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BACKGROUND AND PURPOSE

CYP2D6 metabolizes many centrally acting drugs, neurotoxins and endogenous neurochemicals, and differences in brain
levels of CYP2D have been associated with brain function and drug response. Alcohol consumers and smokers have higher
levels of CYP2D6 in brain, but not liver, suggesting ethanol and/or nicotine may induce human brain CYP2D6. We
investigated the independent and combined effects of chronic ethanol self-administration and nicotine treatment on CYP2D
expression in African green monkeys.

EXPERIMENTAL APPROACH

Forty monkeys were randomized into control, ethanol-only, nicotine-only and ethanol + nicotine groups. Two groups
voluntarily self-administered 10% ethanol in sucrose solution for 4 h-day~', whereas two groups consumed sucrose solution on
the same schedule. Two groups received daily s.c. injections of 0.5 mg-kg™ nicotine in saline bid, whereas two groups were
injected with saline on the same schedule.

KEY RESULTS

Both nicotine and ethanol dose-dependently increased CYP2D in brain; brain mRNA was unaffected, and neither drug altered
hepatic CYP2D protein or mRNA. The combination of ethanol and nicotine increased brain CYP2D protein levels to a greater
extent than either drug alone (1.2-2.2-fold, P < 0.05 among the eight brain regions assessed). Immunohistochemistry
revealed the induction of brain CYP2D protein within specific cell types and regions in the treatment groups.

CONCLUSIONS AND IMPLICATIONS

Ethanol and nicotine increase brain CYP2D protein levels in monkeys, in a region and treatment-specific manner, suggesting
that CNS drug responses, neurodegeneration and personality may be affected among people who consume alcohol and/or
nicotine.

Abbreviations

AGM, African green monkey; CNS, central nervous system; CYP, cytochrome P450; MPP+, 1-methyl-4-
phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NHS, normal horse serum; PD, Parkinson’s
disease; SDS-PAGE, sodium dodecyl sulphate-polyacrylamide gel electrophoresis; TBS-T, tris buffered saline with Triton
X-100
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Introduction

Cytochrome P450 2D6 (CYP2D6; see Alexander et al., 2013)
is an enzyme that is involved in the metabolism of a
wide range of centrally acting drugs (e.g. amphetamines, anti-
depressants, analgesics, antipsychotics), neurotoxins [e.g.
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)] and
endogenous neurochemicals (e.g. dopamine, 5-HT) (Gilham
et al., 1997; Miksys and Tyndale, 2002). CYP2D is expressed
in the liver and extra-hepatic tissues, including the brain
(Guengerich, 2003; Dutheil et al., 2008). Hepatic CYP2D is
not generally susceptible to induction (Lewis, 1998), whereas
CYP2D in the brain can be induced by a variety of CNS-acting
drugs in a brain region-specific manner (Hedlund et al., 1996;
Miksys et al., 2002; Mann et al., 2008).

Human smokers and alcohol consumers have higher
levels of brain CYP2D6 in various brain regions in compari-
son with non-smokers/non-alcohol consumers (Miksys et al.,
2002; Mann et al., 2008); however, it is not known whether
the increase is due to nicotine or ethanol specifically, as
other components of smoke or other associated variables,
may contribute to the higher levels of brain CYP2D6. Addi-
tionally, human post-mortem data are confounded by indi-
viduals being exposed to both alcohol and cigarettes,
making it difficult to identify the effects of the individual
drugs. Chronic nicotine treatment increases brain CYP2D
protein levels in rodents (Yue et al., 2008) and African green
monkeys (AGMs, vervets, Chlorocebus sabaeus) (Mann et al.,
2008) without affecting hepatic CYP2D levels, suggesting
that CYP2D6 may be regulated via a drug- and organ-specific
mechanism.

Mann et al. (2012) observed that human brain CYP2D6
expression increased with age. An increase in brain CYP2D6
levels may result in an altered therapeutic effect of clinical
drugs, and individuals who are smokers, or older, may expe-
rience less effect from antidepressants inactivated by
CYP2D6 relative to non-smokers and younger individuals
(Nelson et al., 1995; George et al., 2008). Brain CYP2D6 is
localized to specific brain regions and cells including those
that are affected by Parkinson’s disease (PD) (Gilham et al.,
1997; Mann et al., 2008); elevated levels of CYP2D6 may
play a protective role by inactivating neurotoxins such as
MPTP reducing the risk for PD (Miksys and Tyndale, 2006;
Mann and Tyndale, 2010). Furthermore, CYP2D6 metabo-
lizes endogenous compounds, for example, rat brain mem-
branes and yeast cells expressing CYP2D6 can convert
tyramine to dopamine (Hiroi etal., 1998; Bromek etal.,
2010). Thus, variations in brain CYP2D6 may alter the levels
of biogenic amines and subsequently affect personality and
behaviour; an association of CYP2D6 genotype with person-
ality phenotypes and brain function has been observed
(Kirchheiner et al., 2006; 2010; Penas-Lledo et al., 2009).
Overall, these findings suggest that the induction of CYP2D6
in the brain may contribute to varied CNS drug response,
localized neurotoxin inactivation and personality among
individuals.

