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ABSTRACT 

A mouse model with a hypomorphic NADPH-cytochrome P450 reductase (Cpr) gene 

(designated Cprlow allele) was generated and characterized in this study. The Cpr gene in these 

mice was disrupted by the insertion of a neo gene in intron 15, which led to 74%-95% decreases 

in CPR expression in all tissues examined, including olfactory mucosa, adrenal gland, brain, 

testis, ovary, lung, kidney, liver, and heart. In the liver, a pattern of pericentral distribution of 

CPR protein was preserved in the Cprlow/low mice, despite an overall reduction in CPR 

expression. Genotype distribution in F2 pups indicated limited embryonic lethality associated 

with the Cprlow allele, a finding that confirms the role of CPR-dependent enzymes in 

development. Adult male homozygotes had decreased body weight, and decreased heart, lung, 

and kidney weights, whereas homozygous Cprlow females, which had increased serum 

testosterone and progesterone, and decreased copulatory activities, were infertile. Furthermore, 

adult Cprlow/low mice had decreased plasma cholesterol, and some mice developed mild 

centrilobular hepatic lipidosis. In addition, despite apparently compensatory increases in total 

microsomal cytochrome P450 content in the liver and kidney, the decreases in CPR expression 

were accompanied by reductions in systemic clearance of pentobarbital, as well as in hepatic 

microsomal metabolism of acetaminophen and testosterone. These phenotypes illustrate the 

potential impact of a globally decreased CPR activity in human adults, and this novel knock-in 

mouse model provides a unique opportunity for further explorations of the in vivo roles of CPR 

and CPR-dependent enzymes. 
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 The NADPH-cytochrome P450 reductase (CPR), a microsomal flavoprotein, is the 

obligate redox partner of all microsomal cytochrome P450 (CYP) monooxygenases (Black and 

Coon, 1987; Strobel et al., 1995). Microsomal CYPs play important roles in the 

biotransformation of numerous endogenous and xenobiotic compounds (Porter and Coon, 1991). 

CPR is also essential for heme oxygenase function (Schacter et al., 1972; Gu et al., 2003), and it 

functions as a redox partner for cytochrome b5 (Enoch and Strittmatter, 1979; Porter, 2002), 

squalene monooxygenase (Ono and Bloch, 1975), 7-dehydrocholesterol reductase (Nishino and 

Ishibashi, 2000), and fatty acid elongase (Ilan et al., 1981).  

A critical role of CPR in embryonic development was recently demonstrated in knockout 

mouse models with germline deletion of the Cpr gene (Shen et al., 2002; Otto et al., 2003). 

Targeted deletion of the translation start site and membrane-binding domain of CPR led to 

multiple embryonic defects by mid-gestation, including abnormalities in neural tube, heart, eye, 

and limb, or a gross retardation of development, and eventually death by day 13.5 of gestation 

(Shen et al., 2002).  Limited embryonic lethality was also observed in heterozygotes. In a second 

study, deletion of exons 4-15 of Cpr, which contain the bulk of the coding sequence, led to 

inhibition of vasculogenesis and hematopoiesis, as well as defects in brain and limb, and 

ultimately death in early to middle gestation (Otto et al., 2003).  

The in vivo function of hepatic CPR in adult mice has also been examined in liver-

specific Cpr-null (liver-Cpr-null or Alb-Cre/Cprlox) mouse models (Gu et al., 2003; Henderson et 

al., 2003). The liver-Cpr-null mice were generated by mating transgenic (Alb-Cre) mice, which 

have liver-specific Cre recombinase expression, (Postic et al., 1999) with mice having floxed 

Cpr (Cprlox) alleles (Henderson et al., 2003; Wu et al., 2003). Liver-specific Cpr deletion 

essentially abolished liver microsomal CYP activities in homozygous adults, despite significant 
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compensatory increases in microsomal CYP content, and it led to substantial decreases in plasma 

cholesterol, and to the occurrence of severe hepatic lipidosis and necrosis (Gu et al., 2003; 

Henderson et al., 2003). The absence of hepatic CPR was also associated with a loss of hepatic 

microsomal heme oxygenase activity (Gu et al., 2003), and with decreases in serum triglycerides 

and in bile production (Henderson et al., 2003). Despite these phenotypes, the homozygous liver-

Cpr-null mice were normal in growth, development, and reproduction.  

 The availability of the Cprlox mice makes it possible to generate additional mouse models 

with selective deletion of the Cpr gene in a given tissue or cell type. These tissue-specific Cpr-

null mouse models will be valuable in the determination of tissue-specific functions of CPR and 

CPR-dependent enzymes. However, since the potential influences of genetic and environmental 

factors on human CPR activity are unlikely to occur in a tissue-specific fashion, it is desirable to 

also have an animal model with a global suppression of Cpr expression.  

 In the present study, a mouse model (designated CPR-low mouse) with a hypomorphic 

Cpr (Cprlow) allele was generated. The Cpr gene in these mice was disrupted by the insertion of 

neo in intron 15, leading to a global, substantial decrease in CPR expression. Embryonic stem 

cells containing the Cprlow allele were generated in a recent study, in which the neo gene was 

used as a marker for positive selection in the first step of our successful effort to obtain the Cprlox 

mice; neo was subsequently removed by Cre recombinase-mediated recombination (Wu et al., 

2003). This CPR-low mouse model was characterized with respect to the levels and patterns of 

residual CPR expression, and in order to identify any phenotypes in development, growth, and 

reproduction. The effects of the decreased CPR expression on CYP expression, and on CYP-

mediated metabolism of endogenous and xenobiotic compounds, were also examined. The 
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findings from our initial characterization of this novel knock-in mouse model identify the 

potential impact of a globally decreased CPR activity in human adults. 
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Materials and Methods 

 Targeting Vector. A 129/SvJ mouse BAC genomic library was screened by Genome 

Systems (St. Louis, MO), and one positive Cpr clone (#19020) was identified.  A 6.5-kb BamH I 

fragment (containing Cpr exons 3 to 15), a 2.1-kb EcoR I fragment (containing the 3'-end of 

intron 2), and a 2.0-kb BamH I-Sph I fragment (containing exon 16 and 3’-flanking sequence) 

were isolated and subcloned in pUC18 (New England Biolabs, Beverly, MA). The targeting 

vector (Fig. 1), which has been described recently (Wu et al., 2003), was linearized with Sal I, 

and was concentrated to 1 mg/ml using a Microcon 30 spin column (Amicon, Billerica, MA). 

 Electroporation and Selection of Embryonic Stem Cells. Electroporation and selection 

of embryonic stem cells, as well as blastocyst injection, were performed in the Transgenic and 

Knockout Core Facility of the Wadsworth Center. CJ7 embryonic stem cells (Swiatek and 

Gridley, 1993) at passage 4 were used for electroporation. Following electroporation, cells were 

cultured on tissue culture plates containing mitomycin C-treated primary embryonic fibroblast 

feeder layers prepared from a transgenic mouse line that expresses the neomycin-resistance gene 

(neo) (Stewart et al., 1992). After 24 h, the media was replaced with selection media containing, 

in addition to routine supplements, G418 (Invitrogen, Carlsbad, CA; 250 µg active 

ingredient/ml) and ganciclovir (Syntex, Boulder, Co; 2 µM). Individual G418- and ganciclovir-

resistant embryonic stem cell clones were screened using polymerase chain reaction (PCR) and 

Southern blot analysis (Wu et al., 2003).  Integrity of the LoxP sites was confirmed by 

sequencing of the PCR products. 

