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Abstract

1. Cytochrome P450 2D6 (CYP2D6) is a pivotal enzyme responsible for a major human

drug oxidation polymorphism in human populations. Distribution of CYP2D6 in brain

and its role in serotonin metabolism suggest this CYP2D6 may have a function in central

nervous system.

2. To establish an efficient and accurate platform for the study of CYP2D6 in vivo, a

transgenic human CYP2D6 (Tg-2D6) model was generated by transgenesis in wild-type

C57BL/6 (WT) mice using a P1 phage artificial chromosome clone containing the

complete human CYP2D locus, including CYP2D6 gene and 5’- and 3’- flanking

sequences.

3. Human CYP2D6 was expressed not only in the liver, but also in brain. The abundance of

serotonin and 5-hydroxyindoleacetic acid in brain of Tg-2D6 is higher than in WT mice

either basal levels or after harmaline induction. Metabolomics of brain homogenate and

cerebrospinal fluid revealed a significant up-regulation of L-carnitine, acetyl-L-carnitine,

pantothenic acid, dCDP, anandamide, N-acetylglucosaminylamine, and a down-

regulation of stearoyl-L-carnitine in Tg-2D6 mice compared with WT mice. Anxiety tests

indicate Tg-2D6 mice have a higher capability to adapt to anxiety.

4. Overall, these findings indicate that the Tg-2D6 mouse model may serve as a valuable in

vivo tool to determine CYP2D6-involved neurophysiological metabolism and function.

Keywords

CYP2D6; brain; serotonin; anxiety

Introduction

Cytochrome P450 2D6 (CYP2D6), one of the most important enzymes involved in the

metabolism of drugs, is characterized by a high inter-individual variability in catalytic
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activity mainly caused by genetic polymorphism (Mahgoub et. al., 1977; Zanger et. al.,

2004). Over a hundred drugs including antihypertensives, and many CNS acting drugs

including antidepressants, neuroleptics and psychotropics (Brockmoller and Tzvetkov 2008)

are mostly metabolized by CYP2D6. The prevalent CYP2D6 polymorphism in the human

populations has led to multiple adverse drug reactions, even detrimental events, especially

relative to the use of psychotropic and cardiovascular medications (Rau et. al., 2004).

CYP2D6 metabolizers are mainly divided into poor metabolizers (PM), extensive

metabolizers (EM), and ultra-extensive metabolizers, and to a limited degree intermediate

metabolizers (Wijnen et. al., 2007) according to the activity and distribution of various

CYP2D6 allelic variants.

Different activities of CYP2D6 in human populations have been correlated to different

personality features of CYP2D6 PMs and CYP2D6 EMs; PMs were significantly more

anxiety prone and less successful in socialization than EMs (Gan et. al., 2004; Iwashima et.

al., 2007; Katoh et. al., 2007; Kim et. al., 2007; Roberts et. al., 2004; Suzuki et. al., 2003).

CYP2D6 may influence metabolic activity in brain that in turn affects behavior. Deficiency

of CYP2D6 was also reported to be related to generation of Parkinson’s disease (Miksys and

Tyndale 2006) and reduced CYP2D6 activity is inversely related to drug abuse dependence

(Sellers et. al., 1997). Moreover, regeneration of serotonin from 5-methoxytryptamine by

CYP2D6 revealed a possible important effect of CYP2D6 on neurophysiologic and

pathophysiologic events (Yu et. al., 2003a). Serotonin is the fundamental neuromodulator in

both vertebrate and invertebrate nervous systems and is the central neurotransmitter

controlling impulsive and anxiety disorders (Kranz et. al., 2010). Thus, CYP2D6 is a

potential influencing factor on the central nervous system as well as drug metabolism among

the different human populations.

In the current study, a transgenic-CYP2D6 mouse (Tg-2D6) was established by transgenesis

in C57BL/6 mice using a P1 artificial chromosome (PAC, BX247885) containing the

complete human CYP2D locus to investigate CYP2D6 function. The expression of CYP2D6

was evaluated and the level of serotonin and its metabolites. Social anxiety tests were

performed in Tg-2D6 and wild-type mice to determine the effect of CYP2D6 on social

inclination. The present findings indicate that this mouse model may serve as a valuable in

vivo tool to determine the role of CYP2D6 on brain metabolism and neurophysiological

function.

Materials and methods

Animals

Male and female 8- to 9-week-old wild-type and Tg-2D6 mice were used in this study. All

animals were maintained in an NCI animal facility under a standard 12 h light/12 h dark

cycle with food and water supplied ad libitum. Handling and treatment of mice were

performed in accordance with animal study protocols approved by the NCI Animal Care and

Use Committee.

Materials

Debrisoquine, 4-hydroxydebrisoquine, harmaline, serotonin, 5-hydroxyindoleacetic acid (5-

HIAA), HPLC-grade water, acetonitrile and formic acid were purchased from Sigma-

Aldrich (St. Louis, MO). Debrisoquine was dissolved in isotonic saline (1.28 mg/ml) and at

dose of 10 mg/kg and administered by oral gavage. Harmaline was dissolved in saline and

administered at a dose of 20 mg/kg by i.p. injection (Wu et. al., 2009). Control mice were

treated with saline, the vehicle for debrisoquine and harmaline administration.
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Generation of the Tg-2D6 mouse

The CYP2D6 gene (Genbank accession number BX247885, PAC clone RP4-669P10) was

microinjected into a fertilized FVB/N mouse eggs to produce a transgenic mouse line.

Incorporation of the CYP2D6 genomic DNA within the mouse genome was determined by

both PCR and Southern blot analysis. The transgenic founders were mated to a C57BL/6

mouse, and animals from this cross were subsequently crossed to C57BL/6 to produce

homozygous mice. Mice homozygous for the transgene were confirmed by crossing them

with wild-type (WT) mice and testing the progeny for transgene transmission. WT and

homozygous littermates were bred and maintained by brother-sister mating.