Alcohol and nicotine are commonly consumed together,
and both drugs are easily accessible and legally available
(Funk et al., 2006). Several studies have reported a strong
positive association between cigarette smoking and alcohol
use. Individuals who smoke cigarettes are more likely to drink
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alcohol, and individuals who drink alcohol are more likely to
smoke cigarettes (Bien and Burge, 1990; Difranza and
Guerrera, 1990). The combined effects of ethanol and nico-
tine on CYP2D6 levels remain unknown. This was assessed in
monkey brains, as their neuroanatomy closely resembles
human brain (Mann efal.,, 2008). Monkeys also possess
similar CYP enzyme expression and activity to humans (Uno
et al., 2011), and willingly consume ethanol at levels compa-
rable with human consumption (Ervin et al., 1990; Palmour
etal., 1997).

We investigated whether chronic ethanol self-
administration, like chronic nicotine administration, induces
brain CYP2D in monkeys, and if exposure to the combination
of ethanol and nicotine would result in a further increase in
brain CYP2D protein levels. We also investigated whether the
effects of ethanol self-administration and nicotine treatment
on CYP2D protein levels were dependent on the level of
alcohol intake and nicotine dose respectively.

Methods

Animals

Adult (6-8 years-old) male African green monkeys (AGMs)
were housed outdoors in social groups at the Behavioural
Sciences Foundation (St. Kitts) (Palmour et al., 1997), given
monkey chow supplemented with fresh fruit and vegetables,
and drinking water ad libitum. Experimental protocols were
approved by the Institutional Review Board of the St. Kitts
Behavioural Sciences Foundation and the University of
Toronto Animal Care Committee. All procedures were con-
ducted in accordance with the guidelines of the Canadian
Council on Animal Care. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny etal.,
2010; McGrath et al., 2010).

Treatment

The study timeline (Supporting Information Figure S1) has
been previously described in detail (Ferguson et al., 2011).
During the ethanol preference screening (first 14 days),
monkeys had access to 10% v.v'!' alcohol in 0.5% w.v'
sucrose solution in addition to water for 4 h-day. Typically,
30-40% of monkeys will consume alcohol in preference to
sucrose, and 14-20% will consistently consume alcohol at
levels greater than 1 g-kg'-day' (Ervin etal., 1990). Forty
monkeys that voluntarily consumed more than 1g of
ethanol kg'-day' were randomized into four groups, based
on their daily ethanol consumption. During the washout
period (days 15-28) monkeys had no drug exposure. During
phase II (days 29-42), the ethanol-only and the ethanol +
nicotine groups self-administered 10% v.v™' alcohol in 0.5%
w.v'! sucrose solution for 4 h-day™. The remaining groups
had access to 0.5% w.v™! sucrose solution on the same sched-
ule. During phase III (days 43-63), in addition to sucrose or
alcohol, the nicotine-only and ethanol + nicotine groups
received s.c. injections of nicotine bitartrate (calculated as
nicotine base; Sigma-Aldrich Canada Co., Oakville, Canada)
in saline (pH 7.0) at doses of 0.05 mg-kg™' bid on day 43,
0.1 mg-kg™ bid on day 44, 0.25 mg-kg™ bid on day 45 and
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0.5 mg-kg' bid for the subsequent 19 days. The ethanol-only
and control groups received saline s.c. injections on the same
schedule. On day 64, animals were killed by an overdose of
sodium pentobarbital and subsequent bilateral thoracotomy,
and livers and brains were fixed with phosphate-buffered 4%
paraformaldehyde for immunohistochemistry, stored in
RNAlater (Life Technologies, Inc., Burlington, Canada) or
stored at —80°C until further use.

Membrane preparation and immunoblotting
Monkey brain membranes and liver microsomes were pre-
pared, their protein content assayed and stored at —80°C as
previously described (Miksys et al., 2002; Mann et al., 2008;
Ferguson et al., 2011).