 Blastocyst Injection and Animal Breeding. Embryonic stem cells from two positive 

clones were trypsinized, centrifuged, and re-suspended in injection media (Hogan et al., 1994). 

Embryonic stem cells were injected into the blastocysts from C57BL/6J (B6) female mice. The 
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blastocysts were implanted into the uterus of a pseudopregnant B6/CBA F1 mouse to generate 

offspring.  The male chimeras were bred with wild-type B6 female mice to obtain germline 

transmission F1 mice that are heterozygous for the mutant allele.  The F2 homozygotes were 

obtained by intercrossing the F1 heterozygotes. The structure of the modified Cpr locus in the 

Cprlow mice was determined by PCR and Southern blot analysis. 

 General Characterization of Mice with Cprlow Allele. The distribution of wild type and 

Cprlow alleles in the offspring of intercrossed heterozygotes was examined to detect potential in 

utero lethality. B6 and 129/Sv mice, which were used as wild-type control strains, were obtained 

from breeding stocks maintained at the Wadsworth Center. Control and Cprlow mice were 

weighed at 1 month and 3 months, to monitor growth rates. Various organs, including lung, 

heart, liver, kidney, adrenal glands, testes, ovary, brain, and olfactory mucosa, were collected (at 

1 week, 1 month, and 3 months) and weighed, prior to storage at –80oC. The food-finding 

behavior test was performed as described recently (Zhuo et al., 2004). 

 For a determination of the fertility of the Cprlow mice, homozygous Cprlow males and 

females were initially mixed with each other, and the number of litters was recorded after 3 

months. Subsequently, male B6 mice were crossed with female heterozygous or homozygous 

Cprlow mice. The number of copulatory plugs was recorded daily in the morning for 1 month, and 

the number of litters and pups was also counted until the end of 2 months. The colonies were 

maintained by crossing homozygous male with heterozygous females. 

 The pentobarbital clearance test was performed essentially as described by Tsuji and 

coworkers (Tsuji et al., 1996). Male, ~4-month-old, B6, 129/Sv, and homozygous Cprlow mice 

were treated with a single i.p. dose of pentobarbital (60 mg/kg; Sigma, St. Louis, MO) in 

phosphate-buffered saline (2.7 mM KCl, 1.5 mM KH2PO4, 134 mM NaCl, and 8.2 mM 
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Na2HPO4). Histological examination of various organs was performed by the Pathology 

Laboratory of the Wadsworth Center, as described recently for the liver-Cpr-null mice (Gu et al., 

2003).  

 Determination of Microsomal CYP Activities. All assays were carried out in duplicate. 

The rates of product formation were corrected for zero-time blanks that were quenched prior to 

the addition of NADPH. Reactions were carried out for lengths of time that permitted 

determination of initial rates. Metabolites of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone 

(NNK) were analyzed using radiometric high pressure liquid chromatography, with [5-3H]NNK 

(Chemsyn Science, Lenexa, KS) as the substrate (Su et al., 2000). Metabolic activation of 

acetaminophen was assayed by a determination of the rates of formation of glutathione-AP 

adduct (Gu et al., 1998). Metabolism of testosterone was assayed essentially as described earlier 

(Hua et al., 1997), with the use of [1,2,6,7-3H]testosterone (95 Ci/mmol) (NEN Life Science, 

Boston, MA).  

 Determination of Serum Levels of Cholesterol, Testosterone, and Progesterone. 

Plasma cholesterol level was determined as described (Gu et al., 2003). For determination of 

serum steroids, blood from each mouse was collected by cardiac puncture and allowed to clot for 

1 h at room temperature. Serum was then frozen at –80oC until use. Enzyme immunoassay kits 

were used for the determination of serum concentrations of testosterone (Neogen, Lexington, 

KY) and progesterone (Assay Designs, Ann Arbor, MI). Steroids were extracted before the 

assays with diethyl ether (from 100 µl of serum for each determination), according to the kit’s 

instructions; extraction efficiency was ~80%.  

 Immunohistochemical Analysis of CPR Expression in Mouse Liver. Paraffin sections 

of liver from 3-week-old mice were processed for immunohistochemistry by a standard protocol 
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(Chen et al., 2003). Endogenous peroxidase was blocked with 3% H2O2. All tissue sections were 

subjected to antigen-retrieval with the Citra solution (pH 6.0; Biogenex, San Ramon, CA), and 

were incubated with a protein block (Dako, Carpinteria, CA) to prevent nonspecific binding. For 

detection of CPR protein, the tissue sections were incubated overnight at 25oC with a polyclonal 

rabbit anti-rat CPR antiserum, at a 1:500 dilution. Antigenic sites were visualized using reagents 

from Biogenex, including biotinylated goat anti-rabbit secondary antibody (at 1:10 dilution), 

peroxidase-conjugated streptavidin complex, and 3-amino-9-ethylcarbazole chromogen (which 

produces a pink to purple-red color). For control experiments, the sections were incubated with 

normal rabbit serum (Biogenex), in place of the primary antibody. 

 Other Methods and Materials. Preparation of microsomal or postmitochondrial S9 

fractions and immunoblot analysis were carried out essentially as described previously (Ding and 

Coon, 1990; Gu et al., 1997). Protein concentration was determined by the bicinchoninic acid 

method (Pierce Chemical, Rockford, IL) with bovine serum album as the standard. Microsomal 

CYP concentration was determined by CO-difference spectroscopy (Omura and Sato, 1964). 

Microsomal CPR protein level was determined by immunoblot (Gu et al., 2003); the intensity of 

the detected bands was quantified with a densitometer. The amounts of protein loaded and the 

film exposure time were adjusted to provide band intensities in the linear range of the 

densitometer for immunoblot quantitation. Statistical significance of differences between two 

groups in various parameters was examined using Student’s t-test. Genotype distribution was 

analyzed using the Chi-square test.  
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Results 

Insertion of neo in Intron 15 Led to Global Suppression of Cpr Expression. As an 

intermediate step in the generation of a floxed Cpr allele, a loxP site was inserted into intron 2, 

and a neo gene flanked by two loxP sites was introduced into intron 15 of the mouse Cpr gene 

(Wu et al., 2003). The structure and restriction map of the recombinant Cpr allele, with the neo 

gene insert, are shown in Figure 1A. Homologous recombinant embryonic stem cell clones were 

identified using the primers and probes shown in Figure 1A. Two positive embryonic stem cell 

clones, #135 and #142, were used for injection into the blastocoele cavities of B6 embryos. Nine 

male chimeras, two from #142 (#2856 and #2857), and seven from #135 (#2880-#2886), were 

identified, seven of which were subsequently able to transmit the targeted Cpr allele to F1 

progeny upon breeding with wild-type B6 female mice.  

