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The pregnane X receptor (PXR) and the constitutive androstane receptor (CAR) are closely related orphan
nuclear hormone receptors that play a critical role as xenobiotic sensors in mammals. Both receptors regulate
the expression of genes involved in the biotransformation of chemicals in a ligand-dependent manner. As the
ligand specificity of PXR and CAR have diverged between species, the prediction of in vivo PXR and CAR inter-
actions with a drug are difficult to extrapolate from animals to humans. We report the development of what
we believe are novel PXR- and CAR-humanized mice, generated using a knockin strategy, and Pxr- and Car-KO
mice as well as a panel of mice including all possible combinations of these genetic alterations. The expression
of human CAR and PXR was in the predicted tissues at physiological levels, and splice variants of both human
receptors were expressed. The panel of mice will allow the dissection of the crosstalk between PXR and CAR
in the response to different drugs. To demonstrate the utility of this panel of mice, we used the mice to show
that the in vivo induction of Cyp3al1l and Cyp2b10 by phenobarbital was only mediated by CAR, although this
compound is described as a PXR and CAR activator in vitro. This panel of mouse models is a useful tool to

evaluate the roles of CAR and PXR in drug bioavailability, toxicity, and efficacy in humans.

Introduction
Mammals are continuously exposed to chemicals from external
sources. To overcome the potentially harmful effects of these xeno-
biotics, a detoxifying mechanism has evolved that has been catego-
rized into phase I, phase II, and phase III. Phase I largely relies on the
biotransformation of xenobiotics by enzymes encoded by the super-
family of cytochrome P450 (CYP) genes (1, 2). The phase I metabo-
lites can either be eliminated directly from the body or are subject to
further biotransformation by phase II enzymes prior to elimination.
The primary organ of drug metabolism is the liver, but other organs
such as the intestine or lung can also be involved, as reflected by the
expression of CYP enzymes in these organs (3, 4). In addition, trans-
porters, sometimes called phase III proteins, can determine foreign
compound bioavailability, distribution, and elimination.

The genes involved in drug metabolism provide an adaptive
response to environmental challenge, and as a consequence,
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their expression is often tightly regulated by foreign compounds
themselves (5). Recently, it has become clear that the orphan
nuclear hormone receptors pregnane X receptor (PXR) and con-
stitutive androstane receptor (CAR) play a critical role in the
transcriptional regulation of many phase I and phase II enzymes
and transporters (6).

The general structure of PXR and CAR is well conserved between
species, including a highly variable N-terminal domain, a central
DNA-binding domain, and a C-terminal ligand-binding domain
(LBD) (7, 8). Upon ligand binding, the receptors translocate from
the cytoplasm to the nucleus, where they regulate the expression
of genes with corresponding binding enhancer elements in their
promoters (9, 10). Both PXR and CAR interact with a variety of
different ligands (6, 11).

Despite a well-conserved structure for PXR and CAR between
species and a high degree of similarity in the DNA-binding domain
in particular, the LBD has diverged significantly (11). Both recep-
tors bind to distinct ligands as well as to the same ligand, but with
different affinities. These interactions have probably developed as
an adaptation to diverse environmental conditions. For example,
the synthetic C21 steroid pregnenolone-16x-carbonitrile (PCN)
is a potent ligand of murine PXR (mPXR) but not human PXR
(hPXR), while the macrocyclic antibiotic rifampicin (RIF) is more
selective for the human receptor (12). On the other hand, human
CAR (hCAR) but not murine CAR (mCAR) is strongly activated by
6-(4-chlorophenyl)imidazo-[2,1-b][ 1,3]thiazole-5-carbaldehydeO-
(3,4-dichloro-benzyl)oxime (CITCO) (13), but the mouse receptor
is more sensitive to 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene
(TCPOBOP) than hCAR (14, 15). Other compounds, such as phe-
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nobarbital (PB) have been shown to interact with both PXR and
CAR in vitro (16), and the relative contribution of both receptors
for the in vivo regulation of downstream genes is unknown.

The critical role of PXR and CAR in the regulation of phase I and
IT enzymes as well as transporters on the one hand and their selec-
tivity for different ligands in distinct species on the other can give
rise to profound differences in drug bioavailability, distribution,
toxicity, and efficacy between animals and humans.

To overcome these problems, humanized mouse models for PXR
and CAR have been generated, in which the murine receptors have
been deleted and the hCAR and hPXR ¢cDNAs under control of the
liver-specific albumin promoter (12, 17) or the rat fatty acid-binding
protein promoter (18) randomly integrated into the mouse genome.
However, due to the use of heterologous promoters, these models do
not provide bona fide levels of expression of PXR or CAR in all tis-
sues of the mouse. Furthermore, splice variants of hPXR and hCAR
have recently been described, some of which have been shown to
have functional activity (19-23). None of these splice variants are
expressed by mouse models in which pure cDNAs are used. Recently,
Ma et al. generated an improved model for PXR in which a genomic
fragment containing the entire hPXR gene and its promoter have
been randomly integrated on a Pxr-null background (24).

The interactions of chemicals with PXR and CAR are complex
because they regulate common genes and a single chemical agent
can often interact with both receptors (Figure 1). In order to fully
understand the relative importance of the receptors in the efficacy
and safety of drugs, it is critical to develop models in which the roles
of these receptors can be evaluated separately and in combination.

In order to improve the pattern of expression and information
derived from humanized PXR (huPXR) and humanized CAR
(huCAR) mice, we report the generation and characterization of
new humanized mouse models for these receptors. In contrast to
previous approaches, we have used knockin strategies to express
hPXR and CAR under control of their corresponding mouse pro-
moters, with an interruption of the expression of the endogenous
genes. The low genetic complexity of this system, requiring only 1
genetic alteration for each receptor, allowed us to establish a panel
of PXR/CAR mouse models. This panel contains single-human-
ized and KO models of PXR and CAR and all possible combina-
tions of these alterations, including double-humanized (huPXR/
huCAR) and KO models for both receptors. Besides showing that
the human receptors are expressed in the anticipated organs at
levels comparable to those in their murine counterparts and that
major human splice isoforms of PXR and CAR are expressed, we
demonstrate the species-specific interaction of both receptors
with selected compounds. Furthermore, we show that the in vivo
induction of Cyp3all and Cyp2b10 by PB is only mediated by
CAR, though in vitro experiments suggest an interaction of this
compound with both PXR and CAR (16). Using an in vivo phart-
macokinetics approach to identify species-specific CAR inducers,
we demonstrate a difference in the metabolism of Cyp3all and
Cyp2b10 probe substrates in WT and huCAR mice after treatment
with CITCO. Finally, we discuss how the panel can be used to dis-
sect the crosstalk of PXR and CAR and to evaluate their contribu-
tion to efficacy and safety of a drug in humans.