Brain membranes (25 ug) and liver microsomes (1 pg)
were separated by SDS-PAGE, using 4% stacking and 10%
separating gels and immunoblotted as previously described
(Mann et al., 2008), with some minor modifications. For
brain, Coomassie Blue R-250 (Sigma-Aldrich, St Louis, MO,
USA) staining was used to determine equal loading of protein
among lanes. Blots were blocked for 2 h in 5% w v skim
milk powder, and 1% normal horse serum (NHS) in 50 mM
Tris-buffered saline (Bioshop Canada Inc., Burlington,
Canada) with 0.1% w v! BSA and 0.1% Triton X-100 (TBS-T)
(VWR International, Mississauga, Canada), incubated for 3 h
at room temperature or overnight at 4°C with rabbit anti-
CYP2D6 polyclonal antibody (Sigma-Aldrich) diluted 1:2000
in 0.05% NHS in TBS-T, re-blocked, then incubated with
peroxidase-conjugated anti-rabbit secondary antibody (Milli-
pore, Temecula, CA, USA) diluted 1:10 000-1:15 000 in
0.05% NHS in TBS-T for 1.5 h. For liver, blots were blocked
for 1 h in 1% skim milk in TBS-T, incubated for 2 h at room
temperature with sheep anti-CYP2D6 polyclonal antibody
(Biomol International, Plymouth Meeting, PA, USA) diluted
1:1000 in TBS-T, re-blocked, then incubated with peroxidase-
conjugated anti-sheep secondary antibody (Millipore)
diluted 1:5000 in TBS-T for 1 h. To assess equal loading of
protein among lanes, liver blots were re-probed with mouse
anti-actin monoclonal antibody (1:3600; Sigma-Aldrich) fol-
lowed by peroxidase-conjugated anti-mouse secondary anti-
body (1:7500; Fisher Scientific, Ottawa, Canada). Protein was
visualized using chemiluminescence (Fisher Scientific) fol-
lowed by exposure to autoradiography film (UltiDent, St.
Laurent, Canada). Films were digitized and analysed with
MCID software (Interfocus Imaging, Ltd., Linton, UK). Brain-
stem membranes and liver microsomes from control
monkeys were serially diluted to generate standard curves to
establish the linear range of detection for the assays (Sup-
porting Information Figure S2A,B). Two immunoreactive
protein bands were detected in monkey brain (Supporting
Information Figure S2); the lower band that co-migrated
with monkey liver and cDNA-expressed human CYP2D6
(52 kDa) (Supporting Information Figure S2C) was analysed.

Monkey brain CYP2D after different doses of
ethanol and nicotine

Monkeys were separated into low and high ethanol consum-
ers by a median split based on their mean daily ethanol
consumption during phases II and III (see Ferguson

etal., 2011). Putamen membranes (25ug) from low
(34.2 mL-kg'-day") and high (41.2 mL-kg'-day') ethanol
consumers (n = 8-9 per group) were assessed together by
immunoblotting. Putamen membranes (25 ug) from a previ-
ous study (treated with saline or 0.3 mg-kg™' s.c. bid of nico-
tine; n = 6 per group; Mann et al., 2008) and from this study
(sucrose + saline and 0.5 mg-kg™ s.c. bid of nicotine; n = 10
per group) were assessed together by immunoblotting.

Immunohistochemistry

Frozen coronal sections of fixed tissue (14 um thick) were
immunostained for CYP2D as previously described (Miksys
etal., 2002). Briefly, free-floating sections were blocked at
room temperature for 1 h in 3% w.v"' skimmed milk, and 5%
v.v'! NHS in 10 mM PBS with 0.5% w.v™! BSA, and 0.01% v.v
Triton X-100 (PBST), incubated for 48 h at 4°C in rabbit
anti-human CYP2D6 polyclonal antibody (Sigma-Aldrich;
diluted 1:1000 in PBST with 2% NHS), then visualized using
biotinylated goat anti-rabbit immunoglobulin (Millipore;
diluted 1 uL-mL™" in PBST with 2% NHS) followed by the
avidin-biotin complex technique and reaction with diami-
nobenzidine and hydrogen peroxide (Vector, Burlington,
Canada). Negative control sections were incubated without
primary antibody. CYP2D staining intensity was scored semi-
quantitatively and independently by two individuals,
blinded to treatment group, as intense (++++), strong (+++),
moderate (++), weak (+) or absent (-).