 The presence in the mutant mice of the loxP site and the floxed neo gene in introns 2 and 

15, respectively, was confirmed by PCR and Southern blot analysis, as shown in Figure 1, panels 

B-D. For PCR analysis of the intron-15 insertion (Fig. 1B), the primer R1 is external to the target 

sequence, and it therefore only detects the alleles derived from a homologous recombination, but 

not alleles with random-integrated targeting construct. From the analysis of the loxP site in 

intron 2 (Fig. 1C), we determined that the relative levels of PCR products corresponding to the 

wild-type and the recombinant alleles were about the same in heterozygotes, indicating that no 

non-specific integration of the targeting construct was occurring. This was confirmed by 

Southern blot data, which indicated a single band in EcoR I-digested genomic DNA from 

homozygous mutant mice, and two bands of equal intensity (and with the expected sizes) in 

heterozygotes, detected by the Int P probe (Fig. 1D) or the 3’P probe (not shown). 
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 The insertion of neo led to dramatic decreases in CPR expression in all tissues examined, 

including olfactory mucosa, adrenal gland, brain, testis, ovary, lung, kidney, liver, and heart (Fig. 

2 and Table 1). As shown in Figure 2, the levels of CPR protein in microsomes or 

postmitochondrial S9 fractions from mice homozygous for the targeted Cpr allele were much 

lower than the levels from the two parental wild-type strains (B6 and 129/Sv) at 7, 30, and 90 

days after birth. There was no significant difference between B6 and 129/Sv mice in the level of 

CPR protein in any of these organs. Quantitative immunoblot analysis of CPR protein levels in 

five selected organs (Table 1) indicated that the extent of decrease in the Cprlow/low mice, 

compared with the B6 mice, ranged from 74% to 95%, with the greatest reductions found in 

female brain at all three ages, and in male and female lung at 90 days after birth. The extent of 

decrease in liver microsomal CPR level in heterozygotes was about one-half of that in the 

homozygotes (data not shown). Similar deficiencies in CPR expression were found in five mouse 

lines examined (#2857, #2880, #2882, #2883, #2886); therefore, only two lines (#2882 and 

#2857) were used for further studies. Reduced CPR expression was also confirmed in 8-month-

old homozygotes (data not shown). 

 Cellular distribution of the reduction in hepatic CPR expression was examined by 

immunohistochemical analysis of liver tissue sections from 3-week-old mice. As shown in 

Figure 3, CPR protein was detected primarily in centrilobular hepatocytes in control mice with 

normal CPR expression (panel A).  In the livers of the Cprlow/low mice, there was a general 

reduction in staining intensity, but the pattern of staining was not changed; this is consistent with 

a reduction of CPR expression in all cells (panel B).  This result contrasts markedly with the 

staining pattern in the liver of an Alb-Cre/Cprlox/lox double transgenic mouse, with Cre-mediated 

liver-specific deletion of the Cpr gene (Gu et al., 2003); in these mice, no staining could be 
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detected in association with a particular lobular zone, but intense staining was seen in randomly 

distributed small clusters of cells (panel C). These cells probably represent hepatocytes in which 

Cre protein levels are not yet sufficient to cause deletion of the floxed Cpr gene. It had been 

shown previously that the liver microsomal CPR level in 3-week-old Alb-Cre/Cprlox/lox mice was 

about 18% of that in wild-type mice (Gu et al., 2003). The high intensity of CPR staining in 

these cells, in regions normally expressing CPR at only low levels, suggests that CPR expression 

is up-regulated in cells that still have a functional Cpr gene.  

Impact of Reduced CPR Levels on Growth and Fertility. Growth rates of the 

Cprlow/low mice were compared to those of B6 and 129/Sv mice at 1 and 3 months of age. 

Although the Cprlow/low mice were normal in general appearance, the body weights of males were 

significantly lower (by 10-15%) than those of B6 and 129/Sv males, at both 1 month and 3 

months of age (Table 2). The body weights of the Cprlow/low females were significantly lower than 

those of B6 females at both time points (by about 10%), but they were not significantly different 

from those of 129/Sv females. The heart, lung, and kidney weights were significantly decreased 

in the Cprlow/low males at 3 months of age (by about 20-30%), compared to B6 and 129/Sv males 

(Table 3). The weights of other organs examined (adrenal gland, liver, brain, testis, and ovary) 

were not affected at 3 months of age, nor were the weights of any of the examined organs at 1 

week or 1 month of age, in either males or females (not shown). In addition, the Cprlow/low mice 

apparently had normal olfactory ability, as demonstrated in a food-finding behavioral test. Thus, 

male, 3-month-old Cprlow/low mice took 45 ± 23 s (n=10) to find a buried food pellet, a time not 

significantly different from that taken by B6 mice (52 ± 29 s; n=10; p=0.58), and only 

marginally different from that taken by the 129/Sv mice (69 ± 27 s; n=10; p=0.042) in the same 
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experiment. Both homozygotes and heterozygotes appeared to have normal life span; >90% of 

those retained for an aging experiment lived longer than 24 months. 

Initial histopathologic examination of tissues from three male and three female 

homozygotes (about 3-months old) revealed no abnormalities in any of the major organ systems, 

except for a mild centrilobular hepatic lipidosis in two of the three female homozygotes. In 

further studies, mild centrilobular hepatic lipidosis was detected in three of four 4-month-old 

homozygotes, and in two of 11 2- to 3-month-old homozygotes examined (data not shown). 

Breeding statistics suggested the occurrence of embryonic lethality for both 

heterozygotes and homozygotes (Table 4). Among 207 F2 pups, obtained from intercrosses of F1 

heterozygotes, the numbers of homozygous and heterozygous offspring were significantly lower 

than the numbers predicted according to Mendelian distribution. It appears that about 40% each 

of the heterozygous and homozygous fetuses died in the uterus. The decreased embryonic 

survival affected both males and females.  

Initial efforts to establish F2 Cprlow/low breeding pairs were unsuccessful, a fact which 

suggested possible deficiencies in reproductive ability in the homozygotes. To determine the 

fertility of the male and female Cprlow/low mice, we bred the male homozygotes with B6 females, 

and the female homozygotes with B6 males, in preliminary studies. The results (not shown) 

indicated that, whereas the male homozygotes were fertile, the female homozygotes were not. 

Therefore, the mutant mouse colonies were maintained by breeding the male homozygotes with 

female heterozygotes; 12 of 14 such breeding pairs were fertile, averaging six pups per litter.   

