine 30 min, as described
previously (Bhargava and Saha, 2001), before every propofol
test (except baseline measurements).

Dose-Dependent Reversal of Nicotine-Induced Sleep-
Time Reductions by CYP2B C8-X L.C.V. Injections

Animals were tested with propofol: at baseline, after a 7-day
nicotine treatment, and 24h after receiving an eighth
injection of nicotine and an i.c.v. injection (0-80 ug C8-X,
n=4 per C8-X dose group, 12/ACSF group).

Rat Brain CYP2B Alteration Can Shift Propofol’s
Dose-Response Curve

Rats were tested with low doses of propofol (40 and 50 mg/kg)
at baseline and after i.c.v. injection of C8-X (20 png). The
animals were tested again with propofol (50 mg/kg) after
7-day nicotine treatment (1mg/kg s.c.) and after i.c.v.
C8-X (20 pg).

Measurement of Plasma and Brain Propofol Levels

Plasma and brain levels of propofol were quantified by
HPLC, essentially as before (Seno et al, 2002). Acetonitrile
(100 pl) and 5pl of thymol (100 pg/ml, internal standard)
were added to 100 pl of plasma or brain homogenate (brain
tissue homogenized in 1:2 (w/v) in 0.2 M phosphate buffer),
and mixed by a vortex and centrifuged at 13500 r.p.m. for
20 min (4°C). The supernatant (100 pl) was injected into the
HPLC. The limit of quantification was 5ng/100 ul and the
assay was linear up to 5 pg/ml with an extraction efficiency
of 95%. The HPLC-UV system (Agilent 1200 Separation
Module) was set for detection at 270 nm and the propofol
and internal standard were separated on an Agilent
ZORBAX Bonus-RP Column (150 x 4.6 mm” L.D.; particle
size, 5 um). The retention times were 6.2 min for thymol and
12.4min for propofol. The mobile phase used was 40%
methanol: acetonitrile (70:30 (v/v)), and the flow rate was
1.2 ml/min.

Statistical Analyses

For the within-region, between-treatment group compar-
isons of brain CYP2B in vivo activity, and the comparison of
brain and plasma propofol levels between groups, a one-
way ANOVA and Bonferroni correction were used. Pre-
(baseline) and post-treatment mean sleep times were
derived from animal sleep times; means were compared in
a paired two-tailed t-test (owing to the within-animal
design). The nAChR blockade experiment, dose-dependent
inhibition experiment, and the shift in propofol dose-
response curve experiment were all tested using repeated
measures ANOVA and Bonferroni correction.
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RESULTS

Selective Inhibition of Rat Brain CYP2B Activity after an
Intracerebroventricular Injection of a CYP2B MBI

Using a technique that we have developed for establishing
in vivo CYP activity in rat brain (Miksys and Tyndale,
2009), we assessed in situ CYP2B activity by measuring the
binding of *H-8-MOP (Koenigs and Trager, 1998) given
i.c.v. to living animals. Radioactivity was detected following
immunoprecipitation with antibodies specific to CYP2B,
but not to CYP2A, CYP2D, CYP2E, or CYP3A, indicating
specificity of radiolabeling for the CYP2B enzyme following
i.c.v. injection of the radiolabeled MBI in this assay. CYP2B
activity (radioactive counts from enzyme-inhibitor complex
immunoprecipitated using CYP2B-specific antibody) was
detectable in both brainstem (BS) and FC and was
significantly increased by a 7-day nicotine treatment
(P=0.005 and 0.04, respectively; Figure 1b), but no
radioactive counts were detected in rat liver microsomes
(data not shown). Basal and nicotine-induced CYP2B
activity was reduced in animals pretreated with i.c.v. C8-X
(another CYP2B MBI; Yanev et al, 1999) compared with the
animals pretreated with i.c.v. ACSF. This indicates that the
i.c.v.-delivered MBIs bound irreversibly to active CYP2B
enzyme in disparate regions of the brain.

Sleep-Time Dose-Response Curve for Propofol

A dose response for sleep time was observed from 40 to
120 mg/kg propofol given i.p.. No sleep time was observed
at the 40 mg/kg dose, whereas 120 mg/kg was fatal to 31% of
the animals (four of 13 tested). At 80 mg/kg propofol, all
of the animals slept, and they had an average sleep time of
30 £ 8 min (mean * SD), allowing for measurement of both
increases and decreases in sleep time.