RNA quantification

RNA isolation, quantification, cDNA synthesis and PCR
amplification were performed as previously described
(Ferguson et al., 2011) with minor modifications. The mRNA
sequence of the CYP2D gene for the AGM is not available;
therefore, primer design and specificity were based on align-
ment of human CYP2D6 mRNA sequence with rhesus
macaque (Macaca mulatta) CYP2D17 mRNA sequence.
Primers for real-time PCR amplification of CYP2D and B-actin
(ACTB) cDNAs were as follows: CYP2D forward primer
(CYP2D6ex2/3) 5’-CCC GCC TGT GCC CAT CAA-3’, CYP2D
reverse primer (CYP2D6ex3) 5-ATG GGT CAC CGA GGA
GGC-3’, B-actin forward primer (ACTBFex3) 5-CAG AGC
AAG AGA GGC ATC CT-3" and p-actin reverse primer
(ACTBRex4) 5-GGT CTC AAA CAT GAT CTG GGT C-3". After
PCR amplification, the expected size DNA product was
detected and conformed by sequencing as unique and highly
homologous to both human and macaque (Supporting Infor-
mation Figure S4).

Data analysis

Two-way ANOvAa (nicotine treatment X ethanol self-
administration) followed by one-way aNovAa and Bonferro-
ni’s multiple comparison post hoc test were used to test
group differences in brain and in hepatic CYP2D protein
and mRNA levels. One-way aNova followed by post hoc tests
(Bonferroni’s multiple comparison post test and test for
linear trend) were used to test dose-dependent group differ-
ences in CYP2D protein levels. Outliers within groups were
identified when greater than two times the SD from the
group average.
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Results

The independent and combined impact of
ethanol self-administration and nicotine
treatment on brain and liver CYP2D

A significant main effect of ethanol self-administration [F, 29
=1.18, P =0.030] and of nicotine treatment [F, 2= 1.32, P=
0.023] was observed in the putamen (Figure 1A), with no
interaction between treatments [Fi, 2 = 0.13, P = 0.448].
Compared with the control group, monkeys in the combined
ethanol + nicotine group had a 2.1-fold (P < 0.05) increase in
brain CYP2D protein. In contrast, there was no significant
main effect of ethanol self-administration [Fy, 35 = 1.06, P =
0.31] or nicotine treatment [F;, 35 = 1.77, P = 0.19] on hepatic
CYP2D protein levels (Figure 1B), and no interaction between
treatments [F(, 36 = 0.012, P = 0.91].

All putamen samples tested were within the linear range
of the CYP2D immunoblotting assay; this was reassessed by
loading either more or less protein than the control sample
(25 ng) based on whether their CYP2D levels fell below or
above the median value respectively (Supporting Information
Figure S3).

There were no differences in CYP2D mRNA levels between
the four treatment groups in either putamen or liver
(Figure 1C and D). There was no significant main effect of
ethanol self-administration in the putamen [F;, »5y=0.96, P =
0.34] or the liver [Fy, 35 = 0.00021, P = 0.99], or of nicotine
treatment in the putamen [F, »5 = 1.45, P = 0.24] or the liver
[Fa, 35 =2.63, P =0.11].

Regional induction patterns of brain CYP2D
in monkeys exposed to ethanol
self-administration and nicotine treatment
The expression of CYP2D in the control group among the
eight brain regions was similar to that seen in a previous
study (r = 0.97; Mann et al., 2008). There was a significant
main effect of ethanol self-administration on brain CYP2D
levels in all eight brain regions examined [frontal cortex,
Fass = 7.94, P = 0.008; hippocampus, Fg, 34 = 5.90, P =
0.021; thalamus, Fg, 36 = 4.14, P = 0.049; caudate, F, 35 =
1857, P = 00001, putamen, F(L 29) = 118, P = 0030,
substantia nigra, F;, 33 = 5.51, P = 0.025; cerebellum, F, 35, =
12.65, P = 0.0011; brainstem, F, 33 = 4.80, P = 0.036]. There
was also a significant main effect of nicotine treatment on
brain CYP2D levels in four of the brain regions examined
[caudate, Fg, 35 = 14.91, P = 0.001; putamen, F, 2, = 1.32, P
= 0.023; substantia nigra, F 33 = 4.97, P = 0.033; brainstem,
Fq, 33 = 4.45, P = 0.043]. There were no significant interac-
tion effects between ethanol self-administration and nico-
tine treatment in any brain region. Compared with the
control group, monkeys in the combined ethanol and nico-
tine group had higher levels of CYP2D protein in all eight
brain regions investigated ranging from 1.2 to 2.2-fold (P <
0.05; Figure 2). In the combined ethanol and nicotine
group, protein levels in caudate (P < 0.05) and cerebellum
(P < 0.05) CYP2D were significantly higher compared with
the nicotine-only group, and caudate (P < 0.05) was signifi-
cantly higher compared with the ethanol-only group
(Figure 2).
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Dose-dependent effect of ethanol
self-administration and nicotine treatment on
brain CYP2D

