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SUMMARY
In the present study, we developed a very sensitive, semiquan-
titative assay based on the reverse transcriptase-coupled polym-
erase chain reaction to measure, in a region-selective manner,
mRNA expression patterns within the brain for microsomal epox-
ide hydrolase and several cytochrome P450s (P-450s) known
to be induced by prototypic agents in other tissues. The P-450s
assessed included the polyaromatic hydrocarbon-inducible
CYP1A1 and CYP1A2 systems, together with the phenobarbital-
inducible P-450s, CYP2B1 ,CYP2B2, CYP3A1 ,which were ex-

amined 18 hr after a single intrapentoneal dose of the respective
inducing agents. Highly region-specific patterns of expression
were evidentfor P-450 mRNAs within the rat brain. In the control,
uninduced brain, CYP1 Al mRNAs were readily detected in the
striatum and in the hypothalamus, and to a lesser extent in the
other regions examined. The regional pattern of expression was
similar for CYP1 A2; however, a major difference was noted in

the olfactory bulbs, characterized by a relatively high level of
CYP1 A2 mRNA but correspondingly low levels of CYP1 Al.
Within the brain regions examined, the highest content of
CYP2B1 and CYP2B2 mRNAs were present in the striatum and

in the cerebellum, whereas CYP3A1 levels varied only slightly
across the respective regions. In contrast to the P-450s, micro-
somal epoxide hydrolase mRNAs were expressed at relative
homogeneous amounts throughout the brain. $-Naphthoflavone
markedly increased the CYP1A1 and CYP1 A2 mRNA contents
of each brain region investigated, although this agent did not
affect levels of epoxide hydrolase. At 18 hr post-treatment with
phenobarbital, an optimal time period for hepatic induction, brain
expression was characterized by a complex pattern of effects,
with increased levels noted for CYP2B1 mRNA content in the
medulla oblongata, midbrain, and cortex, but decreased contents
measured in the cerebellum, the hypothalamus, and the striatum.
In each of these respective regions, CYP2B2 content was pro-
foundly decreased whereas epoxide hydrolase expression was
slightly increased by the same treatment. These results establish
that the central nervous system actively expresses a number of
different biotransformation gene products in a regional specific
and inducer-dependent manner, and suggest that for tissues
exhibiting low regenerative capacity, like the brain, such reac-
tions are likely to be of critical toxicological significance.

The P-450s are a superfamily of genes encoding an array of

enzymes involved in the oxidation of endogenous compounds

such as steroids, fatty acids, and prostaglandins, as well as of

exogenous chemicals including drugs and environmental pol-

lutants (1, 2). The P-450-dependent biotransformation of xen-

obiotics may result in the production of reactive metabolites

that are often detoxified by conjugation with molecules such as

glucuronic acid, sulfate, or glutathione (1). However, the reac-

tive intermediates produced by P-450 enzymes frequently bind

to proteins, lipids, or nucleic acids, leading to cytotoxicity,

mutations, and/or cancer (1, 3). Many P-450 genes are under

complex and distinct control by both exogenous and endoge-

nous compounds (1, 2). For example, in the rat liver, the
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aromatic hydrocarbons induce genes in the CYP1A subfamily,
whereas phenobarbital increases the transcriptional rates of

particular genes in the CYP2B, CYP2C, and CYP3A subfami-

lies (4). The highest P-450 content is found in the liver;

however, substantial expression occurs in many extrahepatic

tissues, especially in tissues with high environmental exposure

like intestine and lung (3).