I.C.V. Injection of CYP2B MBIs Extends
Propofol-Induced Sleep Time

Repeating propofol tests (80 mg/kg i.p.) did not alter sleep
time (during baseline trials), indicating no formation of
tolerance as observed previously (Fassoulaki et al, 1994).
I.C.V. injections of CYP2B MBIs (C8-X and 8-MOP)
significantly (P=0.02 and 0.04; n=6/group) increased
propofol sleep time, whereas the ASCF vehicle control did
not (Figure 2a and b). The sleep times correlated with brain
propofol levels (r=0.76, P=0.0009; Figure 2c), but not with
plasma propofol levels (r=0.24, P=0.39; Figure 2d). This is
consistent with the CNS metabolism, and resulting propofol
levels, being responsible for the duration of sleep response.
Brain propofol levels were significantly higher in the C8-X-
(P=0.01) and 8-MOP-treated animals (P =0.04) compared
with ACSF-treated controls (Figure 2e). The CNS MBI
treatments did not alter plasma propofol concentrations
(Figure 2f). There was no difference in the rates of hepatic
CYP2B-mediated metabolism ex vivo between animals that
received the vehicle (ACSF) or the i.c.v. MBIs C8-X and
8-MOP (Figure 2g). Taken together, the lack of impact of the
CNS inhibitor injections on plasma propofol levels and on
ex vivo hepatic CYP2B activity indicates that the MBIs given
i.c.v. did not reach the liver at concentrations which altered
hepatic CYP2B activity or propofol metabolism.
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injected i.cv. on hepatic CYP2B metabolic activity.

Nicotine Treatment Induces CYP2B and Reduces
Propofol-Induced Sleep Regardless of nAChR Blockade

When animals were tested with propofol 24 h after a single
nicotine injection, which does not induce CYP2B (Khokhar
et al, 2010), there was no difference in sleep time compared
with baseline (21 £ 4 vs 23 £ 3 min; P =0.42). After a 7-day
nicotine treatment, which induces brain CYP2B (Figure 1b),
there was a significant (P<0.0001) reduction in sleep time
to ~40% of baseline (n=>52; Figure 3a). Rats were then
given i.c.v. C8-X and the reduction in sleep time due to
nicotine treatment was reversed and sleep time was exten-
ded to ~180% of baseline (P = 0.02; n = 4; Figure 3b). Once
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again we saw a significant correlation between sleep-time
and brain (r=0.72, P=0.02), but not plasma (r=0.24,
P=0.38), propofol concentrations. To investigate whether
alterations in the nAChRs following the 7-day nicotine
treatments contributed to the reduced sleep times post-
nicotine, we pretreated the animals with an irreversible
nAChR blocker chlorisondamine or an acute antagonist
mecamylamine. Neither pretreatment altered propofol sleep
time compared with baseline (P>0.05) nor the degree of
reduction seen following nicotine treatment (P> 0.05); the
i.c.v. C8-X was still able to reverse the reduction in sleep
times (P < 0.05; n = 6/group; Figure 3¢ and d). This suggests
that nAChR blockade does not alter propofol response and
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group).

that the reduction in sleep time after chronic nicotine is
not owing to alterations in nAChR status or interactions
between the CYP2B, C8-X, and nAChRs.

I.C.V. Injections of C8-X Dose Dependently Reverse
Nicotine-Induced Reductions in Sleep Time

Low doses of i.c.v. C8-X (1.25-10 pg) reversed the effects of
nicotine treatments on propofol sleep times, while 0.625 g
had no effect (Figure 4a). Doses between 20 and 80 ug not
only reversed the reduction in sleep times caused by the
7-day nicotine treatment, but also significantly extended it
beyond baseline sleep times (P<0.05; n=4/C8-X group,
n=12 ACSF); in vitro hepatic CYP2B nicotine metabolism
was not altered by these doses of i.c.v. C8-X (0.65£0.04,
0.62+0.08, 0.69£0.06, and 0.70 £ 0.09 nmol/min/mg for
0, 20, 40, and 80 g C8-X, respectively). There was a dose-
dependent effect of i.c.v. C8-X on propofol levels in the rat
brain with i.c.v. C8-X between 5 and 80 pg, resulting in
significantly higher brain propofol levels than the ACSF
control (P=0.02; Figure 4b). In addition, the mean brain
propofol levels in the ACSF-treated animals post-nicotine
were significantly lower (P =0.04) than animals that did not
receive nicotine (Figure 2e), consistent with the reduced
sleep times seen after nicotine treatment. Once again, the
sleep times correlated with brain (r=0.67, P=0.01;
Figure 4b, inset), but not plasma (r=-—0.03, P=0.84)