High (41.2 mL-kg'-day, n=10) and low (34.2 mL-kg'-day,
n = 10) ethanol consumers had significantly different
ethanol intake (two-tailed, unpaired Student’s t-test,
P < 0.05; Ferguson etal.,, 2011). Putamen CYP2D levels
were ethanol dose specific (pwena = 0.005; Figure 3A).
Relative to controls, high ethanol consumers had 2.2-fold
higher [Fp, 2, = 4.95, P < 0.05; Figure 3A] and low ethanol
consumers had 1.5-fold higher (non-significant) CYP2D
levels.

Control (sucrose + saline) putamen CYP2D levels were not
significantly different from control (saline) putamen CYP2D
levels from our previously published study (Mann etal.,
2008) (data not shown). Putamen CYP2D levels were nicotine
dose specific (puena = 0.0006; Figure 3B). Relative to controls,
0.5 mg-kg™"' bid treated monkeys had 2.1-fold higher (P <
0.001; Figure 3B) and 0.3 mg-kg™ bid treated monkeys (pre-
vious study) had 1.3-fold higher (non-significant) CYP2D
levels.

CYP2D protein is induced in monkey brain
by ethanol self-administration and nicotine
treatment, as assessed by
immunohistochemistry

The intensity of region- and cell-specific immunohistochem-
istry (Table 1) was consistent with our immunoblotting data
(Figure 2). Ethanol self-administration induced CYP2D
protein expression, for example, in the frontal cortex (e.g.
layers IIT and V), hippocampus (e.g. pyramidal cells and sub-
iculum), caudate (e.g. neuronal cells) and cerebellum (e.g.
Purkinje cells) (Table 1; Figure 4). Nicotine treatment
induced CYP2D protein expression, for example, in the
frontal cortex (layers III and V), caudate and putamen (neu-
ronal cells), and cerebellum (e.g. Purkinje cells) (Table 1;
Figure 4). In some regions, for example, cerebellum, immu-
noblotting detected no differences in CYP2D protein levels
between nicotine-only and control groups (Figure 2);
however, cerebellar Purkinje cells, molecular and granular
layers stained more intensely in nicotine-only compared
with control groups (Table 1; Figure 4D). In brain regions
where ethanol self-administration and nicotine treatment
independently induced CYP2D cellular staining (e.g.
putamen), the combined ethanol + nicotine group appeared
to have greater CYP2D immunostaining, suggesting a greater
effect of the combination of ethanol + nicotine when com-
pared with each individual drug alone (Table 1; Figures 2 and
4). In control animals, the cellular distribution and intensity
of CYP2D immunostaining varied across the brain regions
(Table 1), consistent with the varied levels of brain CYP2D
detected with immunoblotting (Figure 2; Table 1). For
example, in cerebellum Purkinje cell bodies and dendritic
processes stained moderately, granular cell layer stained
lightly, and there was little to no staining in cells of the
molecular layer (Figure 4B). In the striatum, neuronal cell
staining was weak (Figure 4G and L). There was no staining
in control sections incubated without primary antibody
(Figure 4A, F, K).
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Figure 1