Several P-450-catalyzed oxidations of endogenous (5, 6) as

well as exogenous substrates have been reported to occur in the

mammalian brain. With respect to xenobiotic biotransforma-

tion, low but significant activities of P-450-catalyzed reactions

have been measured in the brain of man (7), mouse (8), and rat

(9). These include the formation of carcinogens and mutagens,

the activation of neurotoxic insecticides and the biotransfor-

mation of diverse drugs such as ethylmorphine, morphine,

codeine, bufurarol, benzamphetamine, and aminopyrine (10).
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Immunohistochemical studies using antibodies raised against

hepatic P-450s revealed the presence of CYP1A-, CYP2B-, and
CYP2E-like immunoreactivity in the rat brain (11-14). How-

ever, the cerebral localization of these proteins is still uncertain

because conflicting results were obtained, apparently due to
discrepancies in the antisera used which may recognize differ-

ent P-450 epitopes and/or cross-react with other uncharacter-
ized brain P-450s (14).

Nevertheless, previous reports demonstrate the capability of
the CNS to metabolize foreign chemicals, and this feature may

have important consequences regarding the pharmacokinetics

of neuroactive drugs. Also, the P-450-dependent transforma-

tion of substrates to reactive intermediates may be of high

neurotoxicological significance in the brain, because this organ

has very limited regenerative ability. For example, mouse cer-

ebral P-450s have been implicated in the neurotoxicity of
phenytoin, an anticonvulsant drug in wide therapeutic use (8).

Furthermore, several lines of evidence suggest a possible role

of brain P-450s in the development of neurodegenerative proc-

esses, such as Parkinson’s disease (15, 16).

Despite the potentially important implications of P-450

expression in the CNS, little is known about the particular

forms of P-450s expressed in the brain, their location, or their

molecular regulation. The main goal of the present study was

to examine specific brain expression profiles for several of the
major rat P-450s involved in the xenobiotic metabolism; the
PAH-inducible P-450s, CYP1A1 and CYP1A2, as well as the

PB-inducible P-450s, CYP2B1, CYP2B2, and CYP3A1. In

parallel we also measured the expression of EH transcripts, as

a marker of xenobiotic metabolism distinct from the P-450s.

Because of the low level of P-450 and EH expression in the

CNS, we developed a semiquantitative RT-PCR strategy. This

extremely sensitive methodology was shown to be useful for

studying P-450 mRNAs in fetal tissues in which mRNAs were

not readily detectable with other techniques (17, 18). Moreover,

the use of specific primers during the amplification process

permitted the discrimination of very closely related genes prod-

ucts, such as CYP2B1 and CYP2B2, which share 97% sequence

identity (17). This strategy was used to compare the contents

of different P-450s and EH mRNAs in distinct brain regions

and to determine the cerebral effects of chemicals known to

induce P-450s in the liver.

Materials and Methods

Animals. Adult male Sprague-Dawley rats (280-320 g) were oh-

tamed from Simonsen (Gilroy, CA). The animals were housed in plastic
cages and maintained on a 12-hr light-dark cycle. Food and water were
freely available. To assess the effects of PB or flNF, rats were treated

with a single intraperitoneal injection of either 80 mg/kg PB in saline
solution, or 80 mg/kg $NF dissolved in corn oil. Control rats received
equivalent volumes of the respective vehicle alone. The rats were

sacrificed 18 hr after the individual treatments.
Tissue preparation and RNA isolation. The animals were killed

by decapitation under light ether anesthesia. The brains were rapidly

removed and washed with ice-cold saline solution. Livers also were

excised to independently assess the effects of inducer treatment. For
regional distribution studies, brains were dissected into seven regions:

cerebellum, medulla oblongata, olfactory bulbs, hypothalamus, stria-
tum, midbrain, and cortex, according to Glovinski and Iversen (19).