Results

Humanization of mice for PXR and CAR by knockin into the endog-
enous gene locus. huPXR and huCAR mice were generated by a
knockin strategy as depicted in Figure 2, so that the expres-
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sion of the human receptors is controlled by the correspond-
ing mouse promoters. This strategy simultaneously deletes the
endogenous gene function.

In the case of PXR, a chimeric construct consisting of the cDNA
of exons 2-4 of hPXR missing the start CTG, genomic sequences
of intron 4, exon 5, and intron S and again cDNA of exons 6-9
followed by an SV40 poly(A) signal were introduced at the ATG of
the mPxr. The partial conservation of the exon/intron structure in
these animals potentially allows the expression of splice isoforms
that code for variants with an altered LBD and that have been iden-
tified predominantly in the genomic region of exons 4 to 6 (19).

In the case of CAR, essentially the whole human gene, except
the noncoding first exon, was introduced, i.e., from exon 2 and all
downstream introns and exons of hCAR. This potentially allows the
expression of all previously described splice variants of hCAR (21).

By making use of the ¢C31 recognition sites attB53 and attP50
in the targeting vectors, KOs for both receptors (referred to as PXR
KO and CAR KO) were generated by crossing the corresponding
humanized mice to a C31-deleter strain. In the case of CAR, this
led to a complete removal of all coding sequences except 107 bp of
human exon 2. The translation start site was removed in the case
of PXR, but as mouse exons 1 and 3-9 were still present after §C31-
mediated deletion, we included a splice acceptor poly(A) signal in
our targeting vector, which caused splicing of exon 1 to the splice
acceptor and terminated transcription by the poly(A) signal. As all
exons coding for functional domains of CAR were deleted in CAR
KO and the expression of PXR was prevented in PXR KO, both rep-
resent complete KOs for the corresponding receptors. Though the
lack of PXR and CAR antibodies that would allow one to detect
the receptors in tissue samples rules out a direct verification of the
absence of the proteins, the validation experiments described below
confirm the functional KO of PXR and CAR in these mouse lines.

Homozygous humanized and KO mice for PXR or CAR appeared
normal, could not be distinguished from WT mice, and had nor-
mal survival rates and fertility. H&E analysis on the livers of all
the transgenic mouse lines revealed that the microscopic findings
recorded were indicative of normal pathology (data not shown).

Stable expression of hPXR and hCAR in liver and intestine of humanized
mice. In order to demonstrate that hPXR but not mPXR and CAR
mRNA was expressed in the humanized mice and that mCar and
mPxr mRNA expression was lost in the KOs, qualitative PCR analy-
sis was performed (Figure 3). mPXR mRNA was only expressed in
the liver and intestine of WT but not in humanized mice, while
the hPXR mRNA was expressed in the humanized animals. Com-
parable results were obtained for the huCAR mice (Figure 3). Fur-
thermore, mRNA expression in the humanized mice was not only
detected in the expected tissues but also at similar levels as in the
WT animals. In addition, neither mouse nor human mRNA of the
corresponding receptor was detected in PXR and CAR KO mice,
respectively (data not shown).

Detection of different human splice isoforms in hbuPXR and huCAR mice.
In order to establish whether splice variants of CAR and PXR were
produced, we performed a sequence analysis of different cDNA
clones obtained by RT-PCR from livers of huPXR and huCAR
mice. Full-length transcripts for both hCAR and hPXR were iden-
tified in the transgenic lines. In addition, in the case of huCAR
mice, 4 human splice isoforms described previously in the litera-
ture were identified (21, 22) (Figure 4). These are variants with a
12-bp insertion between exons 6 and 7 (SV3), a 15-bp insertion
between exons 7 and 8 (SV2), a complete deletion of exon 7 (SV4),
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and the 12-bp insertion of SV3 together with an out-of-frame dele-
tion of the first 76 bps of exon 9 (SV9). For PXR, the WT and the
most abundant splice variant formed in hPXR SV2 (or hPXR.2),
coding for a truncated protein lacking 37 amino acids of the LBD
(19, 25, 26) was identified.

In both huPXR and huCAR mice, further and yet unidentified
splice variants presumably coding for nonfunctional receptors
were detected at low abundance (data not shown).

Functional analysis of the mouse models by using PXR activators. hPXR
and CAR exhibit different ligand specificities to the mouse recep-
tors (6, 14). In order to establish functional activity of PXR and
CAR proteins and the phenotype of the animals, WT, humanized,
and null mice were treated with compounds known to induce gene
expression through these transcription factors. Compounds were
chosen because of reported species differences in their interaction
between the murine and human receptors (reviewed in ref. 6).

The application of mice humanized or nulled at the Car and
Pxr gene loci also allowed a determination of the degree to which
inducing agents act through CAR and/or PXR in regulating gene
expression. In order not only to validate the functions of these
receptors but also to investigate the crosstalk between them in reg-
ulating gene expression by different compounds, we used Cyp3all
and Cyp2b10 as markers. These genes are known to be regulated
in both CAR- and PXR-dependent fashion and demonstrate speci-
ficity toward the CYP substrates 7-benzyloxyquinoline (BQ) and
pentoxyresorufin, respectively (27, 28).

When WT mice were treated with the putative human-specific
PXR inducer RIF (16, 29) we unexpectedly found an induction
of Cyp3all at higher doses (Figure 5A). This finding was repro-
ducibly confirmed in repeated experiments. In the huPXR mice,
a marked induction was also observed but at a much lower RIF
dose, with effects observed at a dose of 3 mg/kg versus 20 mg/kg
in the control animals. Therefore, in the equivalent range of
standard oral dosing regimen in humans (300-600 mg per 70-kg
humans), Cyp3all induction could only be observed in huPXR
mice but not in the WT. No induction of Cyp3all expression
measured by Western blot or enzyme activity was detected in the
3230
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Figure 1

Crosstalk between PXR and CAR. A multitude of xeno-
biotics can interact with PXR or CAR or both. Ligand
binding leads to the translocation of the receptor from
the cytoplasm to the nucleus, where both PXR and
CAR use the retinoic X receptor (RXR) as a partner
for heterodimerization and bind to corresponding cis-
acting elements of their target genes. PXR and CAR
mediate gene regulation through certain direct repeats,
known as the PXR responsive element (PXRRE) and
the PB responsive element module (PBREM). Target
genes that contain PXRREs and PBREMs in their
promoters can be regulated both by PXR and CAR.
Among those that are subject to PXR and CAR regula-
tion are a number of genes encoding phase | or phase
Il drug-metabolizing enzymes or transporters. UGT,
uridine diphosphate-glucuronosyltransferase; SULT,
sulfotransferase; GST, glutathione S-transferase.