Brain CYP2D is altered by ethanol self-administration and nicotine treatment. (A) Putamen CYP2D protein was increased by ethanol and by
nicotine. Representative immunoblot of brain CYP2D protein (52 kDa) from the putamen of monkeys in the control, ethanol-only, nicotine-only
and ethanol + nicotine treatment groups. Coomassie Blue staining (115 kDa) was used to confirm equal protein loading among lanes (n =4 shown
of 10 per group). (B) Liver CYP2D protein was not altered by ethanol or nicotine. Representative immunoblot of hepatic CYP2D protein (52 kDa)
from monkeys in the control, ethanol-only, nicotine-only and ethanol + nicotine treatment groups (n =4 shown of 10 per group analysed). 3-Actin
(47 kDa) was used to confirm equal hepatic protein loading among lanes. (C) Putamen CYP2D mRNA levels were not altered by ethanol or
nicotine. Mean CYP2D mRNA levels were normalized to B-actin. (D) Hepatic CYP2D mRNA levels were not altered by ethanol or nicotine. Mean
CYP2D mRNA levels were normalized to B-actin. Results are expressed as mean + SEM of 6-10 monkeys per group. All data are presented relative
to the control group. Two-way Anova used to determine differences in brain and hepatic CYP2D protein and mRNA levels. Significant difference
indicated by *P < 0.05, compared with control group.
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Ethanol self-administration and nicotine treatment alter CYP2D in monkey brain but not liver. Relative increases in CYP2D protein levels compared
with the control group. Results are expressed as mean = SEM of 8-10 monkeys per group, with the assay repeated three to six times. Two-way
ANova, followed by a one-way anova and Bonferroni’s multiple comparison post hoc test were used to determine differences in brain CYP2D protein
levels. Significant differences indicated: *P < 0.05, **P < 0.001 compared with control group; $P < 0.05 compared with ethanol-only group;
#P < 0.05 compared with nicotine-only group. The dashed line at 1 represents levels of CYP2D in control (sucrose + saline) animals. BS, brainstem;
CB, cerebellum; CD, caudate; FC, frontal cortex; HC, hippocampus; PT, putamen; SN, substantia nigra; TH, thalamus.

Discussion

Monkeys treated with ethanol and nicotine, both alone and
in combination, had higher brain CYP2D levels compared
with controls in both brain regions and at the cellular level,
consistent with our previous observations in humans, where
smokers and alcohol consumers had higher brain CYP2D
levels than non-smokers and non-alcohol consumers (Miksys
et al., 2002; Mann et al., 2008). As in humans, the magnitude
of increase in monkey brain CYP2D varied by brain region
and inducer (Figure 2); individually, both drugs showed evi-
dence of a dose-dependent increase in brain CYP2D. There
were even greater increases in brain CYP2D protein after
giving both drugs in combination; however, there was no
statistical interaction between ethanol and nicotine treat-
ments, suggesting a lack of synergism. Neither ethanol nor
nicotine altered hepatic CYP2D protein levels either alone or
in combination.

This is the first report on the induction of CYP2D by
ethanol self-administration in monkeys; ethanol induced
CYP2D dose dependently, and in most brain regions, consist-
ent with the higher levels observed in human alcohol con-
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sumers (Miksys et al., 2002). The comparable observations in
drug-treated monkeys and in levels of CYP2D6 in smokers
and/or alcohol consumers (Miksys et al., 2002; Mann et al.,
2008) suggest that ethanol and nicotine are likely the respon-
sible agents. We saw some minor differences compared with
our previous studies in monkeys and humans (Miksys et al.,
2002; Mann et al., 2008) that may be due to differences in
dose, and/or method and duration of drug exposure. For most
brain regions, cellular increases in CYP2D by ethanol and
nicotine were consistent with differences detected by immu-
noblotting (Table 1; Figures 2 and 4). In the frontal cortex
and the cerebellum, there were no differences detected by
immunoblotting between treatment groups (Figure 2), but
there were obvious differences in cellular staining (Table 1;
Figure 4), highlighting one advantage of assessing the induc-
tion of brain CYP2D by both qualitative (immunohistochem-
istry) and quantitative (immunoblotting) techniques.

In control monkeys, expression of CYP2D protein varied
across brain regions, similar to previously published findings
in monkeys and human non-smokers, and non-alcohol con-
sumers (Miksys et al., 2002; Mann et al., 2008). As previously
observed, CYP2D6 was expressed in neuronal cells and their
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Figure 3

Ethanol self-administration and nicotine treatment have a dose-
specific effect on brain CYP2D in monkeys. (A) Ethanol had a dose-
specific effect on putamen CYP2D levels. (B) Nicotine had a
dose-specific effect on putamen CYP2D levels. Results are expressed
as mean = SEM of 8-10 monkeys per group, with the assay repeated
three to six times. Significant difference indicated: *P < 0.05, **P <
0.001 compared with the control group [saline animals (previous
study) combined with sucrose + saline (our study)].

projections (e.g. pyramidal neurons and granular neurons),
and in non-neuronal cells (e.g. glial cells and astrocytes)
(Siegle et al., 2001; Miksys and Tyndale, 2002; Mann et al.,
2008), and the regional variation in expression is probably
due to the heterogeneous cellular make-up across brain
regions.

