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ABSTRACT. In the rat, nicotine is metabolized to cotinine primarily by hepatic cytochrome P450 (CYP) 2BI.
This enzyme is also found in other organs such as the lung and the brain. Hepatic nicotine metabolism is
unaltered after nicotine exposure; however, nicotine may regulate CYP2B1 in other tissues. We hypothesized
that nicotine induces its own metabolism in brain by increasing CYP2B1. Male rats were treated with nicotine
(0.0, 0.1, 0.3, or 1.0 mg base/kg in saline) s.c. daily for 7 days. CYP2B1 mRNA and protein were assayed in the
brain and liver by reverse transcriptase-polymerase chain reaction (RT-PCR), immunoblotting, and immuno-
cytochemistry. In control rats, CYP2ZB1 mRNA and protein expression were brain region- and cell-specific.
CYP2B1 was not induced in the liver, but CYP2B1 mRNA and protein showed dose-dependent, region- and
cell-specific patterns of induction across brain regions. At 1.0 mg nicotine/kg, the largest increase in protein was
in the brain stem (5.8-fold, P < 0.05) with a corresponding increase in CYP2B1 mRNA (7.6-fold, P < 0.05).
Induction of CYP2BI was also observed in the frontal cortex, striatum, and olfactory tubercle. Immunocyto-
chemistry showed that induction was restricted principally to neurons. These data indicate that nicotine may
alter its own metabolism in the brain through transcriptional regulation, perhaps contributing to central
tolerance to the effects of nicotine. CYP2B1 and its human homologue CYP2B6 also activate tobacco smoke
procarcinogens such as NNK [4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone]. Highly localized increases in
CYP2B could result in increased mutagenesis. These data suggest roles for nicotine-induced CYP2B in central
metabolic tolerance, nicotine-induced neurotoxicity, neuroplasticity, and carcinogenesis. BIOCHEM PHARMACOL
59;12:1501-1511, 2000. © 2000 Elsevier Science Inc.
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CYPst have been identified as functional enzymes in the
central nervous system, where they are inducible, and are
known to metabolize a number of exogenous and endoge-
nous compounds [1]. Although the overall CYP content of
the rat brain is lower than that of the liver, individual CYPs
have been identified and found to be concentrated in
specific brain regions and cell types [2—6]. This indicates
that in certain areas of the brain they may reach levels
similar to those found in the liver. This restricted expres-
sion suggests that in discrete brain cells or regions there
may be significant levels of metabolism resulting in altered
local drug and metabolite concentrations unlikely to be
detected in the plasma. This highly localized metabolism
may also contribute to specific cellular damage resulting
from toxic CYP metabolites.
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The CYP2B family metabolizes a number of drugs,
xenobiotics, and steroids, including nicotine, NNK, aro-
matic hydrocarbons, and the anticancer prodrug cyclophos-
phamide [7, 8]. Both CYP2B1 and CYP2B2 enzymes have
been identified in rat brain and neural tissue; however,
CYP2B2 mRNA is expressed at very low levels [9, 10]. Like
their hepatic forms, these isozymes are inducible by pheno-
barbital, but with complex patterns specific to brain region
and cell type [10, 11].

Nicotine is the major constituent of tobacco that is
responsible for tobacco dependence. It is absorbed through
the lung epithelium and travels directly to the brain,
bypassing the liver, where it readily crosses the blood—brain
barrier. In humans, more than 70% of nicotine is inacti-
vated to cotinine by hepatic CYP2AG6 via the formation of
the AV iminium ion [12, 13]. In rats, hepatic CYP2A
enzymes do not metabolize nicotine; rather, CYP2BI is the
primary CYP responsible for the conversion of nicotine to
cotinine by a similar pathway [14, 15], although to a lesser
degree [16]. Human CYP2B6 can also metabolize nicotine;
however, it is found at low levels in human liver and makes
only a minor contribution to human hepatic nicotine
metabolism [12]. In addition to rat liver, rat brain is also
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able to convert nicotine to cotinine [17]. Multiple metab-
olites including cotinine are found in rat brain after
peripheral administration of nicotine [18], and although it
is unclear whether they are formed by brain or peripheral
metabolism, cotinine has been shown to be pharmacologi-
cally active in rat brain [19].

It is well-established that nicotine exerts its neurophar-
macological effects by acting on nicotinic acetylcholine
receptors in the brain, and that these receptors are up-
regulated in response to chronic nicotine administration in
animal models [20] and in human smokers [21]. Animals
and humans develop tolerance to the pharmacological
effects of nicotine, and this involves, but cannot be ex-
plained fully by, desensitization of nicotinic cholinergic
receptors [22, 23]. Anandatheerthavarada et al. [24] found
that chronic nicotine increased PROD and BROD activity
in some rat brain regions, suggesting CYP2B1 induction.
These data together indicate that there may be a role for
brain nicotine metabolism by CYP2BI in the development
of tolerance to nicotine, i.e. central metabolic tolerance.