PXR KO mice (Figure SA). This observation demonstrates that
the induction of Cyp3all by RIF is PXR mediated and also that
PXR in the humanized mouse line is functional. The activation of
PXR by lower doses of RIF in humanized compared with WT mice
was also confirmed by BQ-activity measurements (Figure 5SB). No
differences in induction profiles of Cyp3all or BQ activity were
observed between WT and humanized mice at high doses of RIF,
e.g., 100 mg/kg (data not shown). In WT, huPXR, and PXR KO
mice, no induction of Cyp2b10 expression was observed at any of
the RIF doses tested, indicating that Cyp2b10 is not responsive to
PXR activation by this inducer.

Treatment of WT and huPXR mice with the potent mouse
inducer dexamethasone (DEX) (14, 30) resulted in a much more
marked consistent induction in WT than in huPXR mice. At
doses of up to 10 mg/kg, induction of Cyp3all was only observed
in WT but not huPXR mice (Figure 6A). However, at 30 and
60 mg/kg, induction was also observed in humanized animals. It
would therefore appear that there is a 10- to 30-fold sensitivity
difference between the mPXR and hPXR toward this compound.
In PXR-null mice, the induction of Cyp3all was negligible and
insignificant in repeated experiments and associated BQ activ-
ity was completely lost, demonstrating the pivotal role of this
receptor in mediating this effect (Figure 6, B and C). Cyp2b10
expression was also profoundly induced in WT and huPXR mice
at all the DEX doses tested. The finding that this induction still
occurred maximally in PXR-null mice (Figure 6, B and C) sug-
gests that this involves a PXR-independent mechanism. Interest-
ingly, DEX was also a potent inducer of Cyp2b10 in the CAR KO
mouse (data not shown), suggesting that neither PXR nor CAR
mediates the induction of this protein.

In addition to the experiments with RIF and DEX, we then car-
ried out further experiments with clotrimazole and PCN as induc-
ing agents. Clotrimazole was a potent inducer of Cyp3all and
Cyp2b10 in both the WT and huPXR mice, and its potency as an
inducer appeared essentially to be the same in both mouse strains.
In the case of PCN, an induction of Cyp3all was already seen at
a dose of 1 mg/kg in the WT mice, which was not observed in the
Volume 118
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huPXR mice, indicating a greater affinity of PCN for the mouse
murine relative to the human receptor. At the doses used, PCN was
not an inducer of Cyp2b10 (data not shown).

Functional analysis of the mouse models by using CAR activators. To
further characterize the humanized mouse models, we carried out
induction studies with compounds reported to exert their effects
through their interactions, predominantly with CAR rather than
PXR. To this end, we investigated the inducing properties of
CITCO and TCPOBOP. CITCO has previously been reported to
be a potent human-specific inducer of CYPs through the tran-
scription factor CAR (13) and TCPOBOP as a murine-specific
CYP inducer acting through this transcription factor (14, 15, 31).
Administration of CITCO to the mouse panel ata dose of 10 mg/kg
for 3 days demonstrated a very minor induction of Cyp2b10 in
the WT animals and a much more profound induction in huCAR
animals (Figure 7, A and B). We observed some variability in the
constitutive expression of Cyp2b10 in individual mice of the same
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genotype, and in the huCAR mice, there was a slight but consis-
tent increase in constitutive Cyp2b10 levels compared with WT
mice. This is similar to the increased expression of Cyp3all in
PXR KO mice. The mechanism of this is unknown but the effect
has been reported previously (32). The fact that the absolute level
of Cyp2b10 expression following a CITCO treatment of 10 mg/kg
was strongly elevated in huCAR mice but not in any of the other
models tested, including the CAR-null and huPXR mice (Figure
7A), indicates that this induction is mediated only by hCAR, but
not PXR. Associated with the induction of Cyp2b10 in the huCAR
mice, a marked induction in pentoxyresorufin O-dealkylation was
observed at all doses tested (Figure 7C). Using ranges of differ-
ent doses, Cyp3all was also inducible in huCAR mice but not in
the WT animals (Figure 7B). Furthermore, in the huPXR mice, no
induction of hepatic Cyp3all expression was observed over back-
ground (data not shown), suggesting that the induction of this
protein is also solely mediated by CAR. Considering the depen-
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dence of Cyp2b10 and Cyp3all induction on CITCO concentra-
tion (Figure 7B), there appears to be an up to 40-fold difference in
the potency of CITCO in its capacity to activate hCAR as compared
with mCAR. Interestingly, however, at the highest doses of CITCO,
mCar can clearly be activated though not to the same extent as
hCAR (Figure 7, B and C).

Administration of TCPOBOP to WT mice caused a profound
induction of both Cyp2b10 and Cyp3all, and a very slight induc-
tion of these proteins was also observed in the huCAR mice at a
dose of 1 ug/kg. These effects, particularly the induction in the
WT animals, were completely lost in the CAR but not the PXR
KO animals, demonstrating that these inductive effects are medi-
ated by CAR and not by PXR (Figure 8A). The changes observed
in Cyp2b10 protein were also reflected in the pentoxyresorufin
activities (Figure 8C). Dose-response experiments demonstrated
that even at doses of 0.3 mg/kg, profound induction of Cyp2b10
was observed in WT but not in the huCAR animals (Figure 8B). In
addition, induction of this protein was observed at high doses of
TCPOBOP in the huCAR mice, but even at the highest doses, the
induction of Cyp2b10 was much weaker than in the WT and was
first observable at a dose of 1 mg/kg. In summary, we confirmed
that both huPXR and huCAR mice do express functional human
receptors and that both lines show the expected humanized profile
of interaction with selected ligands of PXR and CAR.

Generation and characterization of the PXR/CAR panel of mouse lines.
Based on the genetic modifications described above, we generated
a panel of mouse lines containing different alterations at the Pxr
and Car locus. In addition to the huPXR, PXR KO, huCAR, and
CAR KO mouse lines already described, this panel included all pos-
sible combinations of these modifications (huPXR/CAR KO, PXR
KO/huCAR, PXR KO/CAR KO, and huPXR/huCAR). In order to
demonstrate the validity of this approach, a basic characterization
of the huPXR/huCAR mouse line was performed. First we asked
whether the expression of both human receptors is maintained
3232
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Figure 3

hPXR, mPXR, hCAR, and mCAR mRNA expression. RNA was iso-
lated from untreated WT (n = 27), huPXR (n = 9), huCAR (n = 13), and
huPXR/huCAR (n = 13) mice. mPXR, hPXR, hCAR, and mCAR mRNA
expression was analyzed by gPCR (TagMan) in the liver (A) and small
intestine (B). Values represent mean ACt values (Ct values for each
gene of interest normalized to the Ct values for the internal standard
B-actin) for all mice/genotypes. Error bars indicate SD in ACT values
between animals of the same genotype.

in the huPXR/huCAR mouse line. To test this, TagMan analysis
was performed with cDNA obtained from liver and small intes-
tine of huPXR/huCAR mice and results were compared with those
obtained for the single-humanized mice. No difference in PXR and
CAR expression levels could be detected in the single- and huPXR/
huCAR animals (Figure 3, A and B). Furthermore, as treatment
of huPXR/huCAR mice with selected PXR and CAR agonists led
to the same pattern of Cyp3all and Cyp2b10 activation as in the
single-humanized mice (data not shown), we concluded that the
expression of functional receptors is maintained.