PCR genotyping and southern blot analysis

Genomic DNA was isolated from tails as described as routine method. CYP2D6 gene-

specific primers Sense 5’-AGAAGGGGAAGCAGGTTTG-3’ and anti-sense 5’-

CGGCACTCAGGACTAACTCATC-3’, and microsomal epoxide hydrolase (Ephx1) gene-

specific primers Sense 5’-AAGTGAGTTTGCATGGCGCAGC-3’ and anti-sense 5’-

CCCTTTAGCCCCTTCCCTCTG-3’ were applied in CYP2D6 transgene detection. Mouse

epoxide hydrolase (EH) gene primers served as a positive control for amplification. DNA

was further digested with BamHI and subjected to Southern blot analysis with DNA isolated

from control and homozygous CYP2D6 transgenic mice.

Real-time PCR and western blot measurement

The specific primers for measurement of human CYP2D6 expression, excluding potential

transcripts from the human CYP2D7 and CYP2D8P or mouse Cyp2d genes, were designed.

Sense primer 5’AAAGGCTTTCCTGACCCAGC 3’ and anti-sense primer 5’

GTACCCATTCTAGCGGGG 3’ were the optimal primers pairs. Tissue RNA extraction

and reverse-transcription reaction were following routine method. β-Actin was chosen as the

internal standard for gene quantization. For western blot analysis of CYP2D6 protein

expression in liver, kidney, and intestine, tissues were homogenized in ice-cold buffer

(1.15% KCl, 50 mM Tris-HCl, and 1 mM EDTA, pH 7.4) and microsomes were prepared by

the method as described previously (Omura and Sato 1964a; Omura and Sato 1964b).

Frontal cortex membranes were prepared from the frontal cortex by homogenizing in ice-

cold buffer (adding protease inhibitor, Roche, Switzerland), followed by centrifugation at

3000×g for 5 min and centrifugation of the supernatant at 110,000×g for 90 min. Pellets

were resuspended in 100 mM Tris (pH 7.4), 0.1 mM EDTA, 0.1 mM DTT, 1.15% w/v KCl,

and 20% v/v glycerol, aliquoted, and stored at −80°C. MAB-2D6 (catalog No. 458246; BD

Gentest, Woburn, MA) diluted 1:1000 with TBST, followed by peroxidase-conjugated anti-

mouse IgG (Pierce Chemical Co., Rockford, IL) diluted 1:10,000 with TBST were used in

western blot analysis. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an

internal standard.

Immunohistochemistry of brain samples of Tg-2D6 and WT mice

Whole brains were fixed in 4% paraformaldehyde in phosphate buffer, cryoprotected in 20%

sucrose, and 18 µm frozen sections were collected and stored in phosphate buffered saline.

Coronal and longitudinal sections were immunostained with the M.O.M. (mouse on mouse

from Vector Laboratories, Burlington, Canada) system according to the manufacturer’s

directions, followed by avidin-biotin complex (ABC, Vector Labs.) and 3,3’-

diaminobenzidine (DAB, Vector Labs.) visualization. Monoclonal anti-CYP2D6 clone

4-74-1 (Gelboin et. al., 1997) was used at a concentration of 1:100 overnight at 4°C. Control

sections were processed identically except for the omission of primary antibody. Digital

images of brain sections from WT and Tg-2D6 mice were acquired at the same time under

identical light and exposure conditions. Images of WT and Tg-2D6 brain sections were
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grouped prior to any post-acquisition adjustment of contrast or brightness so that all images

were adjusted identically.

Serotonin and 5-HIAA assays by HPLC

The brains of WT and Tg-2D6 mice were removed and washed with ice-cold saline

(containing 40 µM pargyline). The brain was dried and weighed and a four-fold volume of

ice-cold saline containing 40 µM pargyline was added and brains homogenized on ice and

then stored at −80°C. Brain homogenate (50 µl) was removed and added to 450 µl of 0.1 M

perchloric acid (PCA). After centrifugation at 14,000 rpm for 10 min at 4 °C, the

supernatant was removed and injected for HPLC analysis. An Agilent 1100 series liquid

chromatography including a vacuum degasser, a quaternary pump, an autosampler, a

thermostatted column compartment, a DAD detector, and a fluorescence detector

(Waldbronn, Germany) was controlled by ChemStation software. The samples processing

conditions are as follows: Mobile phases: A 2% acetonitrile (0.02% trifluoroacetic acid), B

80% acetonitrile (0.02% trifluoroacetic acid), Column: Rechem Phenyl (4.6× 250 mm, 5

um), Flow rate: 1 mL/min, Gradient: 0–7 min 0%B-7%B, 7–18 min 7%B-40%B, 18–25 min

0%B, Injection volume: 25 µL; Excitation wavelength: 280 nm, Emission wavelength: 320

nm.

Pharmacokinetics analysis of mice treated with debrisoquine

Debrisoquine hemisulfate was dissolved in saline and administered by oral gavage at a dose

of 10 mg/kg. For pharmacokinetic studies, blood samples were collected from suborbital

veins 0, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, and 24 h after debrisoquine administration. Each time

point was analyzed with three to four animals. Serum was separated by centrifugation at

1000×g, 4°C, for 10 min. DEB and 4-OH-DEB were detected by LC-MS/MS. At the end of

the experiments, mice were killed by carbon dioxide asphyxiation. Pharmacokinetic

parameters for debrisoquine and 4-OH-DEB were estimated from the plasma concentration-

concentration-time data by a noncompartmental approach using WinNonlin (Pharsight,

Mountain View, CA). The maximum concentration in serum (Cmax) was obtained from the

original data. The area under the serum concentration-time curve (AUC0–24) was calculated

by the trapezoid rule.