In this study, we used a combination of immunoblotting,
immunohistochemistry, and RT-PCR to determine the
extent of induction of CYP2B1 by nicotine in the brain and
liver, and the molecular level at which this induction
occurs. In addition, we investigated the dose-dependency as
well as the region- and cell-specificity of nicotine induction

of CYP2BI.

MATERIALS AND METHODS
Animals

Four groups (N = 6 per group) of adult male Wistar rats
(250-300 g; Charles River) were injected s.c., once per day,
for 7 days with 0, 0.1, 0.3, or 1.0 mg nicotine base/kg body
weight, in the form of nicotine bitartrate (Sigma) in sterile
saline adjusted to pH 7.4. The doses used in this study
provided a range that was both behaviorally and pharma-
cologically relevant. This range included doses at which
rats develop nicotine tolerance (0.4 mg/kg over 12 days,
continuous infusion, e.g. Ref. 25), which rats will self-
administer (to a maximum of 0.5 mg nicotine base/kg over
1 hr, e.g. Ref. 26), which up-regulate nicotinic acetylcho-
line receptors in rat brain (0.45 to 2.0 mg/kg, e.g. Refs. 27
and 28), and which increase CYP2B1-mediated PROD
activity (1.2 mg nicotine base/kg/day s.c., Ref. 24). Four
hours after the last injection, animals were decapitated, and
brains and livers were removed. Four hours is the approxi-
mate half-life of phenobarbital-induced hepatic CYP2B1
mRNA, and is less than the 16- to 20-hr half-life reported
for phenobarbital-induced hepatic CY2B1 apoprotein [29].
Livers were frozen in liquid nitrogen and stored at —80°
until used for membrane preparation or total RNA extrac-
tion. Brains were divided longitudinally into 12 halves per
dose (N = 6 rats per dose). For each dose, four halves from
different animals were processed for each of three assays:
four halves for immunocytochemistry, four halves for mem-
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brane preparation for immunoblotting, and four halves for
RNA extraction. For immunoblotting and RT-PCR, half
brains were dissected into seven regions, frozen immediately
in liquid nitrogen, and stored at —80°. These regions were
chosen to include those used by Anandatheerthavarada et
al. [24] and to include regions known to express nicotinic
acetylcholine receptors, which are regulated by nicotine.
Whole brains from an additional six untreated male Wistar
rats were dissected into twelve regions, which were pooled
for membrane preparation for immunoblotting. All dissec-
tions were performed according to the Paxinos and Watson
[30] stereotaxic atlas of the rat brain. The experimental
procedures described in this study were carried out in
accordance with the guidelines for the care and use of
laboratory animals and approved by the Animal Care
Committee of the University of Toronto.

Immunoblotting

Brain regions were homogenized manually in 100 mM Tris
(pH 7.4) with 0.1 mM EDTA and 0.32 M sucrose on ice.
As it has been reported that brain CYPs are present in
microsomal and mitochondrial membranes [31], we pre-
pared brain membranes containing both mitochondrial and
microsomal CYPs. Briefly, homogenates were centrifuged at
3000 g for 5 min to remove cellular and nuclear debris, and
then the supernatant was centrifuged at 110,000 g at 4° for
90 min to give a membrane pellet. Pellets were resuspended
in 100 mM Tris (pH 7.4), 0.1 mM EDTA, 0.1 mM
dithiothreitol, 1.15% (w/v) KCI, and 20% (v/v) glycerol,
aliquoted into small volumes, and stored at —80°. Un-
treated rat liver microsomes and phenobarbital-treated rat
liver microsomes (Gentest) were used as positive controls
and for standard curves.

The protein content of each sample was assayed by the
method of Bradford [32]. Hippocampus and liver mem-
branes were diluted serially and used to construct standard
curves. These were used to determine the linear range of
detection for the immunoblotting assay. Membrane pro-
teins (50 pg/brain region, 0.2 and 0.5 pg of induced liver
microsomes as internal standard) were separated by SDS—
PAGE (4% stacking and 10% separating gels), and then
were transferred onto nitrocellulose membranes. Mem-
branes were probed with a monoclonal antibody raised
against rat CYP2B1 (clone number 2-66-3; a gift from
Harry V. Gelboin, National Cancer Institute, NIH), which
has been characterized previously [33]. CYP2B1 and
CYP2B2 can be separated by molecular mass under these
immunoblotting conditions; CYP2B2 migrates more slowly
than the immunodetectable CYP2B1 [34]. A peroxidase-
conjugated sheep anti-mouse secondary antibody was used
(Roche Molecular Biochemicals) followed by enhanced
chemiluminescence detection (Roche Molecular Bio-
chemicals). Control blots were processed either without
primary antibody or with primary antibody preadsorbed
with 40 nM baculovirus-insect cell expressed rat CYP2B1
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(Gentest). Blots were analyzed with an imaging system
(Imaging Research, Inc.).