Brain CYP enzymes alter drug response
JY Khokhar and RF Tyndale

a
. <
o ~ 47 OBaseline P
§ 3 [ 7-day Nicotine f
§ é 3 E7-day Nicotine + ICV C8-X 1 o
ro
o= 2 hid - P -J—
> > hid
THFEERNPNEE SR Ty [
Qo
D 0
O ®©
»n < \
0 0.625 1.25 25 5 10 20 I 40 80
C8-X Dose (ug)
b 600 - r=0.67, p=0.01
=5
o E N
[} o
- .
I g
£ °
g:) w
> *
£ 300 0 250 500 .
5 .
2 Brain Propofol (ng/g) * ']
Q
o
: t
c
©
o
0 T T T T T T T T 1
0 0.625 1.25 2.5 5 10 20 40 80

C8-X Dose (ug)

Figure 4 Rat brain CYP2B inhibition dose dependently reverses
nicotine-induced sleep-time reduction. (a) A low dose of C8-xanthate
(C8-X) (0.625pg) did not reverse nicotine-induced reduction in sleep
times, whereas |.25—-10pg of C8-X given intracerebroventricularly (i.c.v.)
reversed the effects of nicotine treatment returning the sleep times to
those seen at baseline. Doses of C8-X between 20 and 80 ug not only
reversed the reduction in sleep time after 7-day nicotine treatment, but
also significantly extended it beyond baseline sleep times (n = 4/group per
C8-X dose, n=12/ACSF group; «>P<0.05). (b) CYP2B inhibition dose
dependently increased rat brain propofol concentration with doses
between 5 and 80pg of CB8-X resulting in significantly higher brain
propofol levels compared with the animals that received Opg C8-X
(*P<0.05). Inset: Sleep times were correlated with brain propofol levels
and not with plasma propofol levels (r=—0.03, P=0.84).

propofol levels. No differences in daily sleeping or feeding
behaviors were seen after either nicotine or i.c.v. inhibitor
treatments.

Inhibition or Induction of Rat Brain CYP2B can Shift
Propofol’s Dose-Response Curve

A low dose of propofol, 40 mg/kg, was inactive in all animals
with a mean sleep time of 0 min (Figure 5), but was made
active after an i.c.v. C8-X injection. The animals displayed
significantly (P=0.009) longer sleep times, with a mean
sleep time of 9 £ 10 min (apparent dose: 64 mg/kg). A dose
of 50 mg/kg resulted in only five of nine animals sleeping at
baseline, with a mean sleep time of 5+ 6min (Figure 5).
Following i.c.v. C8-X, the animals displayed significantly
(P=10.02) longer sleep times (19 + 12 min) and seven of nine
animals slept (Figure 5). To assess whether this active dose
of 50 mg/kg propofol can be made inactive by increasing
brain CYP2B, we treated these animals with nicotine for
7 days to induce brain CYP2B. This treatment abolished
the propofol sleep response completely, with no animals
exhibiting sleep resulting in an average sleep time of 0 min
(P=0.04; Figure 5). An i.c.v. injection of C8-X following
nicotine’s induction of brain CYP2B reversed the reduction
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Figure 5 Rat brain CYP2B manipulation shifts the propofol sleep-time
dose—response curve. A dose of 40 mg/kg was inactive at baseline—none
of the animals slept (sleep time: Omin). An intracerebroventricular (i.c.v.)
injection of CB8-xanthate (C8-X) significantly increased sleep time
consequently rendering the 40mg/kg dose active (sleep time: 9 min;
apparent dose: 62mg/kg, P=0.009; n=9). Upon administration of a
50mg/kg dose of propofol, the animals slept an average of ~5min at
baseline. Induction of brain CYP2B activity by 7-day nicotine treatment
abolished the propofol response—none of the animals slept (sleep time:
Omin; apparent dose: 40 mg/kg, P=0.02; n=9). After i.cv. C8-X the rats
displayed significantly longer sleep times (sleep time: 19 min; apparent
dose: 70 mg/kg; P=0.04; n=9). Dashed arrows indicate apparent dose
(graph is plotted on a log x axis, but values on x axis are actual doses).

in sleep time and resulted in significantly greater sleep times
(23 £ 14 min, eight of nine animals slept) compared with
the sleep times at baseline and after nicotine treat-
ment (P=0.01). The sleep times resulting from 50 mg/kg
propofol following nicotine treatment and i.c.v. C8-X were
equivalent to propofol doses of 40 and 70-75mg, respec-
tively. Inhibition or induction of rat brain CYP2B can make
doses of propofol active or inactive, respectively, indicating
that altered CNS CYP2B activity can cause significant shifts
in the apparent dose response for propofol.