Collection of biofluids and tissues from Tg-2D6 and WT mice

Twenty-four h urines of non-treated or debrisoquine treated Tg-2D6 mice and WT mice

were collected by use of metabolic cages (Jencons, Leighton Buzzard, U.K.). Mice were

killed by CO2 asphyxiation 24 h after the last dose and sera were collected after urine

collection by retro-orbital bleeding. Tissue samples (liver, hippocampus, frontal cortex,

adrenal gland, cerebellum, lung, small intestine, prostate, kidney, heart, and spleen) were

harvested and stored at −80°C before analysis. Brain (radias intersected evenly for the whole

brain) of untreated Tg-2D6 and WT mice were homogenized in acetonitrile at 4°C. To

collect cerebrospinal fluid, mice were anesthetized with 10 µg/ml ketamine ahead of

surgery. Cisternal puncture was adopted for cerebrospinal fluid collection as described

(Vogelweid and Kier 1988). Samples for ultraperformance liquid chromatography-

electrospray ionization-quadrupole time-of-flight mass spectrometry (UPLC-ESI-QTOFMS)

analysis were prepared by mixing 40 µl of urine with 160 µl of 50% acetonitrile, 2 µl

cerebrospinal fluid with 98 µl of 50% acetonitrile and 5 µl of serum or tissue homogenate

with 195 µl of 66% acetonitrile. Mixtures were centrifuged at 18,000 × g for 5 min to

remove protein and particulates. Aliquots of the supernatant were transferred to autosampler

vials for UPLC-ESI-QTOFMS analysis.

Cheng et al. Page 4

Xenobiotica. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



UPLC-ESI-QTOFMS based metabolomics

Aliquots (5 µl) of diluted biofluids and brain homogenate aliquot were injected into a Waters

UPLC-ESI-QTOFMS system (Milford, MA). An Acquity UPLC™ BEH C18 column

(Waters) was used to separate metabolites. The flow rate of the mobile phase was 0.6 ml/

min with a gradient ranging from water to 95% aqueous acetonitrile containing 0.1% formic

acid in a 10 min run. The QTOF Premier™ mass spectrometer was operated in both positive

(ESI+) and negative (ESI−) electrospray ionization modes. Source temperature and

desolvation temperature were set at 120 °C and 350 °C, respectively. Nitrogen was applied

as the cone (50 l/h) and desolvation gas (600 l/h), and argon as collision gas. For accurate

mass measurements, the QTOFMS was calibrated with sodium formate solution (range m/z

100–1000) and monitored by the intermittent injection of the lock mass sulfadimethoxine

([M+H]+ = 311.0814 m/z; [M−H]− =309) in real time. Mass chromatograms and mass

spectral data were acquired by MassLynx™ software in centroid format and deconvoluted

using MarkerLynx™. Features were exported into SIMCA 13™ (Umetrics AB, Malmö,

Sweden) for multivariate data analysis. Firstly, principal components analysis (PCA) was

performed as this is an unsupervised analysis that provides a view of the internal structure of

the dataset and the potential origins of the variances. In the PCA scores plot, which, in this

case, shows a value for each mouse sample analyzed, a clustering of data for one type of

mouse (i.e., male WT) and a separation from another type of mouse (male Tg-2D6) indicates

a true difference in composition between the samples for each mouse type. Secondly,

orthogonal partial least squares projection to latent structures-discriminant analysis (OPLS-

DA) was performed, which is a supervised method that maximizes the difference between

two groups of samples on one axis. The so-called OPLS-DA loadings S-plot is a convenient

way of viewing, in this case, the ions that contribute to the separation between groups, in

terms of both their relative abundance (X-axis) and their correlation to the model (Y-axis).

Ions that are elevated in one group appear in one quadrant of the S-plot and those

diminished in that group (and consequently elevated in the second group) appear in the

opposite quadrant.

Behavioral tests

Harmaline-induced tremor score (Du and Harvey 1997), marble burying assay (Deacon

2006) and forced swimming test (FST) (Abel and Bilitzke 1990) were performed on WT and

Tg-2D6 mice, using published methods. Each group of WT and Tg-2D6 mice had ten 2- to

3-month-old male adult mice for harmaline-induced tremor test and marble burying assay.

Each group of WT and Tg-2D6 mice has 15 male adult mice of the same age for FST assay.

In each assay, mice were observed on 1st, 3rd, 5th, 7th day after first training on 0 day. On 7th

day, mice were killed and tissues stored at −80°C.

Statistics

Experimental values are expressed as mean±standard deviation (SD). Statistical analysis was

performed with two-tailed Student’s t tests for unpaired data, and a P value of <0.05

considered as statistically significant.

Results

Effect of the CYP2D6 transgene on urinary metabolic phenotype

UPLC-ESI-QTOFMS metabolomics was employed to determine the effect of the CYP2D6

transgene on the urinary metabolite profile of both untreated male and untreated female WT

and Tg-2D6 mice and the same mice after administration of debrisoquine (10 mg/kg p.o.).

These studies establish the extent to which the CYP2D6 genotype influences their urinary

metabolic phenotype. PCA scores plots revealed that neither in males nor in females did the
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scores cluster and completely separate (Figure 1A). In both sexes, there was overlap

between the scores for WT and Tg-2D6 mice, which can be interpreted as meaning that the

urinary metabolite composition was altered little by CYP2D6 genotype. However, the

principal component of variance for the urinary ions detected by UPLC-ESI-QTOFMS

(component 1) reflected the sex difference. However, when the mice were administered

debrisoquine, there was little separation between female WT and Tg-2D6 mice, but a clear

resolution of the urinary metabolomic phenotypes for the male mice (Figure 1B). OPLS-DA

was then used to examine the effect of CYP2D6 genotype on urinary metabolite profiles in

male mice (Supplementary Figure 1). DEB appears as a prominent ion in the WT quadrant

and 4-OH-DEB, together with two ring-opened metabolites ROM-1 and ROM-2, appearing

in the Tg-2D6 quadrant of the S-plot. These ring-opened metabolites revealed in earlier

studies (Allen et. al., 1976; Allen et. al., 1975; Idle et. al., 1979), arising from 1- and 3-

hydroxylation of debrisoquine, are formed by CYP2D6 (Eiermann et. al., 1998). This more

complex metabolomic phenotype involving DEB and three metabolites was previously

suggested as an improved means of CYP2D6 phenotyping (Chen et. al., 2007). These

findings clearly demonstrate that CYP2D6 genotype determines urinary metabolomic

phenotype after debrisoquine metabolism, especially in male mice, but CYP2D6 expression

has little discernible effect on the urinary metabolomic phenotype of untreated animals.