Immunocytoc hemistry

Half brains were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4, for 24 hr, cryoprotected in 20%
sucrose in phosphate buffer, and rapidly frozen in isopen-
tane cooled on dry ice. Frozen sections were collected on
silane-coated slides and stored at —20° until used. Sections
were washed twice in PBS (10 mM sodium phosphate
buffer, 0.9% sodium chloride, pH 7.4) and incubated for 1
hr in blocking solution [PBS with 1% (w/v) skim milk
powder, 2% BSA, 4% Triton X-100, and 10% normal horse
serum|. Sections were incubated for 40 hr at 4° with
monoclonal anti-rat CYP2B1 (clone number 4-7-1; a gift
from Harry V. Gelboin), previously characterized [33],
diluted 1:5000 with PBS with 2% BSA, 0.4% Triton X-100,
and 2% normal horse serum. Sections were washed with
PBS, incubated for 1 hr at room temperature with biotin-
ylated horse anti-mouse IgG (Vector Laboratories Canada),
and rewashed with PBS. Endogenous peroxidase activity in
the sections then was quenched with 0.3% hydrogen
peroxide in PBS for 5 min. The antigen-antibody complex
was visualized using the avidin—biotin complex technique
(ABC Elite kit, Vector Laboratories Canada) followed by
reaction with 3,3’-diaminobenzidine and hydrogen perox-
ide (DAB kit, Vector Laboratories). Sections were dehy-
drated and mounted via xylene in Permount (Fisher Scien-
tific). Control sections were incubated without primary
antibody.

RT-PCR

Random hexamer primers [pd(N)¢], deoxynucleotide
triphosphates (dNTPs), and RNA guard were obtained
from Pharmacia; first strand buffer, dithiothreitol, M-MLV
reverse transcriptase, and Thermus aquaticus polymerase
were obtained from Canadian Life Technologies. RNA was
extracted by a guanidinium thiocyanate single-step method
[35] followed by cDNA synthesis. For each brain region, 10
g RNA was added to first strand buffer [50 mM Tris-HCI
(pH 8.4), 75 mM KCl, 3 mM MgCl,, 100 mM dithiothre-
itol], 2.5 U pd(N)g, 0.5 mM of each dNTP, 1.6 kU M-MLV
reverse transcriptase, and 140 U RNA guard. ¢cDNA syn-
thesis was carried out in a total volume of 400 wL at 37° for
2 hr, followed by cDNA precipitation with 40 pL of 3 M
sodium acetate, pH 5.2, 800 pL of 100% ethanol, and
cooling to —80° for at least 30 min. PCR amplification was
carried out with 3 pL cDNA template in 20 mM Tris-HCI,
pH 8.4, 50 mM KCl, 4% DMSO, 0.5 mM dNTPs, 2.5 mM
MgCl,, 1 U T. aquaticus polymerase, and 0.63 mM PCR
primers (forward primer 5-GCTCAAGTACCCCCAT-
GTCG-3', reverse primer 5 -ATCAGTGTATG-
GCATTTTACTGCGG-3") in a total volume of 20 pL.
PCR was performed in a PTC thermal cycler (M] Research,
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Fisher Scientific) with cycle conditions of initial denatur-
ing at 80° for 2 min, followed by PCR amplification for 31
cycles by denaturing at 94° for 1 min, annealing at 55° for
1.5 min, and extending at 72° for 1 min.

Southern Blotting

PCR products were separated electrophoretically in 3%
NuSieve (Mandel Scientific) and transferred to Zeta-Probe
membranes (BioRad). Membranes were prehybridized in
50% formamide, 120 mM Na,HPO,, pH 7.2, 250 mM
NaCl, 7% (w/v) SDS for 0.5 to 1 hr at 43°, and then
hybridized in the same buffer overnight at 43° with a
32P.end-labeled oligonucleotide probe specific for CYP2B1
(5'-GGTTGGTAGCCGGTGTGA-3"). The CYP2B1
PCR primers and specific oligonucleotide probe were de-
scribed previously [36]. Membranes were washed with
decreasing concentrations (2x, 0.5x, 0.1x) of sodium citrate
saline (SSC) with 0.1% SDS for 15 min each at room
temperature, and then were exposed to x-ray film at —80°
for various times (1830 hr). Autoradiograms were ana-
lyzed with an imaging system (Imaging Research Inc.).
Water blanks were used in every RT-PCR reaction to
control for contaminant cDNA, RNA, or genomic DNA in
PCR reactions. Primers for ubiquitous mRNA (non-neuro-
nal enolase) were used to ensure that RNA isolation and
cDNA synthesis were equally efficient for all samples [37].
Experiments were carried out at several cycles to ensure
that all samples were amplified, and that their product
density fell within the linear range of the standard curve of
serial dilutions of liver cDNA template, which were in-
cluded with every experiment. Primer pairs crossed over
introns in order to identify any genomic DNA contamina-
tion, which would result in a larger size product. Genomic
DNA contamination was not observed in any experiment.