To further investigate the extent and mechanisms of the female infertility, we paired 10 

wild-type B6 males with 10 heterozygous females, and another nine wild-type B6 males with 

nine homozygous females. As shown in Table 5, eight of the 10 heterozygous females had 
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copulatory plugs (which appeared between 2 and 10 days after pairing), whereas only four of the 

nine homozygous females had copulatory plugs (which appeared between 13 and 20 days after 

pairing). The eight heterozygous females with plugs all became pregnant, and produced a total of 

61 pups, whereas the four homozygous females with plugs did not produce any pups. In another 

experiment (Table 5, Experiment 2), the females in five of 12 breeding pairs of wild-type B6 

males and homozygous females had copulatory plugs (which appeared between 3 and 22 days 

after pairing); three of the five females became pregnant, and produced a total of eight pups. 

Thus, the male Cprlow/low mice are fertile, whereas the female Cprlow/low mice have severely 

impaired reproductive ability. However, histopathologic examination of 3-month old female 

homozygotes indicated that the ovaries have normal corpora lutea and follicles (data not shown). 

Impact of Reduced CPR Levels on Circulating Hormone Levels. The female 

reproductive deficiency, despite a lack of structural abnormality in the reproductive organs, 

suggested disturbance in sex hormone levels in the female homozygotes. As shown in Table 6, 

the levels of serum progesterone and testosterone were both significantly elevated in female 

Cprlow/low mice. The extent of the increases (2.3- to 3.8-fold for testosterone, and 3.8- to 6.7-fold 

for progesterone) was much greater in value than the strain difference seen between B6 and 

129/Sv mice in the circulating levels of these hormones.  

Similar to previous findings with the liver-Cpr-null mice (Gu et al., 2003; Henderson et 

al., 2003), the level of circulating cholesterol was decreased in the Cprlow/low mice, but the extent 

of decrease in the Cprlow/low mice was not as great as in mice with liver-specific deletion of the 

Cpr gene. Thus, plasma total cholesterol levels (mmol/l) in 4-month-old male Cprlow/low mice (2.1 

± 0.6 (mean ± S.D.); n=5) were about 49% lower (p < 0.01) than in the 129/Sv mice (4.1 ± 0.8; 

n=5), and 25% lower (p = 0.07) than in the B6 mice (2.8 ± 0.4; n=5); note, however, that the 
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latter difference did not reach statistical significance.  

Impact of Reduced CPR Levels on Microsomal CYP Activities and in vivo 

Pentobarbital Clearance. Liver microsomal testosterone hydroxylase activities (per mg of 

microsomal protein) were 50-60% lower in the Cprlow/low mice than in the parental wild-type 

strains at 3 months of age (Table 7) for both male and female mice. This finding is consistent 

with the increased plasma testosterone levels in the Cprlow/low mice, although hepatic clearance is 

not the only pathway by which serum testosterone levels are regulated. Similar decreases in 

microsomal CYP activity were also observed for the metabolic activation of acetaminophen. For 

this drug, a strain difference in the rates of liver microsomal metabolism was found in females, 

but not in males (Table 7). Furthermore, consistent with the decreases in hepatic CYP-mediated 

metabolic activity, the Cprlow/low mice showed a significantly decreased ability to clear 

pentobarbital (Table 8). The reduced CPR expression in the Cprlow/low mice also led to decreases 

in microsomal CYP activities in extrahepatic tissues, such as the lung. The rates of pulmonary 

microsomal metabolic activation of NNK were >50% lower in the Cprlow/low mice than in either 

of the wild-type parental strains (data not shown).  

Impact of Reduced CPR Levels on the Expression of Microsomal CYP in Liver and 

Kidney. As shown in Table 9, total microsomal CYP content was significantly increased in both 

liver (1.5- to 2.3-fold) and kidney (2.0- to 3.6-fold) of the Cprlow/low mice, compared to the 

parental wild-type strains. This result contrasts with the liver-specific CYP induction found 

previously in the liver-specific Cpr-knockout mice (Gu et al., 2003), in which no increase in 

renal microsomal CYP was detected.  
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Discussion 

The neo gene is frequently used as a selection marker in gene-targeting experiments 

(Soriano et al., 1991). The insertion of neo may affect expression of the target gene; therefore, it 

is usually desirable to remove the neo cassette from the floxed allele in conditional gene-

targeting experiments (Nagy, 2000), as was done in our Cprlox mouse model (Wu et al., 2003). In 

the present study, embryonic stem cells with the floxed neo cassette inserted in the last intron of 

Cpr were used for the generation of knock-in mice. The neo cassette was in the reverse 

orientation to Cpr, a situation that is likely to cause greater compromise of the expression of the 

target gene than if neo was inserted in the same orientation as the target gene (Jacks et al., 1994; 

Nagy, 2000). The varying extents of CPR loss in different organs of our Cprlow/low mice may be 

due either to tissue differences in the extent of feedback induction of CPR expression, or to 

differences in the strength of the Cpr promoter. 

Germline deletion of mouse Cpr is known to cause embryonic death (Shen et al., 2002; 

Otto et al., 2003). The limited embryonic lethality observed for the Cprlow/+ and Cprlow/low mice 

seems to reflect the fact that CPR expression is not completely lost in these mice, but it is not yet 

clear why there was not a greater lethality for the Cprlow/low fetuses than for the Cprlow/+ fetuses. 

Our observation, that even a <50% reduction in CPR level can hinder embryonic development, 

confirms the earlier report by Shen and co-workers (Shen et al., 2002), in which a limited 

embryonic lethality was observed in heterozygous germline Cpr-null mice. Notably, the limited 

embryonic lethality in the Cprlow/+ and Cprlow/low mice was unlikely to be due to non-specific 

mutations, since the Cprlox mouse that was derived from the Cprlow/+ embryonic stem cells does 

not show any embryonic lethality (Wu et al., 2003). The impact of the decreased CPR expression 

on development was also evidenced as a reduction in body weight, and in heart, lung, and kidney 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 24, 2004 as DOI: 10.1124/jpet.104.073353

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #73353 

 18

weights, in male Cprlow/low mice. Although the three organs did not show any gross structural 

abnormalities, it remains to be determined whether their physiological functions are fully intact.  

Female Cprlow/low mice have severely impaired reproductive ability, but males and 

heterozygous females are fertile. Impairment of reproductive ability was also observed following 

targeted deletion of Cyp19 (aromatase) in both males and females (Fisher et al., 1998; Honda et 

al., 1998; Robertson et al., 1999). However, unlike the phenotypes in the Cyp19-null mice, the 

infertility in the female Cprlow/low mice was not associated with any overt structural alterations in 

the reproductive organs. The precise mechanism of female infertility in the Cprlow/low mice has 

not been identified, but the sterility appears to be at least partly due to a disruption of steroid 

hormone homeostasis; this disruption includes increases in the levels of circulating progesterone 

and testosterone, and probably other hormonal changes that have yet to be characterized. The 

apparent decrease in copulatory activity in these females additionally suggests an involvement of 

neuroendocrine mechanisms.  