CYP2D6 distribution in tissues

A CYP2D6-containing PAC clone was microinjected into FVB/N mouse eggs to produce a

transgenic mouse line (Supplementary Figure 2A). Distinct from the previous

transgenic-2D6 model (Corchero et. al., 2001), this PAC clone RP4–669P10 (Genbank,

BX247885) on chromosome 22q13.31–13.33 contains the 3' end of pseudogene CYP2D8P1,

the TCF20 gene for transcription factor 20, pseudogene CYP2D7P1, the CYP2D6 gene and

three CpG islands. FVB/N female mice harboring the CYP2D6 transgene were crossed with

male C57BL/6 mice and offspring crossed with C57BL/6 mice for at least six generations.

Tg-2D6 mice in the heterozygous state on a C57BL/6 background were stable and Tg-2D6

mice made homozygous for the transgene were bred by brother-sister mating and

homozygosity confirmed by crossing with WT mice and testing the progeny for transgene

transmission among all offspring. Genotype analysis (Supplementary Figure 2B) and

southern blot analysis (Supplementary Figure 2C) corresponds exactly with the predicted

sizes calculated from the sequence of the CYP2D6 gene. Genotype results revealed that

constitutive epoxide hydrolase gene (Ephx1) yielded a fragment of 341 bp in all samples. An

additional band of 241 bp was amplified exclusively in Tg-2D6 animals.

Since human CYP2D6 sequence has more than 80% sequence similarity with the mouse

Cyp2d subfamily (Miksys et. al., 2005), sense and anti-sense primers were designed from

1811bp to 1551bp of the CYP2D6 coding sequence. Quantitative real-time PCR results

(n=6) revealed specific amplification of these primers with CYP2D6 RNA but not mouse

Cyp2d mRNAs. The relative expression of CYP2D6 mRNA in Tg-2D6 mice followed the

series of liver > hippocampus > frontal cortex> cerebellum > lung, small intestine, prostate,

kidney, heart, and spleen, with liver showing an order of magnitude higher CYP2D6 mRNA

levels than the other tissues (Figure 2A). Notably was measureable expression of CYP2D6

in the hippocampus, frontal cortex, and cerebellum. It was reported that CYP2D6 in human

brain is localized in the pyramidal cells of the cortex and hippocampus and the Purkinje cells

of the cerebellum (Siegle et. al., 2001). The results of expression of CYP2D6 in the brain of

Tg-2D6 mice corresponded to the distribution described in human brain suggesting the

potential for an important function for CYP2D6 in the central nervous system in humans.

Western blot results further revealed that CYP2D6 protein was expressed in liver, kidney

and intestine of Tg-2D6 mice with the expression in microsomes from the liver of the

Tg-2D6 mice similar to that in human liver microsomes (Figure 2B, top pane). In agreement
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with the mRNA data, CYP2D6 protein was expressed in the hippocampus, frontal cortex,

and cerebellum (Figure 2B, bottom panel). No bands were detected in the liver or brains of

WT mice using the anti-CYP2D6 antibody.

Immunohistochemistry results revealed that brain sections from WT mice were only faintly

stained compared to control sections, suggesting that the monoclonal anti-human CYP2D6

had some, but very low, cross-reactivity with mouse CYP2Ds. Overall, the brains from

Tg-2D6 mice showed more immunostaining than brains from WT mice. There is much more

intense staining of the frontal cortex in transgenic compared to WT mice, parietal cortex

pyramidal cells show strong immunoreactivity compared to no immunoreactivity in the

same cells in WT mice (Figure 3A). The cytoplasmic bridges in the striatum (caudate-

putamen) of Tg-2D6 mice were much more strongly stained than in WT mice (Figure 3B).

In the striatal blood vessels, the endothelial lining shows strong CYP2D6 immunoreactivity

in Tg-2D6 mice, with no immunoreactivity detected in WT mice (Figure 3B). In the

cerebellum and hippocampus, the difference in immunoreactivity between transgenic and

WT mice was evident but only moderate compared with frontal cortex and striatum (Figure

3C).

CYP2D6 expression in liver was confirmed by pharmacokinetic assays with debrisoquine

(Blakey et. al., 2004) as a probe substrate (Supplementary Figure 3, Supplemental Table 1).

4-OH-DEB is the major monohydroxylated metabolite of debrisoquine produced by

CYP2D6 in humans, dog and rat (Allen et. al., 1976). Mice were treated orally with 10 mg/

kg debrisoquine. The maximal debrisoquine serum concentration (Cmax) and AUC0–24 of

Tg-2D6 mice decreased 30% compared with WT mice treated with debrisoquine. The

elimination half-life of debrisoquine was 1.5-times shorter in Tg-2D6 mice than WT control

mice. However, the Cmax value of 4-OH-DEB in Tg-2D6 mice is nearly 4-fold increased

from that in WT mice and the AUC0–24 value is 3-times higher than that of WT mice. These

results reflect CYP2D6 metabolism of debrisoquine in liver, although different values were

obtained for the new Tg-2D6 line compared with the values reported for the earlier Tg-2D6

line (Corchero et. al., 2001), but they shared the similar trend of decreased debrisoquine and

increased 4-OH-DEB in plasma when compared with WT mice.

Analysis of serotonin and metabolites in brain of WT and Tg-2D6 mice

Since serotonin can be formed from 5-methoxytryptamine by CYP2D6 (Yu et. al., 2003a),

expression of CYP2D6 in brain of Tg-2D6 mice would be expected to produce higher levels

serotonin and its metabolites such as 5-HIAA. For the purposes of this study, the brain was

divided into four parts, cerebellum, frontal cortex, hippocampus and the rest of the brain,

and the same amount of brain tissues from WT and Tg-2D6 mice homogenized separately

and the supernatants derived processed by HPLC. In addition, since harmaline is a canonical

reversible monoamine oxidase A inhibitor, which can significantly increase serotonin levels

(Winter et. al., 2011), the brain tissues from mice treated with harmaline were also analyzed.