Statistical Analysis

Differences between doses, brain regions, and liver were
tested by ANOVA followed by the a posteriori Duncan’s
New Multiple Range Test with significance set at 5%.

RESULTS
CYP2B in Untreated Rat Brain

On immunoblots we found a single immunoreactive band
in brain that comigrated with induced hepatic CYP2BI;
this band was not detected when the antibody was pread-
sorbed with expressed rat CYP2B1 protein (inset, Fig. 1A),
providing evidence that we were measuring CYP2BI in
these studies [38]. Immunoreactive protein was detected in
all brain regions examined (Fig. 1). The level of CYP2B1
was much lower than that found in rat liver (approximately
80-fold less than in untreated rat liver, and 250-fold less
than in phenobarbital-induced rat liver). There was some
variation among brain regions (ANOVA P = 0.02), with a
2.5-fold difference between the region with the highest
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FIG. 1. (A) Distribution of CYP2B1 protein among twelve
brain regions pooled from six untreated male rats. Data are
means + SEM of seven separate assays. The top x-axis of the
line graph shows hippocampus membrane protein used to con-
struct a standard curve. Data are the means = SEM of three
separate assays. Inset: Immunoblots of duplicate lanes of cere-
bellar membranes (50 pg protein) showed no signal in the
absence of monoclonal antibody against rat CYP2BI1, or in the
presence of antibody adsorbed with expressed rat CYP2B1. (B)
Representative immunoblot of membrane protein (50 pg) from
twelve brain regions from untreated male rats. The arrow shows
the position of immunoreactive CYP2B1 protein. Abbrevia-
tions: OB, olfactory bulb; FC, frontal cortex; OT, olfactory
tubercle; HC, hippocampus; ST, striatum; CB, cerebellum; BS,
brain stem, TC, temporal cortex; PC, parietal cortex; OC,
occipital cortex; TH, thalamus; and PO, pons.

(cerebellum) and the region with the lowest (pons) amount
of CYP2B1. Cerebellum was significantly higher than
olfactory bulb, frontal cortex, striatum, brain stem, tempo-
ral cortex, parietal cortex, occipital cortex, and pons.
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Hippocampus was significantly higher than striatum and
pons, and thalamus was significantly higher than pons (Fig. 1).

Induction of CYP2B by Nicotine

There was no significant change in CYP2B1 protein levels
observed in the liver (Table 1). However, in the brain there
was a complex pattern of region-specific increases in
CYP2BI1 levels with regional variation in the maximum
degree of induction observed (Table 1). The largest in-
creases were seen in the olfactory bulbs (4.3-fold) and the
brain stem (5.8-fold; includes pons and medulla), with
significant but modest increases in the striatum (2.1-fold),
olfactory tubercle (2.1-fold; includes olfactory tubercle,
piriform cortex, and anterior nucleus accumbens) and
frontal cortex (1.8-fold). There were also regional differ-
ences in the lowest dose at which significant induction of
CYP2B1 was observed (Table 1). Brain stem showed
significant increases at all three nicotine doses (Fig. 2,
Table 1). Frontal cortex showed significant increases at 0.3
mg/kg (1.6-fold) and 1.0 mg/kg (1.8-fold, Table 1). Olfac-
tory bulbs, olfactory tubercle, and striatum showed signifi-
cant increases (4.3- and 2.1-fold, respectively) only at the
highest dose of nicotine, 1.0 mg/kg (Table 1). There was no
significant change in cerebellum or hippocampus at any of
the nicotine doses tested (Table 1). A second, very faint,
higher molecular mass immunoreactive protein also ap-
peared to be induced in brain stem (Fig. 2B), but it
migrated more slowly than hepatic CYP2B2.

To ensure that the increase in CYP2B1 in the brain stem
(the most highly induced region) was being measured
accurately, samples were diluted to saline levels and reas-
sayed. After appropriate dilution, CYP2B1 protein levels
should have been the same for all four doses. However, they
remained modestly higher for all three nicotine doses than
for saline treatment (1.35-, 1.34- and 1.47-fold, respec-
tively) indicating an underestimation of CYP2BI in the
initial analysis, and the data were adjusted accordingly.