Major differences exist between the Cprlow/low mice and the liver-specific Cpr-null mice 

(Gu et al., 2003; Henderson et al., 2003). The reduction in CPR expression is global in the 

Cprlow/low mice, whereas the loss of CPR expression was limited to hepatocytes in the liver-Cpr-

null mice. In the Cprlow/low mice, the residual amount of CPR protein may still provide limited 

electron transfer for the functions of those CPR partners that are involved in essential biological 

pathways. On the other hand, in the conditional Cpr-null models, a cell will either have or not 

have a functional Cpr gene; thus, all CPR-dependent pathways will be affected in cells that have 

undergone Cre-mediated Cpr gene deletion. Furthermore, the drastic decrease in CPR expression 

appears to occur relatively early in development (at least as early as 1 week after birth) in the 

Cprlow/low mice, whereas in the liver-Cpr-null mice, loss of CPR was not yet complete at 3 weeks 
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of age (Gu et al., 2003). Moreover, the pattern of pericentral distribution of CPR protein was 

preserved in the Cprlow/low mice, despite an overall reduction in CPR expression, whereas this 

zonal distribution pattern was abolished in the liver-Cpr-null mice. These differences will likely 

affect the outcome of experiments designed to study the in vivo role of CPR-dependent enzymes 

using these mouse models. 

Decreases in plasma cholesterol were previously observed in the liver-Cpr-null mice, as 

was the occurrence of hepatic lipidosis and necrosis (Gu et al., 2003; Henderson et al., 2003). 

However, in accord with the partial loss of CPR expression, the Cprlow/low mice had much lower 

extents of decrease in circulating cholesterol levels than did the liver-Cpr-null mice. Similarly, 

hepatic lipidosis was only mild, and focal, in the Cprlow/low mice, and was only seen in some 

animals, while necrosis was never detected. On the other hand, the liver-Cpr-null mice, unlike 

the CPR-low mice, had normal fertility (Gu et al., 2003), despite a near-complete loss of liver 

microsomal CYP activities for steroid-hormone metabolism. It is likely that the drastic decrease 

in cholesterol biosynthesis in the liver-Cpr-null mice has resulted in a reduced biosynthesis of 

sex-steroid hormones, thus circumventing the abnormal accumulation of reproductive hormones 

that is seen in the CPR-low mice.  

Significant increases in total CYP content were found in the kidneys, as well as in the 

liver, of the Cprlow/low mice, a result that contrasts with the tissue-specific CYP induction in the 

liver of the liver-Cpr-null mice (Gu et al., 2003), and suggests that the increases in CYP 

expression seen in both mouse models occurred in response to intracellular signals - rather than 

systemic signals - upon a loss or a substantial decrease in CPR expression. The effects of CPR 

loss on CYP expression in other extrahepatic tissues of the Cprlow/low mice are currently under 

investigation, including the specific CYPs affected, and potential tissue differences. We 
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anticipate that the Cprlow/low mouse model will be valuable for the identification of the 

mechanistic aspects of regulation of microsomal CYP expression in various extrahepatic tissues, 

such as the involvement of endogenous CYP substrates or metabolites in the induction process. 

The apparently compensatory increases in CYP expression in the Cprlow/low mouse may 

have reduced the impact of the decreased CPR levels on microsomal CYP-dependent activities. 

However, the striking zonal expression pattern of CPR expression in the liver suggests that 

induction of CYP in cells with very low expression of CPR (e.g., interlobular hepatocytes) would 

not significantly increase intracellular CYP activity. Nonetheless, the increase in total 

microsomal CYP level will serve to increase in vitro CYP activity when cells with low or high 

CPR levels are mixed by homogenization, leading to underestimation of the impact of the partial 

CPR loss on CYP-mediated activities in vivo.  

The Cprlow/low mice also differ from the germline Cpr-null mice, which are embryonic 

lethal (Shen et al., 2002; Otto et al., 2003), in that their CPR expression is globally reduced, but 

not abolished. The residual amount of CPR expression in the Cprlow/low mice appears to be 

sufficient for most essential biological functions in adult mice, thus providing a unique animal 

model in which to study the potential impact of a reduction in CPR activity on the 

biotransformation of various endogenous and xenobiotic compounds in human adults. In this 

regard, although a < 3-fold variation in the level of CPR protein was found in human liver 

microsomes in a previous study (Yamano et al., 1989), the impact of such relatively small 

variations in the mean CPR level on the in vivo function of microsomal CYPs and other CPR-

dependent enzymes will be more significant when we consider the zonal distribution of CPR 

protein, particularly for those enzymes that have lower affinities for CPR (Trakshel et al., 1986; 

Backes and Kelley, 2003). Genetic polymorphisms of the human CPR have not been thoroughly 
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characterized, although variant forms have been known for some time (Shephard et al., 1992). 

However, several functionally significant single-nucleotide polymorphisms were identified in a 

recent study, in which CPR mutations were associated with disordered steroidogenesis (Flück et 

al., 2004). In addition, it is known that CPR activity can be inhibited by a variety of drugs and 

other chemical agents, such as cyclophosphamide (Marinello et al., 1981), ellipticine (Guenthner 

et al., 1980), and cadmium (Trakshel et al., 1986). 

 In summary, we have generated and characterized a mouse model that has globally 

decreased CPR expression. A >70% loss in CPR expression led to limited embryonic lethality. 

Adult CPR-low mice, although they appear to be affected to a lesser extent than are developing 

fetuses by the decreased CPR expression, show impaired reproductive ability (in the females), 

and significant decreases in microsomal CYP-mediated metabolism of endogenous and 

xenobiotic compounds. Further characterization of this novel knock-in mouse model will 

improve our understanding of the in vivo roles of CPR and CPR-dependent enzymes, and the 

potential involvement of these enzymes in human diseases. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 24, 2004 as DOI: 10.1124/jpet.104.073353

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #73353 

 22

Acknowledgments 

 We thank Ms. Qunhui Ye for technical assistance, and Dr. Adriana Verschoor for reading 

the manuscript. We also gratefully acknowledge the use of the Biochemistry, Molecular 

Genetics, and Transgenic/Knockout Mouse Core Facilities of the Wadsworth Center.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 24, 2004 as DOI: 10.1124/jpet.104.073353

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #73353 

 23

References 

Backes WL and Kelley RW (2003) Organization of multiple cytochrome P450s with NADPH-

cytochrome P450 reductase in membranes. Pharmacol Ther 98:221-233. 

Black SD and Coon MJ (1987) P-450 cytochromes: structure and function. Adv Enzymol Relat 

Areas Mol Biol 60:35-87. 

Chen Y, Liu YQ, Su T, Ren X, Shi L, Liu DZ, Gu J, Zhang Q-Y, and Ding X (2003) 

Immunoblot analysis and immunohistochemical characterization of CYP2A expression in 

human olfactory mucosa. Biochem Pharmacol 66:1245-1251. 

Ding X and Coon MJ (1990) Immunochemical characterization of multiple forms of cytochrome 

P-450 in rabbit nasal microsomes and evidence for tissue-specific expression of P-450s 

NMa and NMb. Mol Pharmacol 37:489-496. 

Enoch HG and Strittmatter P (1979) Cytochrome b5 reduction by NADPH-cytochrome P-450 

reductase. J Biol Chem 254:8976-8981. 