Some of these regions include more than one distinct anatomical
structure: the “medulla oblongata” corresponds to the medulla oh-

longata and pons; the “striatum” contains the putamen nucleus, the

caudate nucleus, and the globus pallidus nucleus. The “midbrain”

corresponds to the midbrain, the thalamus, the subthalamus, and the

hippocampus. Tissue samples were immediately frozen in liquid nitro-

gen and stored at -80’ until RNA extraction.
The RNAs were purified according to the method of Chomczynski

and Sacchi (20). The RNA concentrations were quantified by UV
absorhance at 260 nm using a Beckman DU-50 spectrophotometer.

cDNA synthesis. Before the reverse transcript.ase step, any con-
taminating genomic DNA was eliminated from the RNA samples by

treatment with DNase I. Five micrograms of total RNAs, dissolved in

1 1 �zl of diethylpyrocarbonate-treated water, were incubated 30 mm at

37’ with 6 ,�l of a mix containing 4 �sl of 5x reverse transcriptase buffer

(250 m� Tris-HC1, pH = 8.3, 375 mM KC1, 15 mM MgC12, 0.1 M

dithiothreitol, 20 units of RNasin (Promega), and 1 unit of RNase-free

DNase I (USB). After the addition of 160 ng of oligo(dT) (pd(T),2,s;

Pharmacia), the samples were heated at 75’ for 2 mm and then placed

on ice. The reverse transcriptase reaction was performed subsequently
by adding 1.5 �l of a solution containing 100 units of SuperscriptTM
Moloney virus RNaseH-reverse transcriptase (Gibco/BRL), and 0.25

mM ofeach deoxyribonucleotide triphosphate (Pharmacia). The reverse

transcriptase incubation was conducted for 1 hr at 45’ . The resulting
cDNAs were stored at -20’ until use.

PCR reaction. PCR reactions were performed in a 50-al final
volume consisting of lx Taq polymerase buffer (50 mM KC1; 10 mM

Tris-HC1, pH = 9.0; 0.1% Triton X-100; Promega), 0.2 mM of each

deoxyribonucleotide triphosphate, 10 pmol of each forward and reverse

primer, 1 unit of Taq polymerase (Promega), and 2 Ml of appropriate

cDNA dilutions. Following the addition of 3 drops of sterilized mineral
oil (Sigma), the samples were heated to 94’ for 4 mm and immediately

cycled using a programmable heating block (Coy Laboratories); 30

cycles for CYP1A1, CYP1A2, CYP3A1, and EH, and 33 cycles for
CYP2B1 and CYP2B2. The sequence of temperatures consisted of 40

sec denaturation at 93’ , 40 sec annealing at 54’ , and 40 sec extension
at 72’. To assess potential DNA contamination, within each PCR

reaction set, a blank was cycled with the samples, containing all of the

PCR reagents but devoid of cDNA. As a positive control for each PCR

reaction set, a liver cDNA sample of known quality was assessed
concurrently.

The characterization of the primers used in this study specific for

CYP1A1, CYP2B1, CYP2B2, and CYP3A1 has been described previ-

ously (17, 18). For CYP1A2, the forward and reverse primers, 5’-

TGCAGAAAACAGTCCAGGA-3’ and 5’-GGAAAAGGAACAAGG-
GTGGC-3’ , respectively, were predicted to produce a 793-bp product,

and directed against nucleotide positions 805-1598 of the respective

CYP1A2 cDNA. The EH forward, 5’-CACTATGGCTTCAACTCC-3’,
and reverse, 5’-CAGGCCTCCATCCTCCAG-3’, primer pair predicted
a PCR product of 791 hp, and were targeted toward nucleotide positions

392-1183 of the corresponding rat cDNA. The oligomers were synthe-

sized using an Milligen Cyclone Plus’�’ DNA synthesizer.
PCR product analysis. PCR products (12.5 Ml) were directly sep-

arated through a 1.5% Nusieve/1.5% Seakem LE Agarose mixture
(FMC) and visualized by ethidium bromide staining. Sizes of the PCR

products were estimated from the concurrent migration of DNA size
markers (Drigest III, Pharmacia) and also compared with PCR products

obtained from the amplification of a positive control liver cDNA
sample. To verify the identity of the PCR products and for quantifi-

cation, the products were Southern-blotted and probed with independ-

ent 32P-labeled hybridization oligomers targeted to expected internal

sequences within the PCR products. The hybridization oligomers uti-

lized to probe CYP1A1, CYP2B1, CYP2B2, and CYP3A1 products
have been described previously (17, 18). For CYP1A2 and EH, the

hybridization probes used were 5’-GTTGACCTGCCACTGCT’FTA-3’
and 5’-TGCACCATCAGCAAGGGC-3’, respectively.