TABLE 1. CYP2B1 protein in brain regions and liver after nicotine treatment

Optical density (O.D.)

Nicotine
Brain region Saline 0.1 mg/kg 0.3 mg/kg 1.0 mg/kg
Olfactory bulb 0.45 = 0.08*F 0.66 * 0.08+ 0.56 = 0.01F 1.97 £ 0.261%8
Frontal cortex 0.49 + 0.03*7 0.52 £ 0.11¢ 0.76 = 0.08dddt§ 0.86 *= 0.057§
Olfactory tubercle 0.58 * 0.04* 0.79 = 0.067 0.74 £ 0.047 1.23 = 0.1478§
Hippocampus 0.95 = 0.07 0.79 = 0.13} 0.84 = 0.07% 1.11 = 0.17F
Striatum 0.55 + 0.19%7 0.68 = 0.17F 0.58 = 0.16F 1.12 = 0.167§
Cerebellum 0.73 = 0.15 0.65 = 0.15¢ 0.69 = 0.14} 0.65 = 0.10F
Brain stem 0.88 = 0.21 3.19 £ 0.39§ 2.50 + 0.34§ 5.15 £ 0.628
Liver 0.55 £ 0.18 0.46 = 0.09 0.48 = 0.10 0.52 = 0.04

Shown are the means = SEM of the O.D. values of CYP2B1 immunoreactive protein bands from brain membranes of four rats/dose.
*—4Significantly (P < 0.05) different from: *hippocampus, tbrain stem, and fcerebellum.
§Significantly (P < 0.05) different from saline (between doses within the brain region).
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FIG. 2. Nicotine dose-dependent increase in CYP2B1 protein
and mRNA in the brain stem. (A) CYP2B1 protein assayed by
immunoblotting, showing a significant increase at all three doses
of nicotine (3.6-, 2.8-, and 5.8-fold, respectively). Values are
means = SEM of four rats, each assayed three or more times.
(B) Representative immunoblot; the arrow shows the position of
the immunoreactive CYP2B1 protein band. (C) CYP2B1
mRNA in the brain stem assayed by RT-PCR and Southern
blotting showing significant increases at the two highest doses of
nicotine tested (2.8- and 7.6-fold, respectively). Values are
means * SEM of four rats assayed three times. (D) Represen-
tative Southern blot of CYP2B1 mRNA in the brain stem after
treatment with saline and three doses of nicotine for four
animals at each dose. Protein and mRNA differences from
saline-treated controls: (*) P < 0.05, (¥*) P < 0.005, and (#%%*)
P < 0.001.

RT-PCR

CYP2B1 mRNA was detected in liver from untreated rats;
liver cDNA was diluted to the range detected in brain, and
standard curves were included for every experiment (Fig. 3,
A and B). This was to ensure that the range of densities of
brain samples on Southern blots was within a log-linear
range of detection. CYP2B1 mRNA was detected in all
seven brain regions from rats treated with saline and at all
three doses of nicotine. The most profound increases in
CYP2B1 mRNA were observed in the olfactory bulbs and
brain stem (Fig. 3, C and D, and Fig. 2, C and D,
respectively). The olfactory bulbs showed significant in-
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FIG. 3. Southern blotting for CYP2B1 in the brain and liver.
(A) Serial dilution of untreated rat liver ¢cDNA template
subjected to RT-PCR and Southern blotting for CYP2B1. (B)
Representative Southern blot of dilution curve. BL: blank lane,
no cDNA. The dilutions ranged from 0.032 to 0.001. The blot
is enlarged so that lanes correspond to points on the line graph.
(C) Nicotine dose-dependent increase in CYP2B1 mRNA in
olfactory bulbs. Values are means = SEM of four rats; differ-
ence from saline-treated controls: (¥*) P < 0.05, and (¥%) P <
0.005. (D) Representative Southern blot of olfactory bulbs from
four animals at each nicotine dose. The density of each sample
fell within the linear range of the liver dilution curve in A and

B.

creases in CYP2B1 mRNA at all three doses of nicotine
relative to saline-treated rats, 2.6-fold at 0.1 mg/kg, 5.3-fold
at 0.3 mg/kg, and 11.4-fold at 1.0 mg/kg (Fig. 3, B and C).
There was also a significant difference in CYP2B1 mRNA
between the 0.3 and 1.0 mg/kg doses. The brain stem also
showed significant increases in CYP2B1 mRNA at 0.3
mg/kg (2.8-fold,) and 1.0 mg/kg of nicotine (7.6-fold) (Fig.
2, B and C). The 1 mg/kg dose resulted in significantly
higher levels of CYP2BI mRNA than the 0.1 mg/kg and
0.3 mg/kg doses. The frontal cortex and striatum showed
increases at the highest nicotine dose of 1.4- and 1.8-fold,
respectively; however, these did not reach significance.
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CYP2B2 mRNA is present at very low levels in the brain;
however, we and Ibach et al. [39] have had difficulty
detecting either CYP2B2 protein or mRNA and, therefore,
we were unable to assess the effect of nicotine treatment on
this isozyme.