There were no differences in CYP2D mRNA between treat-
ment and control groups (Figure 1C) as we had seen previ-
ously in rats (Joshi, 2006; Yue etal., 2008). Possible
mechanisms of induction may include increased transla-
tional efficiency or protein stabilization, inhibition of ubig-
uitination and subsequent degradation of brain CYP2D
protein (Kane et al., 2004). Hepatic CYP2E1 can be induced
by ethanol without changes in mRNA levels; the protein is
protected from degradation (Roberts et al., 1995). Nicotine
can down-regulate ubiquitinating proteins in the hypothala-
mus (Kane etal., 2004), which may decrease routing of
CYP2D for degradation.

We have shown that brain CYPs are active in situ (Miksys
and Tyndale, 2009) and that altering brain CYP levels and
activity can impact local drug metabolism and behavioural
and pharmacological response to centrally acting drugs
(Ferguson and Tyndale, 2011; Khokhar and Tyndale, 2011;
2012; Miksys and Tyndale, 2013; Zhou et al., 2013). CYP2D6
metabolizes a variety of centrally acting drugs such as anti-
depressants, endogenous neurochemicals and toxins (Gilham
etal., 1997; Miksys and Tyndale, 2002); therefore, having
altered levels of CYP2D in the brain may affect local drug
metabolism and drug response, neurotransmitter levels,
and/or contribute to neuroprotection/toxicity (Ferguson and
Tyndale, 2011). Here behaviourally relevant doses of ethanol
and nicotine were chosen to model moderate-to-heavy con-
sumption in humans (Ferguson et al., 2011). The dose rela-
tionship between brain CYP2D levels and ethanol and
nicotine suggests that high levels of human alcohol con-
sumption and smoking may increase brain CYP2D more than
low levels of consumption, and even more so when con-
sumed together. Individuals with elevated brain CYP2D6 may
have altered response to centrally acting drugs, which may be
greater in those with high levels of nicotine and alcohol
consumption and co-consumption. For example, variability
in CYP2D6 expression may be associated with various drug
outcomes, such as adverse drug reactions or altered effects of
a drug. Brain CYP2D6 may also increase with age (Mann
et al., 2012); therefore, the impact of brain CYP2D6 on drug
metabolism may be elevated in the elderly population;
desipramine, an antidepressant inactivated by CYP2D6,
requires higher doses in older patients (Nelson et al., 1995).
Having altered brain CYP2D may also affect the abuse liabil-
ity of a drug. For example, we have shown that brain CYP2D
activates codeine to morphine and is responsible for the
initial phases of codeine-induced analgesia (Zhou et al.,
2013). Individuals with high brain CYP2D levels, such as
smokers and alcohol consumers, may activate codeine to
morphine more quickly, experience increased analgesia
during the initial phases (Zhou etal., 2013) and be at
increased risk for codeine’s abuse liability as the reinforcing
effects would be faster.

The ability of CYP2D6 to synthesize and metabolize a
range of endogenous neurochemicals (Funae et al., 2003) sug-
gests that CYP2D6 may play a role in normal brain function,
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Table 1

Immunohistochemical staining for CYP2D protein in monkey brain

CYP2D
Brain region Control Ethanol Nicotine Ethanol + nicotine
Frontal cortex
Layer | - — = —
Layer Il + +/++ IS +
Layer Il +H/++ ++ A+ /-
Layer IV +/++ +/++ + 4
Layer V A+ /- - A
Layer VI + +/++ + +
White matter —/+ —fa =/ —/+
Hippocampus
Dentate gyrus +/++ ++ BYESS +/++
CA1-CA3 —/+ +++ +/++ +/++
Polymorphic layer ++ ++ ++ ++
Pyramidal cells [+ -+ EEEEE 4t
Molecular layer —/+ + 4 +
Subiculum ++ /4 ++ /-
Striatum
Caudate 4HF HHHARRHE +H+ A
Neurons + SHHAHEE =/t [t
Putamen ++ ++ At T
Neurons + ++ ++ A+
Cerebellum
Molecular layer —/+ +/++ +/++ )4+
Purkinje cells ++ /A -+ et
Granular layer + ++ /A [+
Golgi cells ++ +H+ ++ +++
White matter - - - _

Key: intense (++++), strong (+++), moderate (++), weak (+) and no staining (-).