The results revealed that serotonin levels are significantly higher in various regions of the

Tg-2D6 brain than in WT mice (Figure 4A). 5-HIAA is a principal terminal metabolite of

serotonin and can be detected with serotonin in the same analysis (Kema et. al., 2000). 5-

HIAA exhibited higher abundance in cerebellum, hippocampus, frontal cortex as well as rest

of brain in Tg-2D6 mice than in WT mice (Figure 4B). Harmaline administration increased

the abundance of serotonin by 20–30 fold compared to control, while decreasing 5-HIAA

abundance in brain. Similarly, serotonin in cerebellum and rest of brain of Tg-2D6 was

significantly higher than that in WT mice after harmaline administration and this was

associated with higher levels of 5-HIAA in cerebellum and hippocampus of Tg-2D6

compared to WT mice.
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The effect of the CYP2D6 transgene on brain and CSF metabolomes

Whole mouse brain homogenates were prepared and CSF collected and analyzed by UPLC-

ESI-QTOFMS metabolomics using various in-house conditions for the analysis of serum

and urine. For brain homogenate, 500 and 240 features in ESI+ and ESI− mode,

respectively, were imported into SIMCA 13. For CSF, 115 to 258 and 75 to 116 features in

ESI+ and ESI− mode, respectively, were imported into SIMCA 13. Projection to latent

structures-discriminant analysis (PLS-DA) scores plots for both brain homogenate and CSF

in both ESI+ and ESI− modes were then carried out (Figure 5). In all cases (panels A–D),

Tg-2D6 and WT scores clustered and separated, indicating that the CYP2D6 transgene

likely had a significant impact of both brain and CSF metabolomes. To examine what ions

most contributed to these separations, OPLS-DA analysis was undertaken and the loadings

scatter S-plots (not shown) examined for ions with the greatest correlation (p(corr)[1]) to the

OPLS-DA model (see above). For brain homogenate, three positive ions were highly

correlated to the model, corresponding to pantothenic acid, L-carnitine and acetyl-L-carnitine,

all of which are involved in β-oxidation of fatty acids (Table 1). Further analysis of these

molecules using the raw UPLC-ESI-QTOFMS data in SIMCA 13, established that all three

were highly statistically significantly elevated in the Tg-2D6 mouse brain homogenate

relative to the WT mouse brain homogenate. Carnitine shuttles fatty acids into mitochondria

and acetylcarnitine recycles carnitine to the cytosol, while pantothenic acid is used for CoA

synthesis. Taken together, this would suggest that Tg-2D6 mouse brain has increased rates

of fatty acid β-oxidation. However, it has long been known that rat brain mitochondria have

limited β-oxidation capacity compared with heart mitochondria due to a low level of 3-

oxoacyl-CoA thiolase (Yang et. al., 1987).

Similar metabolomic investigations were undertaken with CSF collected from Tg-2D6 and

WT mice. Table 2 shows that for CSF, six ions were identified that were elevated in Tg-2D6

mice and two that were elevated in WT mice. Additionally, an ion with m/z=238.1006 and a

retention time of 1.67 min was found, that corresponded to the [M+H]+ adduct of ketamine,

the anaesthetic used for the collection of CSF. Further analysis of the raw data revealed no

statistically significant difference between the Tg-2D6 and WT mouse CSF in the ion

currents for ketamine, thus providing a positive internal control. As with brain homogenate,

carnitine was elevated in Tg-2D6 mouse CSF and, interestingly, stearoyl-L-carnitine was

elevated in WT mouse CSF (attenuated in Tg-2D6 CSF). The quantitative and statistical

evaluation of these molecules (Table 2) revealed that although deoxynucleotide dUMP did

not reach statistical significance (P=0.078), it was included because it is a metabolite of

dCDP arising from dCDP hydrolase (EC 3.6.1.12) and CMP deaminase (EC 3.5.4.12).

dCDP showed a ~6-fold increase in Tg-2D6 CSF. This is of interest because dCDP-choline

and dCDP-ethanolamine are involved in phospholipid biosynthesis (Kennedy et. al., 1959).

There was a 2.5-fold increase in Tg-2D6 CSF in an ion corresponding to C6H12O6, which

most likely is inositol, glucose, fructose or galactose. Further CSF samples were examined

by GCMS after derivatization with methoxamine and BSTFA, which confirmed the

presence of all four of these molecules in CSF (data not shown). However, it is not possible

to conclude the nature of the elevated C6H12O6 at this time. N-Acetylglucosaminylamine

(NAGAA) was tentatively identified as ~2-fold elevated in CSF of Tg-2D6 mice. When

NAGAA is bound to asparagine, the enzyme glycosylasparaginase (EC 3.5.1.26) hydrolyses

asparagine in situ to aspartate and releases NAGAA. Aspartylglucosamine accumulates

when this enzyme is deficient leading to the lysosomal storage disease

aspartylglucosaminuria (Dunder et. al., 2010). As for brain homogenate, carnitine was found

to be elevated in Tg-2D6 mouse CSF (1.6-fold; P=0.018). Interestingly, stearoylcarnitine

was reduced two-fold in Tg-2D6 CSF. Carnitine in the CSF of children was reported to be

elevated due to meningitis and other neurological disorders (Shinawi et. al., 1998), but

acylcarnitines were also elevated. The pattern observed here likely represents elevated brain
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mitochondrial usage of fatty acids in Tg-2D6 mice. Citrate was elevated in Tg-2D6 mouse

CSF (2.6-fold; P=0.025). The significance of this observation is unclear and citrate has been

reported to occur in CSF at higher concentrations than in plasma (Hoffmann et. al., 1993).

Finally, the endogenous cannabinoid neurotransmitter anandamide was found to be elevated

in Tg-2D6 CSF (1.4-fold; P=0.038). This finding is somewhat puzzling since anandamide

has been reported to be a CYP2D6 substrate (Sridar et. al., 2011).