Immunocytoc hemistry

There was very little overall immunoreactivity in brain
sections from saline-treated animals, consistent with the
low levels of immunodetectable CYP2B1 protein (Fig. 1)
and mRNA. Most of the staining was seen in the neuropil
and axon tracts, probably in glial cells; very little neuronal
staining was observed in the saline-treated animals (Table
2). The only areas of intense immunoreactivity were those
at the blood—brain barrier, such as the endothelial lining of
blood vessels and the choroid plexus. In the olfactory bulbs
there was moderate staining of cells in the mitral layer.
There was some glial staining in the anterior olfactory
nucleus and anterior commissure, and light staining of
neurons in the tenia tecta. There was generally low overall
neuropilar staining in the cortical regions, with no staining
of neurons of the frontal cortex (Fig. 4B), but some light
neuronal staining in cingulate cortex area 3 in layers II and
[II. Thalamic regions showed no staining. The hippocam-
pus stained weakly throughout, with slightly higher levels
in the polymorphic layer within the dentate gyrus. The
striatum showed very low levels of immunoreactivity com-
pared with surrounding cortical regions. In the cerebellum,
the molecular and granular layers showed comparable levels
of immunoreactivity. There was moderate staining of small
neurons (stellate and basket cells) in the molecular layer,
and also staining of glial cells in the subcortical white
matter. Purkinje cells showed no immunoreactivity. In the
brain stem, which includes the medulla oblongata and the
pons, most staining was observed in axonal tracts such as
the pyramidal and spinal trigeminal tracts, probably mostly
glial. There was some neuronal staining in areas such as the
ventral cochlear, trigeminal, and facial nuclei.

After treatment with nicotine two patterns of induction
were observed, one where there was increased immunore-
activity in cells, neuropil, and axonal tracts that showed
basal staining in saline-treated rats, and a second where
cells that showed no CYP2B staining in saline-treated rats
became highly immunoreactive. Table 2 shows a summary
of the changes in CYP2B staining in cells of the seven
regions chosen for immunoblotting after treatment with the
highest dose of nicotine, 1.0 mg/kg. In the frontal cortex
there was a general overall increase in staining of the
neuropil, and a very obvious induction of immunoreactivity
in neurons of layers II, III, and IV (Fig. 4). This immuno-
reactivity increased in a dose-dependent manner similar to
that seen on the immunoblots (Table 1). There was also
dramatic induction of immunoreactivity in neuronal cells
of the piriform cortex (Fig. 5, B and C). In the brain stem,
much of the increase in immunoreactivity was seen in the
neuropil and axonal tracts, but there was also appearance of
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TABLE 2 CYP2B immunocytochemical staining intensity in
brain regions and cells of saline- and nicotine (1.0 mg/kg)-
treated rats

Saline Nicotine

Brain region treated treated
Cerebellum (C)

Granular layer + +

(not glomeruli)

Molecular layer + +

Purkinje cells - -
Frontal cortex (FC)

Neurons, layers I, III, IV — +4++

Neuropil + ++

Hippocampus (HC)
Dentate gyrus granule cells - -
CA 1,2,3 pyramidal cells - -
CA 1,2,3 molecular, polymorphic + +

Striatum (ST)

Caudate putamen + +

Globus pallidus - -
Olfactory tubercle (OT)

Olfactory tubercle pyramidal layer - +++

Islands of Calleja + +++

Piriform cortex — +++

Tenia tecta + +++

Nucleus accumbens shell + +

Nucleus accumbens core - —
Olfactory bulb (OB)

Accessory olfactory bulb + ++

Mitral cells + ++

Plexiform layers, internal and - +++

external
Internal granular layer - +++

Lateral olfactory tract - -

Brain stem (BS)
Median, dorsal raphe - +4+
7th Facial nerve — —

Medial/superior/lateral vestibular * +++
nucleus
Pontine reticular nucleus - ++
Motor trigeminal nucleus + +4++
Subcoeruleus nucleus + ++
Substantia nigra reticulata - ++
Central gray + +++
Superior/inferior olivary nucleus + +++
Ambiguus nucleus - +++
Interpeduncular nucleus + +
Facial nucleus + ++++
Dorsal/ventral cochlear nucleus + ++
Interposed/lateral cerebellar nucleus - +++
Inferior colliculus - +