Relevance of PXR and CAR for the induction of Cyp3all and Cyp2bl10
by PB in vivo. We then used the entire PXR/CAR panel to further
assess whether the activation of hPXR and to a lesser extent mPXR
by PB that has been observed in vitro (16) would have any signifi-
cance for the regulation of Cyp3all or Cyp2b10 by this compound
invivo. In WT animals, administration of PB at 40 mg/kg markedly
induced Cyp2b10 expression and to a lesser extent that of Cyp3all
(Figure 9A). Induction of both these proteins was also observed in
all huCAR mouse lines, demonstrating that the human receptor
equally responds to PB. However, in all mouse lines that carry a
KO of CAR, the induction of Cyp2b10 and Cyp3all was strongly
attenuated, whereas it was unaffected in PXR KO animals, indicat-
ing that CAR is the transcription factor that mediates induction
of Cyp2b10 and Cyp3all (Figure 9A). The fact that induction of
both Cyp3all and Cyp2b10 is also absent in the huPXR/CAR KO
mice shows that hPXR is not able to compensate for the loss of
CAR activity. These effects were also reflected in the measurement
of BQ and pentoxyresorufin dealkylation (PROD) (Figure 9B).

Increased clearance of midazolam and bupropion in CITCO-treated
huCAR mice. A mixture of midazolam and bupropion was admin-
istered i.p. to WT and huCAR mice on day 1 of the study. The
same mice then received daily doses of the human-specific CAR
activator CITCO on days 2-4 followed by another i.p. dose of the
midazolam/bupropion mixture on day 5. The pharmacokinet-
ics of these Cyp3a and Cyp2b substrates was determined before
and after the treatment with the CAR activator in order to assess
the CITCO-mediated changes in expression levels of Cyp2b and
Cyp3a isoforms (Figure 10A). Both mouse lines demonstrated
fast absorption of the substrates after the i.p. administration,
which was not influenced by CITCO. No change in midazolam
disposition was observed in the WT mice, while the AUC nota-
bly decreased in huCAR mice after CITCO treatment. Bupropion
AUC was decreased on day 5 both in WT and transgenic animals,
indicating induction of Cyp2b10. In order to demonstrate the dif-
ferences in Cyp3a and Cyp2b elevation in WT and huCAR mice
following the administration of CITCO, the ratios of the midazol-
am and bupropion AUCs before and after CITCO treatment were
calculated using noncompartmental analysis (Figure 10B). This
was based on the observation that after i.p. administration of an
isoform-specific CYP substrate, the ratio of the expression level of
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boxes. The different isoforms are denominated
according to their names in previous publications
(19, 22). In all cases, the noncoding exon 1 is of
mouse origin. In both huPXR and huCAR mice, fur-
ther and yet unidentified splice variants presumably
coding for nonfunctional receptors were detected
at low abundance (not shown). DBD, DNA-binding
domain; SV1-9, splice variants 1-9.
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the corresponding CYP before and after induction is inversely pro-
portional to the ratio of the AUCs of the substrate (33, 34). For the
WT mice, the midazolam AUC ratio was 1, indicating no CITCO-
induced changes in Cyp3a expression levels. In contrast, the Cyp3a
level was elevated 3-fold in the huCAR mice after administration
of CITCO, showing the higher sensitivity of the transgenic mice
to this compound. In the case of bupropion, an increased AUC
ratio could be observed in the WT mice, probably reflecting the
minor induction of Cyp2b10 expression that we observed before
(Figure 8A). However, the AUC ratio was notably higher in the
huCAR mice, demonstrating the significantly stronger induction
of Cyp2b10 expression by CITCO in the transgenic animals.

Discussion
The identification of PXR and CAR as nuclear receptors that
regulate the expression of genes involved in the biotransforma-
tion and distribution of foreign chemicals in a ligand-dependent
manner represented a major step forward
in our understanding of the factors that
control the activity of drug-metabolizing

A

e

system used and the promoter/enhancer sequence of the reporter
construct (6). More importantly, the absence of cell lines with sig-
nificant hepatic functions means that the complex interactions of
an in vivo system cannot be predicted.

Mice humanized for key regulatory proteins can overcome some
of these limitations. For example, it was demonstrated that RIF
only induced CYPs in mice expressing hPXR and not WT PXR (12).
The opposite was the case when PCN was used. Furthermore, Ma
etal. demonstrated a human-like profile of the drug-drug interac-
tion in hPXR mice for RIF and midazolam (24).

In this paper, we describe the generation and characterization
of a panel of new mouse models reflecting the PXR/CAR signal-
ing pathway. We have generated single-humanized and KO mice of
both receptors and all possible combinations thereof. This panel
therefore constitutes a toolbox of mouse models to study in vivo
the crosstalk of PXR and CAR and to evaluate their individual con-
tribution to drug and chemical efficacy and safety in humans.

WT huPXR

e

PXT KO

enzymes and transporters (16, 35-37). The
marked species differences in the induction
of phase I, II, and III enzymes in response
to various compounds raise a difficulty in
extrapolating metabolism data across spe-
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Figure 5

ry cells. As these tests can be applied in a
high-throughput format, they are valuable
tools to get a first indication of PXR or
CAR interaction at an early stage. However,
these approaches have limitations, as they
depend on the cell line or primary culture
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PXR-dependent induction of Cyp3a11 by RIF. (A) Pooled liver microsomes from huPXR, PXR
KO, and WT mice (n = 3) treated with either RIF or the vehicle were analyzed for Cyp3a11
and Cyp2b10 expression by immunoblotting. 5 ug protein was loaded onto a 7.5% SDS-PAGE
gel, and membranes were incubated with polyclonal Cyp3a11 and Cyp2b10 antibodies. (B)
BQ assays were performed to investigate Cyp3a activity in pooled WT or huPXR mouse liver
microsomes. Values are expressed as mean + SD. n = 3 mice for all experiments.
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Figure 6
PXR-dependentinduction of Cyp3a11 by dexamethasone.
(A and B) Pooled liver microsomes from huPXR, PXR
KO, and WT mice (n = 3) treated with either DEX or
the vehicle were analyzed for Cyp3ai1 and Cyp2b10
by immunoblotting. 5 ug protein was loaded onto a
7.5% SDS-PAGE gel, and membranes were incu-
bated with polyclonal Cyp3ai1 and Cyp2b10 anti-
bodies. (C) BQ and PROD assays were performed to
investigate Cyp3a and Cyp2b activities, respectively,
in pooled WT, huPXR, or PXR KO mouse liver micro-
somes (n = 3 mice). Values are expressed as mean
+ SD; n = 3 mice for all experiments. Student’s ¢ test
** (2-sided) was performed on the results. *P < 0.05;
**P < 0.01; ***P < 0.001, statistically different from
control. +ve, His-tagged mouse Cyp2b10 or Cyp3a11
recombinant proteins.