Behavioral tests

Harmaline is one of the most frequently used tremorigenic drugs and harmaline-induced

tremor is regarded as a model of essential tremor (Miwa 2007). The harmaline-induced

tremor score was defined in 30 min as follows: levels ranging from 0 (no tremor) to 1

(intermediate head tremor), 2 (continuous head tremor), 3 (whole body tremor) and 4

(reduced tremor due to fatigue) (Du and Harvey 1997). The results revealed that a lower

tremor score in Tg-2D6 mice (Figure 6A) is produced compared to WT mice that might be

attributed to higher serotonin in the brain. In addition, the behavior anxiety tests including

the marble burying assay and FST assay revealed that Tg-2D6 mice buried less marbles

(Figure 6B) as well as having a longer swimming time (Figure 6C) compared to WT mice.

From the 1st to 7th day, Tg-2D6 displayed similar activity on marble burying which was

higher than the activity of WT mice. It was reported that marble burying/digging can be

affected by any agent altering hippocampal function, including serotonin active compounds

(Njung'e and Handley 1991). Less marbles buried indicates the activity of the serotonin

cycle and attenuated anxiety, depression or obsessive-compulsive disorder to outside stress

(Li et. al., 2006). The FST assay revealed that on 5th and 7th day, there are no significant

differences between transgenic mice and WT mice, either in swimming time or floating

time, coupling with increased floating time for both mice. It was reported that animals

become more immobile the more they are exposed to the forced swimming test (Hawkins et.

al., 1978). The different pattern of behavior response in Tg-2D6 and WT mice indicated that

Tg-2D6 mice are less susceptible to anxiety compared with WT mice, which corresponds to

increased serotonin levels via the serotonin-melatonin cycle (Yu et. al., 2003b) as a result of

CYP2D6 expression in Tg-2D6 mice.

Discussion

CYP2D6 is a low-capacity, high-affinity enzyme (Yu et. al., 2004) that accounts for only a

small percentage of liver P450 content but metabolizes a significant number of xenobiotic

and endobiotic compounds. It was reported that CYP2D6 is involved in metabolism of over

100 drugs, most notably antipsychotic agents (Vandel et. al., 2007). A previous CYP2D6-

humanized mouse line was produced using a lambda phage genomic clone containing the

CYP2D6 gene. CYP2D6 was detected in the liver, kidney and small intestine (Corchero et.

al., 2001). Since CYP2D6 is the important P450 in brain (Ferguson and Tyndale 2011), a

new transgenic mouse line with a wider CYP2D6 tissue distribution was produced. A PAC

clone containing the full gene locus and its regulatory elements was identified and used as a

transgene. This PAC clone-transgenic line allowed for tissue-specific and inducible

regulation of the transgene and thus is the preferred method for making a transgenic mouse

that would be the most biologically predictive (Gonzalez 2004). Interestingly, the current

results revealed that CYP2D6 mRNA and protein were expressed in multiple tissues, not

only in liver, but also in extrahepatic tissues such as brain (cortex, hippocampus) in this

transgenic line.

Metabolomics demonstrated that the urinary phenotype after debrisoquine metabolism was

determined by the CYP2D6 transgene and this was confirmed by a plasma pharmacokinetic

study. This established the expected hepatic functionality of the transgene. The appearance

of elevated debrisoquine in urine and plasma in WT mice and prominent concentrations of
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4-OH-DEB in urine and plasma, together with the two ring-opened metabolites in urine of

Tg-2D6 mice was consistent with the published literature (Allen et. al., 1976; Allen et. al.,

1975) (Chen et. al., 2007; Idle et. al., 1979).

Brain CYP2D6 expression in this model was established by protein and

immunohistochemical analysis. The difference in staining intensity between WT and

Tg-2D6 mice appears to vary among brain regions. This may be because of species

differences in relative expression levels of CYP2D across brain regions. In both humans and

mice the expression levels of CYP2D proteins are high in cerebellum, and low in

hippocampus (Miksys et. al., 2005), resulting in less differential staining between transgenic

and wild-type mice. In contrast, the relative expression levels of CYP2D protein in frontal

cortex and striatum are high in humans but low in mice resulting in a more obvious

difference in immunoreactivity. Moreover, serotonin and 5-HIAA are also higher and after

induction by harmaline are increased further in brain of Tg-2D6 compared to WT mice. It

was reported that reduced levels of serotonin and 5-HIAA strongly correlate with aggressive

behavior and suicide by violent means in subgroups of young, male, personality-disordered

subjects with seriously deviant behavior (Nantel-Vivier et. al., 2011). Thus, behavior tests

were performed on the Tg-2D6 model. It is well known that β-carboline derivatives such as

harmaline, harmine, and ibogaine can produce generalized tremor, with the tremor

frequency likely to be higher in smaller animals (Yamazaki et. al., 1979). In particular, the

rodent model of harmaline-induced tremor is widely used as an animal model of essential

tremor, one of the most representative tremor disorders in humans (Deuschl and Elble 2000).

The results revealed that Tg-2D6 mice had lower tremor than WT mice, which might be

correlated with the higher serotonin levels in Tg-2D6 mice, as many reports suggest that

serotonin synthesis inhibit olivocerebellar system and attenuate harmaline-induced tremors

(Mehta et. al., 2003; Welsh et. al., 1998). The mice were also subjected to the marble

burying test. Mice bury marbles because marbles evoked anxiety. Mice are naturally

obsessive-compulsive (Njung’e and Handley 1991). Less marbles buried indicates more

serotonin metabolism (Berendsen and Broekkamp 1990) and attenuated anxiety in Tg-2D6

mice. Tg-2D6 mice were also analyzed by the force swimming test (FST) assay that is the

most widely used animal test predictive of antidepressant action (Abel and Bilitzke 1990).

Serotonin selective reuptake inhibitors augment the serotonin level and reduce anxiety of

mice, which display high mobility and low immobility status in the cylinder (Cryan et. al.,

2005; Yamazaki et. al., 1979). Decrease in immobility of Tg-2D6 mice in 1st and 3rd day

reflects a state of decreased fear or anxiety compared to WT mice. Therefore, these findings

suggest that CYP2D6 might play the regulated role in serotonin metabolism and

subsequently influence the anxiety inclination of Tg-2D6 and WT mice.