in addition to xenobiotic metabolism. CYP2D can catalyse
the conversion of tyramine and S5-methoxytryptamine to
their respective neurotransmitters, dopamine and S5-HT
(Bromek et al., 2010; 2011; Cheng et al., 2013; Haduch et al.,
2013), and altered levels of brain CYP2D6 may affect mood
and personality (Funae et al., 2003; Yu et al., 2003a; Bromek
et al., 2010). In addition, human resting brain activity varies
with CYP2D6 genotype, and genetic variation in CYP2D6 has
been associated with differing personality phenotypes
(Llerena et al., 1993; Kirchheiner et al., 2006; 2010; Gonzalez
et al., 2008). Thus, variation in brain CYP2D activity may
alter neurotransmitter levels and normal brain function
resulting in small differences in behaviour among those with
higher, versus lower, levels of CYP2D6. CYP2D6 also metabo-
lizes neurosteroids including progesterone, allopregnanolone
and anandamide (Hiroi et al., 2001; Kishimoto, 2004; Niwa
et al., 2008; Snider et al., 2008). These neurosteroids can regu-
late neurotransmitter release and alter mood and behaviour
(Hlatky et al., 2002; Pluchino etfal.,, 2006; Bambico and
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Gobbi, 2008). These differences in levels of brain CYP2D6
may be the result of genetic variation and/or the result of
nicotine and ethanol consumption. Alternatively, consump-
tion of nicotine and ethanol may occur, at least in part, to
modulate CYP2D6 levels and resulting dopamine and 5-HT
levels (Yu et al., 2003b; Gonzalez et al., 2008).

CYP2D6 genetic poor metabolizers are at increased risk for
some brain disorders including PD and tardive dyskinesia
(McCann et al., 1997; Singh et al., 2010; Fleeman et al., 2011),
which may be due to the reduced ability to inactivate neuro-
toxin substrates (Quik et al., 2006a,b; Vance etal., 2010).
CYP2D6 can inactivate Parkinson’s inducing neurotoxins
such as MPTP (Modi etal., 1997) and 1-methyl-4-
phenylpyridinium (MPP*) (Matoh et al., 2003; Mann and
Tyndale, 2010), and we have shown that inhibiting CYP2D in
a human neuronal cell line increases toxicity of MPTP and
MPP* (Mann and Tyndale, 2010), whereas overexpression of
CYP2D6 in PC12 cells protects against MPP* cytotoxicity
(Matoh et al., 2003). Similarly, there is an inverse correlation
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Figure 4

Induction of CYP2D protein expression by ethanol self-administration and nicotine treatment in monkey brain assessed by immunohistochemistry.
In the granular layer (GL) and molecular layer (ML) of the cerebellum, CYP2D staining was very weak in the control group (B), and moderately
strong in the ethanol-only (C), nicotine-only (D) and the combination ethanol + nicotine group (E). In Purkinje cells (PC) and their cell bodies and
dendritic processes of the cerebellum, there was some staining of CYP2D in the control group (B), and intense staining in the ethanol-only (C),
nicotine-only (D) and the combination ethanol + nicotine group (E). Within the cerebellum, the four treatment groups exhibited strong staining
of golgi cells (arrow) within the GL and no staining was observed in the white matter (WM) (B-E). In the caudate, cellular staining for CYP2D was
weak in the control group (G), moderately strong in the ethanol-only group (H), strong in the nicotine-only group (I) and intense in the
combination ethanol + nicotine group (J). In the putamen, cellular staining for CYP2D was weak in the control group (L), moderately strong in
the ethanol-only group (M), the nicotine-only group (N) and intense in the combination ethanol + nicotine group (O). CYP2D immunoreactivity
was not detectable in the absence of primary antibody in the cerebellum (A), caudate (F) and the putamen (K). Scale bar in A, F, K= 20 pum; scale
bar in B-E = 100 um; inset scale bar for B-E = 200 um; scale bar in G-J, L-O = 200 pm. CB, cerebellum; CD, caudate; PT, putamen.
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between smoking and the onset of PD, suggesting that higher
brain CYP2D6 in smokers may be protective (Mihailescu and
Drucker-Colin, 2000). Consistent with higher levels of brain
CYP2D6 being protective, and lower levels being a risk factor,
PD patients expressed lower levels of brain CYP2D6 com-
pared with age-matched controls (Mann et al., 2012).

In summary, this was the first study to show the induction
of CYP2D in monkey brain by ethanol and the combination
of ethanol and nicotine. The induction was organ (not liver),
brain region and cell specific, and does not appear to involve
transcriptional mechanisms. The higher levels of human
brain CYP2D6 seen in smokers and/or alcohol consumers
may be due, at least in part, to nicotine and ethanol, agents
found in cigarettes and alcohol respectively. Chronic expo-
sure to ethanol and/or nicotine may contribute to variation
in the expression of brain CYP2D and may influence CNS-
acting drug response, neurotransmitter levels, resulting
behaviour and neurotoxicity.
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