WT WT

huPXR PXR KO

The humanized receptor mice exhibited species-specific differ-
ences in the interaction with known drugs. In agreement with pre-
vious studies, huPXR was strongly activated by RIF but only weakly
by DEX and PCN. In the case of huCAR mice, CITCO was a potent
activator, while TCPOBOP barely activated the human receptor at
all. Therefore, the humanized mice appear to reliably reflect the
interaction of compounds with these human receptors.

Furthermore, we developed a pharmacokinetic approach that
allows one to investigate species-specific differences in enzyme
induction in huCAR and WT mice. Using this method, we could
show that CITCO at a dose of 10 mg/kg induced Cyp3a expres-
sion in huCAR mice while no changes were observed in WT ani-
mals and also that Cyp2b induction was much more pronounced
in the huCAR than in WT mice. Therefore, it was demonstrated
that species specificities in CAR activation could be detected with
this pharmacokinetic approach.

Our huPXR and huCAR mouse models are distinct from previ-
ously reported models in that we targeted the human transcrip-
tion factors into the mPxr and mCar gene loci. This means that the
expression of the human receptors is controlled by the correspond-
ing mouse promoters. Therefore, expression is not restricted to the
liver but occurs in other organs where PXR and CAR are normally
expressed. We have demonstrated this for the liver and small intes-
tine, and PXR expression was detected in the kidney of huPXR mice
by using quantitative PCR (data not shown). This is important in
both pharmacokinetic and toxicological contexts. For example, in a
recent study, it was shown in huPXR mice that rifaximin, a rifamycin

Figure 7

CAR-dependent induction of Cyp2b10 by CITCO. (A and B) Pooled
liver microsomes from huCAR, CAR KO, PXR KO, huPXR, and WT
mice (n = 3) treated with either CITCO or vehicle were analyzed for
Cyp2b10 and Cyp3a11 expression by immunoblotting. 5 ug protein
was loaded onto a 7.5% SDS-PAGE gel, and membranes were incu-
bated with polyclonal Cyp2b10 or Cyp3a11 antibodies. (C) PROD
assays were performed to investigate Cyp2b activity in pooled WT or
huCAR mouse liver microsomes (n = 3 mice). Values are expressed
as mean = SD; n = 3 mice for all experiments. Student’s t test (2-sided)
was performed. *P < 0.05; **P < 0.01; ***P < 0.001, statistically dif-
ferent from control.
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analogue approved for the treatment of travelers’ diarrhea, is a gut-
specific hPXR ligand that significantly induces PXR target genes in
the intestine but not in the liver of huPXR mice (42). Furthermore,
it was shown that Pxr is expressed in rat brain capillaries, where it is
involved in the regulation of Mdr1 (43). The potential importance
of Mdr1 expression in the brain was illustrated by the finding that
a 20- to 50-fold increase in the accumulation of cyclosporin A and
digoxin in the brain is observed in Mdrla-null mice (44). The lack of
antibodies that allow the detection of the receptors in tissue samples
currently prevents a direct confirmation of PXR and CAR protein
expression throughout the body, and the assessment of their func-
tion in different organs requires further investigation.

The targeted integration of our expression constructs into the
endogenous mouse loci ensures that all of the required promoter
and enhancer elements for correct expression are present and that
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trans-acting factors of murine origin can accurately interact with the
cis elements in the Car and Pxr promoters (e.g., HNF4). Additionally,
the idiosyncratic positional effects that are frequently observed with
randomly integrated transgenes are excluded by this approach. In
support of this strategy, we found that mRNA expression levels of
PXR and CAR in the humanized mice are comparable to those of the
mouse mRNAs in WT animals (Figure 3) and are in good concor-
dance with levels expressed in human liver samples (data not shown).
Due to the fact that ligand-dependent receptor activation doesn’t
work through an all-or-nothing mechanism but is rather a gradual
process depending on the dosing regimen, physiological expression

Figure 9 A
CAR-dependent induction of

Cyp2b10 and Cyp3aili1 by PB. =
(A) Pooled liver microsomes from =
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Figure 8

CAR-dependent induction of Cyp2b10 by TCPOBOP. (A and B) Pooled
liver microsomes from huCAR, CAR KO, PXR KO, and WT mice (n = 3)
treated with either TCPOBOP or vehicle were analyzed for Cyp2b10
and Cyp3a1l1 expression by immunoblotting. 5 ug protein was loaded
onto a 7.5% SDS-PAGE gel, and membranes were incubated with
polyclonal Cyp2b10 and Cyp3a11 antibodies. (C) PROD assays were
performed to investigate Cyp2b activity in pooled WT or huCAR mouse
liver microsomes (n = 3). Values are expressed as mean + SD; n =3
mice for all experiments. Student’s t test (2-sided) was performed.
*P < 0.05; **P < 0.01; ***P < 0.001, statistically different from control.

levels are critical for an accurate in vivo analysis of receptor inter-
action with a compound. For example, in contradiction with the
consideration of RIF as a human-specific PXR activator, we found
a reproducible induction of Cyp3all at high doses of this inducer
(Figure 5, A and B). This observation was missed by studies in which
only low doses were used. As similar findings were made for all other
compounds tested, strict species-specific interaction of a compound
with PXR or CAR seems to be an exception rather than a rule.

Another finding from our study was that the maximum induction
of Cyp3all was equivalent at high RIF doses in huPXR and WT
mice, while the magnitude of Cyp2b10 induction by TCPOBOP in
the huCAR mice never reached that of the WT animals. This obser-
vation could be explained by distinct mechanisms of receptor acti-
vation by these compounds, such that only the different binding
affinities of mPXR and hPXR for RIF account for the differential
induction of Cyp3all in huPXR and WT mice, whereas TCPOBOP
may induce an alternative conformational change in the human
relative to the mCAR receptor. However, further experiments are
required to determine whether this assumption is correct.