Given the clear neurochemical and behavioral differences between WT and Tg-2D6 mice

described above, it was of interest to understand what discrete molecules, if any, might be

altered in the brains and CSF of the transgenic mice. Therefore, UPLC-ESI-QTOFMS

metabolomics was employed to investigate brain homogenates and CSF from the two mouse

lines. It is of great interest that the three highly statistically significant up-regulated

molecules in Tg-2D6 brain homogenate were L-carnitine, acetyl-L-carnitine and pantothenic

acid. At first sight, it would appear that this indicated an increase in flux through

mitochondrial fatty acid β-oxidation, as discussed above. However, it would appear that this

process operates at a highly attenuated rate in the rodent brain (Yang et. al., 1987).

Nevertheless, brain mitochondria, in parallel to a higher specific activity microsomal

system, utilize saturated long-chain fatty acids for the synthesis of saturated very long-chain

fatty acids that are incorporated into myelin (Bourre et. al., 1977). Based upon the available

data, it is tempting to speculate that CoA-dependent fatty acid catabolism may be greater in

the brains of Tg-2D6 mice, for reasons that are at present unclear. This proposition is
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supported by the observation in Tg-2D6 CSF of higher L-carnitine and lower stearoyl-L-

carnitine concentrations.

The synthesis of phosphatidylcholine and phosphatidylethanolamine glycerophospholipids

provides the predominant biophysical scaffolds of membranes, including in the brain

(Zarringhalam et. al., 2012). CDP-choline and CDP-ethanolamine, together with dCDP-

choline and dCDP-ethanolamine can participate in the de novo synthesis of the respective

glycerophospholipids (Kennedy et. al., 1959). Why dCDP was higher and its metabolite

dUMP was lower in the CSF of Tg-2D6 mice is presently uncertain, but may reflect yet

further differences in lipid metabolism in the brains of the transgenic mice.

Anandamide (N-arachidonylethanolamine) is an endocannabinoid, that is, an endogenous

ligand of CB1 cannabinoid receptors in the central nervous system and CB2 cannabinoid

receptors in the periphery. Anandamide is said to be strongly involved in anxiety and

depression (Micale et. al., 2012). In fact, data from the forced swim test in rats combined

with neurochemical analyses have been reported that suggest that endocannabinoid signaling

may regulate serotonin neurotransmission in the prefrontal cortex and modulate stress

coping behavior (McLaughlin et. al., 2012). Thus, elevated serotonin levels in the brains of

Tg-2D6 mice reported here may have an impact on anandamide concentrations in Tg-2D6

mice. Anandamide has been reported to be converted to 20-hydroxyeicosatetraenoic acid

ethanolamide and 14,15-epoxyeicosatetraenoic acid ethanolamide by CYP2D6 (Sridar et.

al., 2011) and, as such, might be expected to occur at lower concentrations in the brains of

Tg-2D6 mice. However, these pathways for anandamide catabolism are relatively minor

compared with the major pathway of hydrolysis by fatty acid amide hydrolase (EC 3.5.1.99).

The intersection of the serotonergic and endocannabinoid nervous systems in the brain with

CYP2D6 is at present unknown, but the Tg-2D6 mouse line described here may play a

significant role in deciphering these interactions.

There are a few concerns that need to be discussed concerning the validity of this model in

determining the role of CYP2D6 in the brain. First is the impact of the endogenous mouse

CYP2D enzymes. All findings in Tg-2D6 mice are directly compared with WT mice. While

both mouse lines possess murine CYP2D enzymes, the metabolic and/or behavioral

differences between the two mouse lines must surely be due to the effects of the transgene

(or on another gene in or near the CYP2D6 gene cluster, see below). The mouse has no

direct homologue to the human CYP2D6. While murine brain and liver microsomal

preparations did show low-level activities in producing serotonin from 5-methoxytrptamine,

this activity is highly CYP2D6 selective because the Tg-2D6 mouse showed much higher

levels of serotonin produced from 5-methoxytrptamine both in vitro and in vivo as published

in a earlier study (Yu et. al., 2003a).

It cannot be totally ruled out that some of the phenotypes obtained with the Tg-2D6 mice are

due to the presence of the other genes within the in the PAC clone RP4–669P10 (Genbank,

BX247885) used to generate this mouse line. TCF20, also called SPBP (stromelysin-1

PDGF1-responsive element-binding protein and AR1) is known to bind to the platelet-

derived growth factor-responsive element in the matrix metalloproteinase 3 promoter, and to

enhance the activity of transcription factors such as JUN and SP1 (Rajadhyaksha et. al.,

1998; Rekdal et. al., 2000). However, wild-type mice should also express this factor and it is

not clear what impact an extra copy of this protein would have on the chemical and

behavioral differences observed in the present study. While other open reading frames for

proteins or even microRNAs within this gene cluster may also be involved in the phenotype

of the Tg-2D6 mice, most observations can be ascribed to the CYP2D6 gene.
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Another concern of this study is the relative expression levels of brain CYP2D between

wild-type mice and Tg-2D6 mice and humans. Unfortunately an accurate, direct interspecies

comparison (WT vs either Tg-2D6 or human) would be difficult at this time, as the

monoclonal antibody used for transgenic mice and humans does not detect wild-type mouse

CYP2D, and there are no known antibodies selective for the various mouse CYP2D

isoforms over CYP2D6 available to date. In addition, it is unknown which, if any, of the

mouse Cyp2d isoforms are functionally homologous to human CYP2D6. We believe that

mice have no homologue that shares the same activities and properties and CYP2D6. The

data indicate that the estimated CYP2D6 expression per microgram of hepatic microsomal

protein is comparable between livers of Tg-2D6 mice and humans in this and a previous

study (Miksys et. al., 2005). From this we can estimate the brain CYP2D expression levels

relative to the liver. For human cerebellum, expression is approximately 1% of hepatic

levels (Miksys et. al., 2002). For Tg-2D6 mouse cerebellum, expression is approximately

20% of hepatic levels, moderately higher than in humans. This suggests that the Tg-2D6

model could be considered a brain overexpression model, but this remains to be verified.