Fisher CR, Graves KH, Parlow AF, and Simpson ER (1998) Characterization of mice deficient 

in aromatase (Arko) because of targeted disruption of the Cyp19 gene. Proc Natl Acad Sci 

USA 95:6965-6970. 

Fluck CE, Tajima T, Pandey AV, Arlt W, Okuhara K, Verge CF, Jabs EW, Mendonca BB, 

Fujieda K, and Miller WL (2004) Mutant P450 oxidoreductase causes disordered 

steroidogenesis with and without Antley-Bixler syndrome. Nat Genet 36:228-230. 

Gu J, Walker VE, Lipinskas TW, Walker DM, and Ding X (1997) Intraperitoneal administration 

of coumarin causes tissue-selective depletion of cytochromes P450 and cytotoxicity in 

the olfactory mucosa. Toxicol Appl Pharmacol 146:134-143. 

Gu J, Weng Y, Zhang QY, Cui HD, Behr M, Wu L, Yang WZ, Zhang L, and Ding X (2003) 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 24, 2004 as DOI: 10.1124/jpet.104.073353

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #73353 

 24

Liver-specific deletion of the NADPH-cytochrome P450 reductase gene - Impact on 

plasma cholesterol homeostasis and the function and regulation of microsomal cytochrome 

P450 and heme oxygenase. J Biol Chem 278:25895-25901. 

Gu J, Zhang QY, Genter MB, Lipinskas TW, Negishi M, Nebert DW, and Ding X (1998) 

Purification and characterization of heterologously expressed mouse CYP2A5 and 

CYP2G1: role in metabolic activation of acetaminophen and 2,6-dichlorobenzonitrile in 

mouse olfactory mucosal microsomes. J Pharmacol Exp Ther 285 :1287-1295. 

Guenthner TM, Kahl GF, and Nebert DW (1980) NADPH-cytochrome P-450 reductase: 

preferential inhibition by ellipticine and other type II compounds having little effect on 

NADPH-cytochrome c reductase. Biochem Pharmacol 29:89-95. 

Henderson CJ, Otto DME, Carrie D, Magnuson MA, McLaren AW, Rosewell I, Wolf CR (2003) 

Inactivation of the hepatic cytochrome P450 system by conditional deletion of hepatic 

cytochrome P450 reductase. J Biol Chem 278:13480-13486. 

Hogan B, Bedelington R, Costantini F, and Lacy E (1994) Manipulating the Mouse Embryo: A 

Laboratory Manual, 2nd Ed, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY   

Honda S, Harada N, Ito S, Takagi Y, and Maeda S (1998) Disruption of sexual behavior in male 

aromatase-deficient mice lacking exons 1 and 2 of the cyp19 gene. Biochem Biophys Res 

Commun 252:445-449. 

Hua Z, Zhang QY, Su T, Lipinskas TW, and Ding X (1997) cDNA cloning, heterologous 

expression, and characterization of mouse CYP2G1, an olfactory-specific steroid 

hydroxylase. Arch Biochem Biophys 340:208-214. 

Ilan Z, Ilan R, and Cinti DL (1981) Evidence for a new physiological role of hepatic 

NADPH:ferricytochrome (P-450) oxidoreductase. Direct electron input to the microsomal 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 24, 2004 as DOI: 10.1124/jpet.104.073353

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #73353 

 25

fatty acid chain elongation system. J Biol Chem 256:10066-10072. 

Jacks T, Shih TS, Schmitt EM, Bronson RT, Bernards A, and Weinberg RA (1994) Tumour 

predisposition in mice heterozygous for a targeted mutation in Nf1. Nat Genet 7:353-361. 

Marinello AJ, Berrigan MJ, Struck RF, Guengerich FP, and Gurtoo HL (1981) Inhibition of 

NADPH-cytochrome P450 reductase by cyclophosphamide and its metabolites. Biochem 

Biophys Res Commun 99:399-406. 

Nagy A (2000) Cre recombinase: the universal reagent for genome tailoring. Genesis 26:99–109 

Nishino H and Ishibashi T (2000) Evidence for requirement of NADPH-cytochrome P450 

oxidoreductase in the microsomal NADPH-sterol Delta7-reductase system. Arch Biochem 

Biophys 374:293-298. 

Omura T and Sato R (1964) The carbon monoxide-binding protein of liver microsomes. I. 

Evidence for its hemoprotein nature. J Biol Chem 239:2370-2378 

Ono T and Bloch K (1975) Solubilization and partial characterization of rat liver squalene 

epoxidase. J Biol Chem 250:1571-1579. 

Otto DME, Henderson CJ, Carrie D, Davey M, Gundersen TE, Blomhoff R, Adams RH, Tickle 

C, and Wolf CR (2003) Identification of novel roles of the cytochrome P450 system in 

early embryogenesis: Effects on vasculogenesis and retinoic acid homeostasis. Mol Cell 

Biol 23:6103-6116.  

Porter TD (2002) The roles of cytochrome b(5) in cytochrome P450 reactions. J Biochem Mol 

Toxicol 16:311-316. 

Porter TD and Coon MJ (1991) Cytochrome P-450. Multiplicity of isoforms, substrates, and 

catalytic and regulatory mechanisms. J Biol Chem 266:13469-13472. 

Postic C, Shiota M, Niswender KD, Jetton TL, Chen YJ, Moates JM, Shelton KD, Lindner J, 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 24, 2004 as DOI: 10.1124/jpet.104.073353

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #73353 

 26

Cherrington AD, and Magnuson MA (1999) Dual roles for glucokinase in glucose 

homeostasis as determined by liver and pancreatic beta cell-specific gene knock-outs using 

Cre recombinase. J Biol Chem 274:305-315. 

Robertson KM, O'Donnell L, Jones MEE, Meachem SJ, Boon WC, Fisher CR, Graves KH, 

McLachlan RI, and Simpson ER (1999) Impairment of spermatogenesis in mice lacking a 

functional aromatase (Cyp19) gene. Proc Natl Acad Sci USA 96:7986-7991. 

Schacter BA, Nelson EB, Marver HS, and Masters BS (1972) Immunochemical evidence for an 

association of heme oxygenase with the microsomal electron transport system. J Biol Chem 

247:3601-3607. 

Shen AL, O'Leary KA, and Kasper CB (2002) Association of multiple developmental defects 

and embryonic lethality with loss of microsomal NADPH-cytochrome P450 

oxidoreductase. J Biol Chem 277:6536-6541. 

Shephard EA, Palmer CN, Segall HJ, and Phillips IR (1992) Quantification of cytochrome P450 

reductase gene expression in human tissues. Arch Biochem Biophys 294:168-172.  

Soriano P, Montgomery C, Geske R, and Bradley A (1991) Targeted disruption of the c-src 

proto-oncogene leads to osteopetrosis in mice. Cell 64:693-702. 

Stewart CL, Kaspar P, Brunet LJ, Bhatt H, Gadi I, Kontgen F, and Abbondanzo SJ (1992) 

Blastocyst implantation depends on maternal expression of leukaemia inhibitory factor. 