As an alternative to expressing full-length CAR and PXR cDNAs,
we included genomic sequences in our targeting constructs. In the
case of PXR, we retained introns 4 and 5 of the human gene, as this
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KO, huPXR/huCAR, PXR KO/
CAR KO, huPXR/CAR KO, PXR
KO/huCAR, and WT mice (n = 3)
treated with either PB or vehicle
were analyzed for Cyp2b10 and

Cyp3a11 expression by immunob-
lotting. 5 ug protein was loaded — 30, *x ** M Control
o < 25 * [l 40 mgikg PB
onto a 7.5% SDS-PAGE gel, and ZE o*
membranes were incubated with 2S5 201 **
polyclonal Cyp2b10 and Cyp3a11 3 E 5]
antibodies. (B) PROD and BQ g 2 10d
assays were performed to investi- S 5
gate Cyp2b and Cyp3a activities, _1 il
respectively, in pooled mouse liver 0-
microsomes from each mouse . % * Il Control
line indicated above (n = 3 mice). 600 [ 40 mglkg PB
Values are expressed as mean + ? g -
SD; n = 3 mice for all experiments. S S 400 e x
Student’s t test (2-sided) was per- aE
formed. *P < 0.05; **P < 0.01; (@] g 200
***P < 0.001, statistically different T 8
from control. 0

The Journal of Clinical Investigation

htep://www.jci.org

< e o« g g 29 z2 S2«c
X < X < X <
g < Q z 39 £X 3 %9
2 o 2 o 22 &0 26 o2
0O 40 O 40 O 40 0O 40 O 40 O 40 O 40 O 40 0 40

CYP3aTT — S i e e —— - —————— 50 kD2

R RS a T asn
B |

Volume 118~ Number9  September 2008 3235



technical advance

A Midazolam Buproprion Figure 10
— T T T — — —— Midazolam and bupropion pharmacokinetics in
=160 T T ] —~ T
E i g:y; 4 E 40000 ig:y; 1 CITCO-treated WT and huCAR mice. (A) Midazolam
2120 Y24 230000 . and bupropion pharmacokinetics in WT and huCAR
c h c ) mice before (day 1) and after (day 5) treatment with
2 80 1 2 20000 .
WT & 1 = 10 mg/kg of 3 daily i.p. doses of CITCO. Values repre-
= 40 1 = 10000 ] sent the concentration of parent drug in plasma (ng/ml)
bt b bt | as mean of 4 mice. Error bars describe SD in either
5 o— ] 5 0 N ‘ midazolam or bupropion plasma concentrations. (B)
© T 20 40 60 © 0 200 400  Ratios of the average midazolam and bupropion AUCs
N Time (min) N - Time (min) calculated from the corresponding pharmacokinetics
E 160 1 E 40000 '_O_'Day'1 | of 4 mice per compound before (unind) and after (ind)
g 120 b g 30000 —e—Day5 administration of CITCO.
huCAR S 15
u i) 1 .8
— % 80 1B
c 1 €
g 40 108
c — c
8 O ] 8
0 50 100 0 200 400
Time (min) Time (min)
B Midazolam Buproprion
z 10.0 z 10.
[&] o
<D( 7.5 3 7.5
T 50 £ 50
g 25 g 25
< 0.0 < 0.0
WT huCAR WT huCAR

genomic region is subject to important alternative splicing events
thatalter the LBD (19). Atleast the 2 most abundant splice isoforms
found in humans, coding for the WT protein of 434 amino acids
and a truncated protein lacking 37 amino acids of the LBD (called
hPXR.2 or hPXR SV2, respectively), were expressed in the huPXR
mouse (Figure 4A). As the LBD is markedly changed in SV2 and was
reported to show a different activation profile with respect to RIF,
it is possible that this splice variant contributes to the functional
diversity of hPXR (25, 26). In the case of CAR, all human introns
between the coding exons 2 and 9 were incorporated in the target-
ing vector. As a consequence, all 4 human splice variants described
previously (21) were identified in the huCAR mouse. Importantly,
these variants encode functional proteins with altered LBDs. For
example, SV2 has a 5-amino acid insertion at exon 8, which invokes
aligand-dependent instead of a constitutive interaction with coact-

Table 1
Determination of genotypes

ivators, and the SV3 isoform, with a 4-amino acid insertion at exon
7, differentially transactivates target gene promoters, respectively
(22, 45). Therefore, expression of these splice isoforms may be of
significant importance in hCAR function.

The low genetic complexity of our models allowed us to develop
a combinatorial approach to generate mice humanized for multi-
ple pathways of drug metabolism. We believe this is important due
to the complex network of these pathways and in the light of the
crosstalk between them. To this end, we generated a panel of PXR/
CAR-modified mice, including huPXR, PXR KO, huCAR, and CAR
KO single-modified mouse lines and all possible combinations of
these. To our knowledge, this is the first report of huPXR/huCAR
mice. One major strength of this panel is discriminating between
PXR- and CAR-mediated effects by uncovering the crosstalk
between these 2 receptors and evaluating the significance of these

PCR type Primers Expected fragment(s) Detected allele

PXR WT 5'-GCTTCTCATTTCTCCCTCCTG; 700 bp Detects WT mPxr
5'-TGATCCTTTCCTGGGCAGC

hPXR 5'-GCTTCTCATTTCTCCCTCCTG; 386 bp Detects humanized PXR in both
5'-CTCCGACTTCCTCATCTGCG FLP-deleted and -undeleted animals

PXR KO 5'-CCTCCTCACTACTCTCCCAGC; 1274 bp (WT) Detects ¢C31-mediated deletion of PXR
5'-GTACCAGCAAGTGCGTGAAGG 944 bp (KO) in KO mice (944 bp) and WT Pxr (1274 bp)

CARWT 5'-CTCAACTCCTCCCACATTCAG; 663 bp Detects WT mCar
5'-GCAAACGGACAGATGGGAC

hCAR 5'-CTCAACTCCTCCCACATTCAG; 369 bp Detects humanized CAR in both FLP-deleted
5'-TGCTCTTGACTAATGGGCTG and -undeleted animals

CAR KO 5'-CTCAACTCCTCCCACATTCAG; 559 bp Detects $C31-mediated deletion of CAR in KO mice

5'-TCCCATCCCCTGTGTTTCC

PCR primers and primer combinations used to determine the genotypes of WT mice and mice modified at the Pxr and Car loci.
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interactions in vivo. For example, we have shown that the induc-
tion of Cyp3all by DEX is mediated primarily by PXR, with the
murine receptor being most sensitive, whereas Cyp2b10 induction
is independent of both PXR and CAR and could be mediated by
the glucocorticoid receptor. Furthermore, although PB is reported
to activate PXR in vitro (16), our studies on the PXR/CAR panel
suggest that the PB-mediated activation of Cyp3all and Cyp2b10
in vivo is CAR-dependent, with PXR playing at best a minor role.
This demonstrates that the in vitro interaction of a compound
with PXR and CAR does not necessarily reflect its in vivo signifi-
cance. The above examples demonstrate why the use of a combi-
nation of CAR and PXR mice adds markedly to the elucidation of
how interactions with these transcription factors can affect drug
disposition and toxicity in humans.