In summary, CYP2D6 was found to have a critical role in the metabolism of endogenous

neurochemicals through evaluation of Tg-2D6 mice and WT mice as illustrated in protein

expression, debrisoquine metabolism, serotonin abundance and behavior tests. These data

provide a mechanistic basis for novel therapies potentially targeting human CYP2D6 in

brain disorders. Finally, the Tg-2D6 mouse model could not only be used as a platform to

predict drug metabolism by CYP2D6 and shorten the process of drug discovery, but also

open new vistas in brain research.
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Figure 1.
Principal components analysis (PCA) scores plots for urines of male and female WT and

Tg-2D6 mice from UPLC-ESI-QTOFMS metabolomics in positive-ion mode. (A) Four of

each of male WT, female WT, male Tg-2D6 and female Tg-2D6 mice were studied and their

0–24h urines subjected to UPLC-ESI-QTOFMS analysis. For both male and female mice,

there was poor clustering and considerable overlap of the scores between the WT and

Tg-2D6 mice. (B) Four of each of male WT, female WT, male Tg-2D6 and female Tg-2D6

mice were administered debrisoquine (10 mg/kg p.o.) and their 0–24h urines subjected to

UPLC-ESI-QTOFMS analysis. In contrast to the urines from untreated animals, there was a

clear separation of scores between the WT and Tg-2D6 male mice.
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Figure 2.
CYP2D6 expression in liver and extrahepatic tissues of Tg-2D6 mice. (A) Fold CYP2D6

expression in each tissue was expressed relative to CYP2D6 in spleen. Lane Li, Hpm, FC,

Ad, Cm, Lg, SI, Pr, Ki, Hr and Sp represented liver, hippocampus, frontal cortex, adrenal

gland, cerebellum, lung, small intestine, prostate, kidney, heart, and spleen, respectively.

The mean ± standard deviations are shown with n=6 (* for P < 0.05, ** for P < 0.01, *** for

P < 0.001). (B) Western blot analysis of CYP2D6 in liver, kidney, intestine and brain

regions from Tg-2D6 mice and WT mice. Upper panel: each lane was loaded with 20 µg of

microsomal protein pooled from three mice for liver (L), kidney (K) intestine (I) from

Tg-2D6 and WT mice, and human liver microsomes (HLM). Lower panel: each lane was
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loaded with 100 µg of microsomal protein from FC, Cm, and Hpm, and 20 µg of protein for

WTL, TgL and HLM pooled from three mice..
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Figure 3.
Immunohistochemistry analysis of CYP2D6 expression in brain sections of Tg-2D6 and WT

mice. (A) In transgenic mice there is strong immunostaining in cytoplasmic bridges (arrows)

in the striatum, compared to WT mice. There is no immunostaining in the white matter

(WM) in either strain of mice. The endothelial lining (arrows) of blood vessels in the

striatum are strongly immunostained in transgenic mice but unstained in WT mice. L-lumen

of blood vessel. (B) CYP2D immunostaining is higher in frontal cortex (FC) and striatum

(ST) of transgenic compared to WT mice. There is no immunostaining in control sections

incubated without primary antibody. In parietal cortex of transgenic mice, pyramidal cells

(arrows) show strong CYP2D6 immunoreactivity, and this is absent in these cells in WT

mice. (C) The molecular (ML) and granular cell layers (GCL) of the cerebellum are

moderately more immunostained in transgenic compared with wild-type mice (top panels).

The white matter (WM) and Purkinje cells (arrows) are unstained in both strains of mice.

The bottom panels show that the hippocampus molecular (ML) and pyramidal (P) layers are

moderately more immunoreactive in transgenic compared to WT mice; there is no
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immunostaining in the white matter (WM). Cont: control section, WT: WT mice, Tg:

Tg-2D6 mice.
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Figure 4.
Abundance of serotonin and its metabolite in brain of Tg-2D6 mice and WT mice.

Abundance of serotonin in cerebellum, hippocampus, and rest of brain of Tg-2D6 is

significantly higher than that in relative brain parts of WT mice (A). 5-hydroxyindoleacetic

acid (5-HIAA) exhibited higher abundance in cerebellum, hippocampus, frontal cortex as

well as rest of brain in Tg-2D6 mice than that in WT mice (B). Besides, harmaline

administration enhanced the abundance of serotonin massively by 20–30 fold compared to

control, while has decreasing effect on 5-HIAA abundance in brain. Similarly, serotonin in

cerebellum and rest of brain of Tg-2D6 is significantly higher than that in relative brain parts

of WT mice with harmaline induction, associated with higher level of 5-HIAA in cerebellum
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and hippocampus of Tg-2D6 compared to WT mice (A, B). The mean ± standard deviations

are shown with n=6 (* for P < 0.05).
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Figure 5.
Projection to latent structures-discriminant analysis (PLS-DA) scores plots for brain

homogenates and cerebrospinal fluid (CSF) of male WT and Tg-2D6 mice from UPLC-ESI-

QTOFMS metabolomics in electrospray positive- (ESI+) and negative-ion (ESI−) modes.

Green circles represent WT mice (n=4) and red circles represent Tg-2D6 mice (n=4). (A)

Brain homogenate in ESI+ mode. (B) Brain homogenate in ESI− mode. (C) CSF in ESI+

mode. (D) CSF in ESI− mode. In all cases A–D, Tg-2D6 and WT scores clustered and

separated, indicating that the CYP2D6 transgene had a significant impact of both brain and

CSF metabolomes.
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Figure 6.
Behavioral assays of Tg-2D6 and WT mice. (A) The results revealed that lower tremor score

in Tg-2D6 mice is produced compared to WT mice which might be attributed to higher

serotonin amount in brain (n=10). In addition, the behavior despair tests include marble

burying assay and forced swimming test (FST) assay revealed that Tg-2D6 mice produce

more buried marble (n=10) (B) as well as longer swimming time and less floating time

(n=15) (C) in the containers compared to WT mice. The marble burying assay and FST

assay were preformed in 1, 3, 5, 7 days. The mean + standard deviations are shown with

n=10 for harmaline-induced tremor and marble burying assay, and n=15 for FST assay (*

for P < 0.05).
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