Nature 359:76-79.  

Strobel HW, Hodgson AV, and Shen S (1995) NADPH cytochrome P450 reductase and its 

structural and functional domains. in Cytochrome P450: Structure, Mechanism, and 

Biochemistry (Ortiz de Montellano PR, ed) pp 225–244, Plenum Publishing Corp., New 

York. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 24, 2004 as DOI: 10.1124/jpet.104.073353

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #73353 

 27

Su T, Bao Z, Zhang Q-Y, Smith TJ, Hong J-Y, and Ding X (2000) Human cytochrome P450 

CYP2A13: predominant expression in the respiratory tract and its high efficiency metabolic 

activation of a tobacco-specific carcinogen, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. 

Cancer Res 60:5074-5079. 

Swiatek PJ and Gridley T (1993) Perinatal lethality and defects in hindbrain development in 

mice homozygous for a targeted mutation of the zinc finger gene Krox20. Genes Dev 

7:2071-2084. 

Trakshel GM, Kutty RK, and Maines MD (1986) Cadmium-mediated inhibition of testicular 

heme oxygenase activity: the role of NADPH-cytochrome c (P-450) reductase. 

Arch.Biochem.Biophys. 251:175-187. 

Tsuji R, Isobe N, and Kawasaki H (1996) Mechanism of prolongation of pentobarbital-induced 

sleeping time by empenthrin in mice. Toxicology 108:185-190. 

Wu L, Gu J, Weng Y, Kluetzman K, Swiatek P, Behr M, Zhang QY, Zhuo XL, Xie Q, and Ding 

X (2003) Conditional knockout of the mouse NADPH-cytochrome P450 reductase gene. 

Genesis 36:177-181. 

Yamano S, Aoyama T, McBride OW, Hardwick JP, Gelboin HV, and Gonzalez FJ (1989) 

Human NADPH-P450 oxidoreductase: complementary DNA cloning, sequence and 

vaccinia virus-mediated expression and localization of the CYPOR gene to chromosome 7. 

Mol Pharmacol 36:83-88. 

Zhuo XL, Gu J, Behr MJ, Swiatek PJ, Cui HD, Zhang QY, Xie YQ, Collins DN, and Ding X 

(2004) Targeted disruption of the olfactory mucosa-specific Cyp2g1 gene: Impact on 

acetaminophen toxicity in the lateral nasal gland, and tissue-selective effects on Cyp2a5 

expression. J Pharmacol Exp Ther 308:719-728. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 24, 2004 as DOI: 10.1124/jpet.104.073353

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #73353 

 28

Footnotes 

This work was supported in part by Public Health Service grants CA092596 and ES07462 from 

the National Institutes of Health. 

 

1Current address:  Van Andel Research Institute, 333 Bostwick NE, Grand Rapids, MI  49503. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 24, 2004 as DOI: 10.1124/jpet.104.073353

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #73353 

 29

Figure Legends 

Fig. 1. Structure of the Cpr locus in Cprlow mice.  A. Schematic of the modified Cpr allele.  The 

positions of selected restriction sites are indicated; the abbreviations used are: B, BamH I; E, 

EcoR I; H, Hind III; N, Not I; K, Kpn2 I; Sc, Sca I, and S, Sph I. Letters in parentheses indicate 

restriction sites, present in the wild-type gene or in cloning vectors, which are destroyed in the 

recombinant allele. DNA probes (5'P, Int P, and 3'P) for Southern blot analysis are shown as 

open boxes; PCR primers (F1/R1and F2/R2) used for genotyping are shown as small, thin 

arrows. The arrowheads represent LoxP sequences and orientation. Exons, which are numbered 

below, are shown as solid boxes. Cpr gene sequence is indicated by a thick line, while sequences 

derived from cloning vectors are shown in thin lines. Large arrows indicate orientation of the neo 

gene.  The diagnostic EcoR I fragments detected by the Int P probe in wild-type (13 kb) and 

Cprlow (8.5 kb) alleles are indicated by the dashed line with arrowheads.  B, C. Genomic DNA 

from homozygous (HO), heterozygous (HE), or wild-type (WT) mice was used as template in 

PCR with primers F1/R1 (B) or F2/R2 (C). In panel B, the presence of the neo cassette in intron 

15 was expected to yield a 2.1-kb product, whereas no product was expected from the Wt allele. 

A 1-kb DNA marker was included. In panel C, digestion of the PCR product (about 600 bp) with 

Sca I resulted in a 600-bp band from the wild-type allele and two smaller bands (about 300 bp 

each) from the Cprlow allele. A 100-bp DNA marker was included. In panel D, genomic DNA 

was digested with EcoR I and was analyzed on Southern blots with the Int P probe. The 

approximate positions of the 8-kb and 12-kb fragments in a 1-kb DNA ladder are indicated.  
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Fig. 2.  Reduced CPR protein level in Cprlow mice.  CPR protein was detected with a polyclonal 

antibody to rat CPR. Immunoblot analysis was performed with microsomal fractions from heart, 

lung, liver, kidney, and brain, and with postmitochondrial S9 fractions from adrenal gland (AD), 

testis, ovary, and olfactory mucosa (OM), taken from B6, 129/Sv (129), and homozygous Cprlow 

(HO) mice. Tissues were obtained at 7, 30, or 90 days after birth. For each tissue, identical 

amounts of protein (5-30 µg) were added to each lane. Each sample was prepared from pooled 

tissues of three mice in each group. The results shown are for male mice. Similar results were 

obtained for female mice. 

 

Fig. 3.  Immunohistochemical analysis of CPR expression in mouse liver.  Paraffin sections (4 

µm) from 3-week-old male mice were analyzed as described in Experimental Procedures, with a 

polyclonal rabbit anti-rat CPR antibody. Typical results are shown. A. Cprlox/lox control mice with 

normal CPR expression; CPR protein is located primarily in centrilobular hepatocytes.  B. 

Cprlow/low mice; there is an overall decrease in staining intensity, but the pattern of staining is 

similar to that in panel A, with the greatest intensity seen in centrilobular region and little 

staining in the interlobular area. C. Alb-Cre/Cprlox/lox double transgenic mice, with Cre-mediated 

liver-specific deletion of the Cpr gene; there is no staining in the majority of cells, including 

centrilobular hepatocytes, but intensely stained small clusters of cells are present, and appear to 

be randomly distributed. D. Negative control slide; no signal was detected when the primary 

antibody was replaced by normal rabbit serum for any of the three strains. Scale bars, 100 µm. 

CV, central vein; PV, portal vein. 
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TABLE 1 

Quantitative analysis of CPR expression in homozygous Cprlow mice 

Immunoblot analysis for CPR protein level was performed as described in Figure 2. Quantitative 

analysis was conducted using standards generated with serial dilutions of pooled microsomal or 

S9 fractions from B6 mice. Values represent average results of duplicate samples. 