Key: (++++) very strong, (+++) strong, (++) moderate, (+) weak, and (—) no
staining.

neuronal staining in cells that showed no immunoreactivity
in control animals (Table 2). In the cerebellum there was
no apparent overall change in staining intensity of the
molecular and granular cell layers, consistent with results
from immunoblots (Table 1). Omission of primary antibody
followed by peroxidase quenching eliminated all immuno-
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FIG. 4. Immunocytochemical staining for CYP2B of coronal sections of frontal cortex area 3 taken at Bregma 2.7. (A) Control in
absence of primary antibody and quenching. (B) Saline-treated animal showing no neuronal staining (arrow) and some neuropilar
staining. (C) Nicotine (1.0 mg/kg)-treated animal, showing very strong staining in pyramidal neurons (arrow) in layers II-1V and a

moderate increase in overall neuropilar staining. Bar: 100 pm.

reactivity in all regions, and in the absence of peroxidase
quenching the only endogenous staining was observed in

red blood cells (Figs. 4A and 5A).

DISCUSSION

In this study we have shown that CYP2BI protein and
mRNA are expressed variably across rat brain regions and
specific cell types. In addition, we demonstrated that
nicotine, a CYP2BI1 substrate, can induce CYP2B1 and,
hence, its own metabolism. The induction occurred in rat
brain, but not in rat liver, and the pattern of induction was
brain region- and cell type-specific. The cell-type specific
induction occurred both in cells that normally have detect-
able CYP2B1 and in those that either normally do not
express the protein or express CYP2B1 below the detection
level. Like many brain CYPs, CYP2B1 was present in very
low basal amounts, concentrated primarily in evolutionarily
older areas of the allocortex such as the olfactory bulbs,
olfactory cortex, hippocampus, cerebellum, and brain stem.
Although CYP2B protein was expressed in both glial and
neuronal cell populations, expression was cell-specific
within regions, as was found previously in rat [40-42] and
mouse [6] brains.

Both rodents and humans are known to develop toler-
ance to the physiological effects of nicotine. This does not
occur by altered hepatic metabolism of the drug, but is
thought to be mediated, in part, by an increased number
and desensitization of nicotinic acetylcholine receptors in
certain regions of the brain. However, the changes in
receptor density and sensitivity do not account for toler-
ance completely [22, 23]. One proposed theory is that
nicotine metabolites such as cotinine may act as cholin-
ergic antagonists and thus compete for acetylcholine bind-
ing sites in the brain [28]. The high degree of localization of
CYP2B1 in specific cell types and brain regions after
nicotine induction may be sufficient to alter local metab-
olism of nicotine substantially. For example, in the frontal
cortex induction of CYP2B1 (1.8-fold on western blots) is
restricted to immunoreactive neurons that occupy approx-
imately 0.6% of the volume of the region used for immu-
noblotting. This translates to a 300-fold increase in
CYP2BI1 in these cells, which exceeds untreated hepatic
levels (80-fold higher than untreated frontal cortex). This
could alter the local concentrations of nicotine and cotin-
ine (the CYP2B1-mediated nicotine metabolite) to which
the cholinergic receptors are exposed. Cotinine is present
in the brain after exposure to nicotine [18], and it has been
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suggested to play a role in desensitization of nicotinic
acetylcholine receptors in vitro [19]. Therefore, induction of
CYP2B1 in the brain after nicotine exposure (e.g. through
smoking) may play a role in the development of central
tolerance to nicotine observed both in animal models and
in human smokers. After induction by nicotine, CYP2B1
immunoreactivity is seen in regions and cells of the brain
that are known to express the a, and B4 nicotinic acetyl-
choline receptors (e.g. olfactory bulb, olfactory tubercle,
piriform cortex, and pyramidal neurons of the frontal
cerebral cortex [43]). Interestingly, CYP2B1 protein is
induced in some of the same regions and cell types that
show up-regulation of nicotinic receptors in response to
nicotine, such as frontal cortex pyramidal cells, but not in
other regions such as the hippocampus [20, 44].

Although we observed profound induction of CYP2B1 in
the brain (greater than 5-fold in some brain regions), we
observed no induction of the hepatic form of this enzyme by
nicotine. This lack of hepatic induction is consistent with
the absence of increase in overall nicotine metabolism in
nicotine-treated animals [45] and in human smokers [46].
Tissue-specific regulation of CYPs, and CYP2B in particu-
lar, has been reported previously. Acetone treatment de-
creased CYP2B protein in rat nasal mucosa [47], but
induced CYP2BI1 in both liver and kidney by increasing the
rate of gene transcription [48]. Phenobarbital and acetone
treatment increased CYP2B and CYP2E1 activities in rat
liver, but had no effect on these CYP activities in rat lung
[49]. A possible explanation for the tissue-specific induc-
tion of CYP2BI that we observed is that with the s.c. route
of administration of nicotine, the brain experienced much