DISCUSSION

This is the first study to show that localized metabolism of a
centrally active drug in the brain can alter its pharmaco-
logical effect. We manipulated the activity of rat brain
CYP2B by local enzyme inhibition or induction, which
increased or decreased propofol-induced sleep times
accordingly. We also showed that the concentrations of
propofol in the brain correlated with the duration of sleep
time. Our findings clearly show that CYP2B enzymatic
activity in the rat brain significantly contributes to the
metabolism of propofol and the resulting effect of the drug.

Some factors contributing to our inability to previously
establish the role of CYP-mediated metabolism in the brain
include: our inability to distinguish hepatic metabolism
from that in the brain, lack of techniques to selectively alter
brain metabolism alone, and the heterogeneity of the brain
cellular and regional environments. This is further com-
pounded by the great variability across these brain regions
and cell types in CYP expression and inducibility (Miksys
and Tyndale, 2004). To assess the contribution of brain
CYPs to local drug metabolism and drug effect, we needed
to establish a model where CYP2B activity could be altered
across the entire brain without altering hepatic activity.

Neuropsychopharmacology

Using an i.c.v. injection of a CYP2B MBI, we were able to
inhibit basal and induced rat brain CYP2B activity in two
anatomically and functionally distinct brain regions, BS and
FC, respectively, using a specific radiolabeling assay. These
brain regions have significant decreases in brain glucose
metabolism (a proxy measure for brain activity) during
propofol anesthesia (Cavazzuti et al, 1991). The increase in
brain, but not plasma, propofol concentrations as well as
the strong correlation between brain levels and sleep
response after an i.c.v. injection of a CYP2B MBI provide
strong evidence that the altered propofol response is owing
to the inhibition of brain, and not hepatic, CYP2B-mediated
metabolism. In addition, the lack of effect of the i.c.v.
injection of the CYP2B MBI on hepatic metabolism by
CYP2B is further evidence for the selective inhibition of
brain CYP2B. Genetically slow metabolizers for CYP2B, or
individuals exposed to CYP2B inhibitors, might have higher
levels of CYP2B in the brain, and would require lower levels
to maintain anesthesia, as evidenced by the left-ward shift
in the propofol response curve in the inhibited animals.

We have previously detected CYP2B in the human brain
and found higher levels of CYP2B in the brains of human
smokers (Miksys et al, 2003). Consistent with a role for
induced rat brain CYP2B in reducing propofol response,
there are also some case reports suggesting that smokers
require higher doses of propofol to achieve loss of
consciousness (Lysakowski et al, 2006), and that fewer
smokers reported symptoms of postoperative nausea and
vomiting (Chimbira and Sweeney, 2000). Alcoholics also
have higher brain CYP2B levels compared with non-
alcoholics (Miksys et al, 2003). Alcoholics required higher
induction doses to achieve anesthesia compared with non-
alcoholics, but plasma propofol levels did not differ
significantly between the two groups at loss of conscious-
ness (Fassoulaki et al, 1993). This provides indirect
evidence to suggest that people (or animals) with higher
brain CYP2B may require greater doses of propofol to
achieve anesthesia, consistent with induced rat brain CYP2B
shifting the propofol dose-response curve to the right.
Similar to the lack of effect of chlorisondamine or
mecamylamine in this study, varenicline, used in smoking
cessation, and other nAChR blockers should not affect
propofol response. The dose-dependent reversal of the
reduction in sleep time by C8-X and the subsequent
increases in brain propofol concentrations (which correlate
with sleep time) also suggest that the effects seen here are
owing to changes in local propofol concentrations, and are
unlikely to be affected by altered receptor-mediated
responses. Although the effects of induction and inhibition
of brain CYP2B on propofol response were robust, and were
unaffected by nAChR blockade, it is possible that in
addition to binding to CYP2B, the two structurally diverse
MBIs may have additional pharmacological targets, which
were not examined in this study.