In summary, there are many applications for mice nulled and/or
humanized for single or multiple transcription factors involved in
drug disposition in humans. One of our ongoing goals in this proj-
ect is to further increase the value of these models by introducing
human phase [, I, and III genes onto the hCAR/hPXR background.

Methods

Animal busbandry. Mice were kept in Tecniplast Sealsafe microisolator
cages. Food and water were available ad libitum. Light cycles were on a
13:11-hour light/dark cycle with the light phasing starting at 0600 hours.
Temperature and relative humidity were maintained between 21°C and
23°Cand 45% and 65%.

Construction of PXR- and CAR-targeting vectors: PXR. A 6-kb genomic
sequence within intron 1 of the mPxr gene comprising 6.5- to 0.5-kb
upstream of the translational start site and 4-kb 3’ to exon 2 was subcloned
by red/ET recombineering (46) and used as targeting arms for homologous
recombination. The remaining 0.5 kb of intron 1 and exon 2 up to the
translational start ATG of mPxr and exons 2-4 from a cDNA clone of the
hPXR gene were amplified by PCR. Both fragments were used in a fusion
PCR, so that the translational start ATG of the mPxr gene was fused to the
coding sequences of exons 2-4 of hPXR, whereby the start CTG of the hPXR
gene (36) was deleted. By subsequent steps of regular PCR and fusion PCR
cloning using a human BAC and PXR ¢DNA, a chimeric construct com-
prising mPxr start ATG and hPXR exons 2-4, intron 4, exon 5, intron 5,
and exons 6-9, including the translational stop site, was generated. Finally,
the 5" homology arm, chimeric humanization fragment, and the 3" homol-
ogy arm were subcloned into a predesigned vector, carrying 53 bp and
50 bp of the ¢C31 recognition sites attB and attP, respectively (47), an SV40
poly(A) signal, a self-constructed splice acceptor site followed by a poly(A)
signal, an flipase recombinase (FLP) recognition target-flanked hygromy-
cin expression cassette, and a ZsGreen expression cassette, to give rise to
the targeting vector depicted in Figure 2A.

Construction of PXR- and CAR-targeting vectors: CAR. 4.64 kb of genomic
sequence of the mCar gene immediately 5 of the translational start ATG
and 4.61 kb 3’ to exon 9 were subcloned by subsequent steps of PCR clon-
ing from a mouse BAC and used as targeting arms for homologous recom-
bination. The 5" homology arm was fused to a PCR amplified fragment of
CAR exon 2 and 253 bp of the 5’ part of intron 2 from a human BAC, such
that the translational start ATG of the mCar gene was fused to the coding
sequences of exon 2 of hCAR, whereby the start ATG of the hCAR gene was
deleted. 228 bp of the 3’ part of human intron 2 up to exon 9 including the
translational stop site and 182-bp 3’ UTR was assembled as a separate frag-
ment by consecutive steps of PCR cloning. Finally, the 5" homology arm,
including the coding region of hCAR exon 2 and the 5’ part of intron 2, the
fragment containing the 3’ part of human intron 2 and exons 3-9, and the 3’

homology arm, was subcloned into a predesigned vector, carrying the ¢C31
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recognition sites attB53 and attP50, an SV40 poly(A) signal, an FLP recogni-
tion target-flanked neomycin expression cassette, and a ZsGreen expression
cassette, to give rise to the targeting vector depicted in Figure 2B.

Generation and molecular characterization of targeted ES cells: PXR. Culture and
targeted mutagenesis of ES cells were carried out as previously described
(48). The targeting vector was linearized with NotI and electroporated into
a C57BL/6 mouse ES cell line. From 125 hygromycin-resistant and fluores-
cence-negative ES cell colonies screened by standard Southern blot analyses,
97 correctly targeted clones were identified. Six of these were expanded and
further analyzed by Southern blot analyses with different suitable restric-
tion enzymes, 5" and 3’ external probes, and an internal hygromycin probe.
Out of 6 clones, 5 were confirmed as correctly targeted at both homology
arms and didn’t carry additional random integrations (data not shown).

Generation and molecular characterization of targeted ES cells: CAR. The target-
ing vector was linearized with NotI and electroporated into one of the cor-
rectly targeted PXR ES clones described above. From 165 G418-resistant
and fluorescence-negative ES cell colonies screened by standard Southern
blot analyses, 41 correctly targeted clones were identified. Three out of 3
clones that were expanded and further analyzed by Southern blot analyses
as described above were confirmed as correctly targeted at both homology
arms and didn’t carry additional random integrations (data not shown).

Generation and molecular characterization of huPXR and huCAR mice and KOs.
One of the PXR single- and PXR/CAR double-targeted ES cell clones
described above was expanded, injected into BALBc-blastocysts, and trans-
ferred into foster mothers as previously described (48). Litters from these
fosters were visually inspected, and chimerism was determined by hair
color. Highly chimeric animals were used for further breeding in a C57BL/6
genetic background. Selection markers were removed in vivo by crossing
to an efficient FLP-deleter (FLPe-deleter) strain carrying a transgene that
expresses FLPe in the germ line. KOs were generated by crossing chimeras
to a mouse strain expressing the ¢C31 recombinase in the germ line (Fig-
ure 2, A and B). Both FLPe and ¢C31 deleter have been generated in house
on a C57BL/6 genetic background. The PXR single-targeted ES cell clone
was used to generate huPXR and KO animals, and the PXR/CAR double-
targeted ES cell clone was used to generate huCAR and KO animals as well
as huPXR/huCAR mice. The genotype of humanized and KO animals was
determined by combination of the PCRs listed in Table 1. The above proce-
dures and additional breeding steps resulted in the following mouse lines:
huPXR, huCAR, PXR KO, CAR KO, huPXR/huCAR, double-KO PXR and
CAR (PXR KO/CAR KO), huPXR/CAR KO, and PXR KO/huCAR.

Mouse lines used for validation experiments. Homozygously humanized
and KO mice for PXR and CAR were used for all studies. In the case
of humanized mice, the hygromycin and neomycin selection cassettes,
respectively, were removed by FLP-mediated deletion. WT C57BL/6 ani-
mals of the same genetic background and age purchased from Harlan
were used for control experiments.