S. Miksys et al.

FIG. 5. Immunocytochemical staining for CYP2B of coronal sections of the piriform cortex taken at Bregma 3.2; the left of the figure
is dorsal, the right ventral. (A) Control in the absence of primary antibody and quenching. (B) Saline-treated animal showing no
neuronal staining. (C) Nicotine (1.0 mg/kg)-treated animal showing intense neuronal staining (arrow) in layer II. Bar: 100 pm.

higher blood concentrations of nicotine than the liver,
resulting in increased transcription of CYP2B1 in the brain,
but not in the liver. However, the level of cell-specificity of
CYP2BI1 induction in the brain implies that other regula-
tory processes are also important, for example cell-specific
transcription factors.

CYP2B6 is the human homologue of rat CYP2B1, with
overlapping substrate specificity [50]. We have detected
CYP2B6 in the human brain using an anti-CYP2B1 mono-
clonal antibody (Miksys S and Tyndale RF, unpublished
observations). CYP2B protein has also been detected by
others in the human brain, using antibodies to phenobar-
bital-inducible rat brain protein and to rat CYP2B1/2 [41,
51, 52]; however, its distribution has not been characterized
carefully. Although CYP2AG6 is the major hepatic enzyme
responsible for nicotine metabolism in humans [12], it has
not been identified in the human brain. Although human
CYP2B6 also metabolizes nicotine [53], this enzyme is
expressed predominantly extrahepatically. The larger
amounts of liver CYP2AG result in this being the principal
enzyme responsible for human hepatic nicotine metabo-
lism. In the central nervous system, especially following
induction by exposure to nicotine, human CYP2B6 may
play a quantitatively larger role in central nicotine metab-
olism, at least in some brain regions.

[t is of interest to determine if our observations in the rat
extend to the human, with a similar dose-, region-, and
cell-specific induction of nicotine-metabolizing CYP2B6 in
the brains of cigarette smokers. In addition to inactivating
nicotine, CYP2B1 and CYP2B6 can activate many exoge-
nous compounds to toxic and carcinogenic metabolites
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[54]. Two such substrates of the CYP2B family are the
tobacco-specific nitrosamines NDMA [55] and NNK [56],
one of the most precarcinogenic components of tobacco.
NNK has been implicated directly in esophageal, lung, and
pancreatic cancers [57]; there is also evidence of linkage
between exposure to tobacco smoke and brain tumors
[58—-60]. These data together suggest that CYP2B6 in the
human brain could contribute to the development of brain
tumors, particularly in smokers, where levels may be higher.

Regulation of expression of the hepatic CYP2B2 gene is
well studied, and induction of hepatic CYP2B1 by pheno-
barbital occurs principally by increased gene transcription
[61]. However, very little is known about the regulation of
CYP2BI1 in the brain, particularly by inducers that do not
increase hepatic CYP2B1. Anandatheervarada et al. [24]
found increased CYP2B-mediated enzymatic activity in all
brain regions examined in response to nicotine treatment,
and Schilter and Omiecinski [10] found variable patterns of
induction of CYP2B1 mRNA among brain regions in
response to phenobarbital. In cultured C6 glioma cells,
phenobarbital induction of CYP2B1/2 protein was also
found to be under transcriptional regulation [62]. Our data
showed similar profiles of increase in CYP2BI protein and
mRNA, e.g. the olfactory bulbs and the brain stem showed
the highest increases in both CYP2B1 protein (4.3- and
5.8-fold) and CYP2B1 mRNA (11.4- and 7.6-fold) (Figs. 3
and 2, respectively), indicating that the nicotine regulation
likely was mediated through increased transcription or
stabilization of mRNA. These data suggest that like the
hepatic forms, brain CYP2BI is regulated at the level of the
gene transcript.

In summary, we have shown that nicotine exposure
increased the amount of the nicotine-metabolizing enzyme
CYP2BI in rat brain in a region- and cell-specific manner,
without altering the hepatic levels of this enzyme. The
highly localized nature of induced CYP2B1 in the brain
may result in regionally discrete increases in the levels of
carcinogenic metabolites of CYP2B substrates such as
NNK, thus rendering these cells more susceptible to mu-
tagenesis, genotoxicity, and death. Similarly, nicotine ex-
posure may cause local alterations in the brain of levels of
nicotine and its metabolites, such as cotinine, and this
localized metabolism may contribute to central metabolic
tolerance to nicotine.

We would like to thank Ms. Ywette Grybowski for her technical
assistance. This work was funded by MRC Grant MT 14173 and the
Centre for Addictions and Mental Health.
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