Organ Extent of decrease in CPR protein level (%) 

 Male  Female 

 7-Day 30-Day 90-Day  7-Day 30-Day 90-Day 

Brain 85 89 89  93 93 94 

Kidney 80 79 79  84 84 78 

Liver 77 78 76  79 85 86 

Lung 78 81 93  85 83 95 

Olfactory mucosa 85 83 74  77 82 80 
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TABLE 2 

Decreased body weight in homozygous Cprlow mice 

Results are shown as the mean ± S.D., with the number of animals examined shown in 

parentheses. 

Strain Body weight (g) 

 Males  Females 

 1-Month-old 3-Month-old  1-Month-old 3-Month-old 

B6 19.4 ±1.6 (n =27) 28.1 ± 2.1 (n = 21)  16.0 ±1.3 (n = 13) 22.9 ±2.0 (n = 14) 

129 18.6 ±1.5 (n = 17) 28.4 ±2.2 (n =20)  15.3 ±2.2 (n = 14) 21.5 ±1.9 (n = 18) 

Cprlow/low 16.6 ±2.1 (n = 17) a,b 25.3 ±2.9 (n = 25)a,b  14.6 ±1.2 (n = 14)a 20.8 ±3.1 (n = 12)a 

a Significantly different from B6 (P < 0.05) 

b Significantly different from 129/Sv (P < 0.05) 
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TABLE 3 

Decreased organ weights in homozygous male Cprlow mice 

The values presented are means ± S.D., n=3. The organs shown were obtained from 3-month-old 

male mice.  No difference was observed among the three strains in 3-month-old females, or in 

either gender in 1-week-old or 1-month-old mice, for these three organs.  

Strain Organ weight (mg) 

 Heart Lung Kidney 

B6 158 ±23 179 ± 12 432 ±14 

129 164 ±13 167 ± 1 4 469 ± 49 

Cprlow/low 114 ±10a 138 ± 7a 345 ±24a 

 

a Significantly different from B6 and 129/Sv strains (p < 0.05). 
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TABLE 4 

Decreased embryonic survival of Cprlow mice 

Genotype distribution was analyzed in a total of 207 F2 pups derived from intercrosses of F1 

Cprlow/+ mice. Numbers in parentheses indicate percentage of total number of pups. 

Gender Number of F2 pups in each genotype from F1 Cprlow/+ intercrosses 

 Homozygous Heterozygous Wild-type 

Male 21 40 NDa 

Female 21 51 ND 

Total (male + female) 42b (20%) 91b (44%) 74 (36%) 

Expectedc 74 148 74 

a Sex of wild-type mice was not recorded. 

b Significantly lower than expected value; p<0.05 

c The number of pups expected in each genotype was calculated by assuming Mendelian 

distribution for the wild-type littermates. 
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TABLE 5 

Decreased reproductive ability in female homozygous Cprlow mice 

Male B6 mice (2- to 5-month-old) were mixed with female heterozygous (Cprlow/+; 9- to 12 

month-old) or homozygous (Cprlow/low; 10- to 14-month-old in Experiment 1, and 2- to 10-

month-old in Experiment 2) Cprlow mice.  Mice were observed daily for 2 months. The 

appearance of copulatory plugs was recorded for 1 month.  The number of litters and the total 

number of live pups produced in the 2 months after mixing the breeding pairs were also 

recorded. 

Mating group No. of pairs No. of females 
with plug 

No. of litters Total no. of 
pups 

Male B6 x female Cprlow/+ 10 8 8 61 

Male B6 x female Cprlow/low 
(Experiment 1) 

9 4 0 0 

Male B6 x female Cprlow/low 

(Experiment 2) 
12 5 3 8 
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TABLE 6 

Altered levels of circulating testosterone and progesterone in homozygous female Cprlow mice 

Blood samples were collected from 2-3 month-old female mice for determination of testosterone 

and progesterone. The values presented are means ± S.E.M. 

Strain Testosterone (pg/ml) Progesterone (ng/ml) 

B6 83 ± 14 (n=20) 3.2 ± 1.0 (n=20) 

129/Sv 130 ± 20 (n=19) 1.8 ± 0.3 (n=23) 

Cprlow/low 300 ± 50 (n=20)a 12.0 ± 4.0 (n=19)b 

    a p < 0.001 vs. B6, p<0.01 vs. 129/Sv. 

    b p < 0.05 vs. B6, p<0.01 vs. 129/Sv 
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TABLE 7 

In vitro metabolism of acetaminophen and testosterone in liver microsomes from Cprlow/low and 

control mice 

Hepatic microsomes were prepared from individual, 3-month-old, B6, 129/Sv, and Cprlow/low 

mice. The rates of formation of glutathione-acetaminophen from acetaminophen were 

determined with 0.5 mM of acetaminophen and 1.0 mg/ml microsomal protein, whereas the rates 

of formation of total testosterone metabolites were determined with 0.01 mM testosterone and 

0.15 mg/ml microsomal protein. The values reported are means ± S.D. (n=3). 

Gender Strain Rate of metabolism (pmol product/min/mg microsomal protein) 

  Acetaminophen Testosterone 

Male B6 270±20 770±170 

 129/Sv 330±20 860±120 

 Cprlow/low 170±20a 360±10b,c 

Female B6 380±30 690±150 

 129/Sv 620±60 870±10 

 Cprlow/low 220±20a 340±50b,c 
 

aP < 0.01, compared to B6 or 129/Sv mice (same gender) 
bP < 0.05, compared to B6 (same gender) 
cP < 0.01, compared to 129/Sv mice (same gender) 
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TABLE 8 

Decreased pentobarbital clearance in homozygous Cprlow mice 

Adult male mice received pentobarbital (10 mg/ml in phosphate-buffered saline) i.p. at a dose of 

60 mg/kg. The lengths of time between drug administration and the loss and the subsequent 

recovery of righting reflex were recorded. Values presented are means ± S.E.M. 

Strain Onset of sleep (min) Sleep duration (min) 

B6 (n = 4) 4.5 ± 0.9 50 ± 6 

129 (n = 5) 6.4 ± 2.0 65 ± 10 

Cprlow/low (n= 5) 4.5 ± 1.4 203 ± 23a 

a Significantly different from the two control groups; p < 0.01. 
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TABLE 9 

Increased liver and kidney microsomal CYP content in homozygous Cprlow mice 

CYP was determined by CO-difference spectroscopy. Microsomes were prepared from 

individual mice at the age of 3 months.  Values reported are means ± S.D. (n = 3). 

Strain CYP content (nmol CYP/mg microsomal protein) 

 Liver  Kidney 

 Male Female  Male Female 

B6 0.56 ± 0.12 0.41 ± 0.19  0.09 ± 0.01 0.07 ± 0.03 

129/Sv 0.70 ± 0.06 0.61 ± 0.11  0.11 ± 0.02 0.04 ± 0.01 

Cprlow/low 1.21 ± 0.18a 0.94 ± 0.13b  0.32 ± 0.11b 0.14  ± 0.01b 

aP < 0.01, compared to either B6 or 129/Sv mice (same gender) 

bP < 0.05, compared to either B6 or 129/Sv mice (same gender) 
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Fig. 3
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