Our previous investigation of rat brain CYP2B showed a
diurnal pattern of expression of rat brain CYP2B with
higher levels during the night phase (Khokhar et al, 2010).
Consistent with this finding, rats receiving an i.p. injection
of propofol at night-time sleep for a shorter duration
compared with animals tested with propofol during the
daytime, which could possibly be due to faster propofol
metabolism (Challet et al, 2007). Thus, variation in brain



CYP2B levels may introduce noise or error into rat studies,
if the drugs tested are CYP2B substrates and the experi-
ments vary in the time of day. It is not known if there is a
diurnal pattern of human brain CYP2B6 expression.

Our study employed an i.p. route of administration for
propofol in contrast with the commonly used i.v. infusion
route that is used in humans (Sebel and Lowdon, 1989).
This route was chosen owing to its ease of use, and
compared with an iv. infusion, it is a less stressful and
invasive procedure for the animals. One advantage of this
method of administration is that the drug is susceptible to
first-pass metabolism by the liver (Lukas et al, 1971); thus,
if we show a role for CNS metabolism in pharmacological
response using i.p. administration, it suggests this may also
be the case for other drugs delivered orally. Even with a
larger contribution of hepatic metabolism owing to the i.p.
route of administration, alterations in brain CYP2B levels
affected local propofol concentrations and response,
indicating that these CYPs in the brain can act in addition
to those in the liver, and alter drug response.

Although it is not clear if these findings have direct
clinical relevance to human propofol anesthesia, they do
suggest that CYPs in the rat brain are active and can
alter drug effects through local brain metabolism. A variety
of drug-metabolizing CYPs, including CYP2B, CYP2D,
CYP2E1, CYP3A, and CYP4, have been detected in the
brain (Meyer and Gehlhaus, 2010; Strobel et al, 2001) and
their substrates include a wide range of centrally active
drugs including opiate, antipsychotic, and antidepressant
medications; thus, the impact of brain CYPs may be an
important determinant of drug response. Local CYP-
mediated metabolism of these CNS acting drugs could have
a direct impact on drug efficacy and could also contribute to
drug tolerance, as seen from the shifts in propofol dose-
response curve following selective brain CYP2B manipula-
tion. The ability of CYPs to metabolize endogenous
neurosubstrates, such as serotonin (Fradette et al, 2004)
and dopamine (Bromek et al, 2010), suggests that these
CYPs have a role in normal brain function as well as in
xenobiotic metabolism. Associations between genetic varia-
tion in CYP2D6 and resting brain activity (Kirchheiner et al,
2010) and personality scores (Bijl et al, 2009) support this
possibility. CYPs inactivate and activate neurotoxins and
procarcinogens, including chlorpyrifos and a variety of
tobacco-specific nitrosamines (Ekins et al, 2008). Combined
with the region-specific regulation of CYPs by commonly
used drugs such as alcohol and nicotine, exposure to, and
subsequent metabolism of, these toxins could contribute to
local region-specific neurotoxicities or carcinomas. Pheno-
barbital, which can induce both hepatic and brain CYP2B,
potentiated the neurotoxicity resulting from 9-methoxy-
N-2-methylellipticinium acetate (Upadhya et al, 2002).
Recently, we have shown in a human neuronal cell line
that toxicity following 1-methyl-4-phenylpyridinum was
increased with the inhibition of CYP2D, an enzyme that can
metabolically inactive this potent neurotoxin (Mann and
Tyndale, 2010). Recent findings have also suggested a role
for brain CYPs in altering the drug-hormone cross-talk in
the brain, and found that neuroactive drugs that induce
brain CYPs are associated with alterations in the side-effect
profiles of these drugs and, in some cases exacerbate, the
disease condition (Meyer and Gehlhaus, 2010).
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Although previous studies have shown that CYP enzymes
are active (Miksys and Tyndale, 2009) and inducible
(Miksys and Tyndale, 2004) in the brain, there was no
indication of whether their levels in the brain were sufficient
to alter local drug metabolism and resulting drug effects.
Here we provide strong evidence supporting a role for local
drug metabolism by brain CYPs in altering the pharmaco-
logical actions of drugs. Centrally acting drugs can show
large interindividual variability in response, which often
does not correlate with plasma drug levels (Michels and
Marzuk, 1993). Thus, localized CNS metabolism, which does
not alter plasma levels as shown here, could contribute to
variation in central drug response and potentially adverse
drug reactions.
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