Animals and treatments. All animal procedures were carried out under a
United Kingdom Home Office license, and all animal studies were approved
by the Ethical Review Committee, University of Dundee. Male, sexually
mature huPXR, huCAR, CAR KO, PXR KO, huPXR/huCAR, and WT (WT,
C57BL/6]) mice were dosed daily by i.p. injection with either the vehicle,
RIF (1,3, 10, 20, 40, 30, or 60 mg/kg/d), DEX (1, 3, 10, 30, or 60 mg/kg/d),
CITCO (2.5, 10, or 50 mg/kg/d), PCN (1 or 3 mg/kg/d), clotrimazole (3 or
30 mg/kg), or PB (40 mg/kg/d) for 4 days and sacrificed 24 hours after the
last dose. TCPOBOP (0.3, 1, 5, or 30 mg/kg/d) was administered by single
i.p. injection, and the animals were terminated after 24 hours.

Quantitative RT-PCR. hPXR, mPXR, hCAR, and mCAR RNA were analyzed
by quantitative RT-PCR (qRT-PCR) (TagMan). Total RNA was prepared
from small intestine using TRIzol reagent (Invitrogen) and from the
liver using the QIAGEN RNA Mini Kit. cDNA was synthesized from 1 ug
Volume 118 3237
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total RNA using the Quantiscript Reverse Transcriptase Kit (QIAGEN).
Primers used were from the following assay-on-demand kits: hPXR
Hs00243666_ml, mPXR Mm00803092_ml, mCAR Mm004437986_m]1,
hCAR Hs00231959_m1, and f-actin Mm00607939_m1 (Applied Biosys-
tems). qQRT-PCR reactions were performed using TagMan Universal PCR
Mastermix in an ABI PRISM 7000 Sequence Detection System (Applied
Biosystems). Data were analyzed using comparative cycling time method-
ology, in which fluorescent output, measured as Ct, was directly propor-
tional to input cDNA concentration. A Ct value of 40 was interpreted as
absence of gene expression, whereas Ct values in the range of 35 to 40 were
interpreted as being at the limit of detection of the TagMan and therefore
not quantitatively analyzed. Input cDNA concentrations were normal-
ized to murine B-actin. Values represent mean ACt values (Ct values for
each gene of interest normalized to the Ct values for the internal standard
f-actin) for all mice/genotype.

Sequencing analysis. RT-PCR was performed using RNA isolated from a
huPXR mouse and huCAR mouse using oligos to amplify the potential full-
length transcript. The oligos used were as follows: P6-F, 5'-GGAATTCAA-
CATGGAGGTGAGACCCAAAG-3'; hPXR-REV_3, 5'-TCAGCTACCTGT-
GATGCCGAACAAC-3'; CAR-F, 5'-CTCAAGGAAAGCAGGGTCAGC-3';
P-12F, 5'-GGATCCACCATGGCCAGTAGGGAAGATGAG-3'; and P-12R,
S'“TCAGCTACCTGTGATGCCGAACAAC-3'. One-step RT-PCR reaction
was conducted using Superscript RT-PCR Kit (Invitrogen). Sequence analy-
sis was performed by Lark Technologies Ltd. Alignments were performed
using TCoffee (htep://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.
cgi) and Contig express and Align-X programs of Vector NTI8 software.

Hepatic microsomal preparation. Mouse livers used were freshly harvested,
blotted, and weighed. The liver was scissor-minced in ice-cold KCI (1.15%,
w/v), then homogenized in ice-cold SET buffer (0.25 M sucrose, 5 mM
EDTA, and 20 mM Tris-HCL, pH 7.4) to make a 10% (w/v) homogenate
solution (9 ml SET buffer/1 g liver). Microsomes were prepared by centrifu-
gation first at 6441 g (Heraeus 6445 rotor/Sorvall legend RT centrifuge)
for 10 minutes at 4°C; then the supernatant was spun at 13864 g (Sorvall
F28/13 rotor) for 15 minutes at 4°C. The resulting supernatant was spun at
82187 g (Sorvall F28/13 rotor) for 90 minutes at 4°C, and the microsomal
pellets were resuspended in ice-cold SET buffer and stored at -70°C.

Immunoblot analysis. For Western blot analysis, microsomal protein
(5 ug) from individual or pooled (n = 3) mouse samples was separated
by SDS-PAGE, electrophoretically transferred to nitrocellulose mem-
branes, and probed using an anti-rat CYP3A1 polyclonal Ab and anti-
rat CYP2B1/2 polyclonal Ab (Biomedical Research Centre, University of
Dundee) (49) at 1:2000 dilutions. The detection of mouse Cyp3all or
Cyp2b10 by the corresponding rat antibodies was determined by Western
blots using recombinant Cyp3all and Cyp2b10 proteins (Figure 6, A and
B; Figure 7, A and B; and Figure 8, A and B). The secondary antibody was
anti-rabbit HRP conjugate, used at a dilution of 1:2000 (GE Healthcare).
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Detection of immunoreactive proteins was performed by an enhanced
chemiluminescence blot detection system (Amersham Biosciences).

CYP enzyme activity assays. Activity of Cyp2b10 in hepatic microsomes was
monitored using the preferred Cyp2b10 substrate, pentoxyresorufin. The
dealkylation of this compound was monitored in a 1 cm? cuvette contain-
ing 66 mM Tris-HCI buffer, pH 7.4, microsomes (20-50 ug), and 1 mM
pentoxyresorufin. The reactions were initiated by the addition of 50 uM
NADPH, and the rate of fluorescence was measured. As an internal control,
each microsomal mixture was spiked with 10 uM resorufin.

Dealkylation of BQ (20 mM), a Cyp3all preferred substrate, was mea-
sured in liver microsomes (20-50 pg) suspended in 66 mM Tris-HCI buf-
fer, pH 7.4. Assays were initiated by the addition of 50 uM NADPH to the
microsomal reaction and followed using a Hitachi F-4500 fluorescence
spectrophotometer with FL Solution 2.0 software. 7-Hydroxyquinoline
(7-HQ, 1 mM) was used as the internal standard.

Protein concentrations were measured using a modified version of the
method of Lowry (50) with bovine serum albumin standards. Values were
calculated and expressed as nmol/min/mg protein or pmol/min/mg pro-
tein for the BQ and PROD assays, respectively.

Midazolam and bupropion pharmacokinetic following treatment with CITCO.
A mixture of bupropion (87 mg/kg) and midazolam (0.9 mg/kg) was
administered i.p. to the WT and huCAR mice (groups of 4 mice), and 10 ul
blood samples were collected at 10, 20, 40, 60, 120, 240, and 360 minutes.
The mice then received 3 daily i.p. doses of CITCO (10 mg/kg). On day S of
the study, the midazolam and bupropion mixture was administered again
and blood samples collected for pharmacokinetic analysis. Concentrations
of midazolam and bupropion in the whole-blood samples were determined
using reverse-phase HPLC (Waters Corp.) with tandem mass spectrometric
detection (LC-MS/MS).

Statistics. Statistical significance was assessed to determine differences
following drug treatment between mouse lines using a two-tailed, paired,
Student’s ¢ test. The criterion for statistical significance was P < 0.05.
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