The reproducibility of the results was assessed by: a) repeating the
PCR reactions and Southern hybridizations at least twice from each
pool of cDNA synthesized, h) generating at least two separate cDNA

reaction sets per tissue region from each animal and repeating the PCR
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amplification on each of the resulting cDNA samples, and c) reproduc-

ing the RT-PCR experiments using two to four separate animals.

Results

Use of RT-PCR for semiquantitative analysis of the

brain expression of P-450 RNAs. To overcome the detec-
tion problem due to low expression levels of cerebral P-450

mRNAs, we developed a sensitive, semiquantitative assay,

based on a RT-PCR procedure. A critical point in quantitative

PCR is defining conditions in which the cDNA is the only

limiting factor of the reaction, while the other components are
in saturating concentrations. In such a case, the yield of PCR

product is directly proportional to the quantity of the input

cDNA. Using the PCR conditions described in the previous

section, for each of the genes and treatments investigated, we

determined the concentration range of cDNAs ensuring a linear
reaction. Fig. 1 illustrates this strategy using CYP1A1 as an
example. In this experiment, total RNAs were extracted from

control or �NF-treated rat brains. After a DNase I treatment

to eliminate any genomic DNA contamination, which might

influence the amplification efficiency of RNA-specific se-

quences, the RNAs were subjected to reverse transcription, and

A)

CORN OIL BNF

)( )(

cDNA dii. -*- � � �< gI � � �c,� a� c’) p.. � � c’l O�

00 0.1 02 03 04
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Fig. 1. Semiquantitative RT-PCR amplification of CYP1A1 mRNAs. Total
RNAs were isolated from whole brain of control or BNF (flNF)-treated
rats and subjected to reverse transcription reactions. The resulting
cDNAs were diluted serially and subjected to 30 cycles of amplification
using a primer set specific for CYP1 Al sequence. A, Ethidium bromide-
stained gel; B, autoradiographic results of Southern-blotted membrane
hybridized with an independent radiolabeled oligomer probe targeted to
the expected internal sequence of the product; C, densitometric integra-
tion analysis demonstrating that RT-PCR amplification produced a linear
autoradiogram signal (see text for details).

the cDNAs obtained were PCR-amplified for 30 cycles. The

PCR products were analyzed by Southern hybridization and
quantified by densitometry. The linearity of the assay was

verified by using 3-fold serial dilutions of the starting cDNA.

The results from an ethidium bromide-stained gel are presented

in the Fig. 1A and show clearly the presence of a 341-bp band

corresponding to the expected size of the CYP1A1 product.

The specific hybridization of this product with a radiolabeled

oligonucleotide probe targeted to the internal CYP1A1 se-

quence further established the authenticity of the product (Fig.
2B). Fig. 2C shows a good correlation between the highest

cDNA dilutions and the PCR product signals quantified by

densitometry. The least diluted I3NF-treated sample yielded an

underestimated signal indicating that this cDNA concentration

was partially saturating. These results demonstrate the linear-

ity and the accuracy of the assay in the range of cDNA concen-

trations used, and indicate the suitability of RT-PCR to mea-

sure CYP1A1 RNA expression in the rat brain. From these

data, we conclude that CYP1A1 is expressed in the rat brain,

and highly induced by I3NF. For each of the genes studied; the

PAH-inducible P-450s, CYP1A1 and CYP1A2, the PB-induci-

ble P-450s, CYP2B1, CYP2B2, and CYP3A1, as well as EH,

we applied this approach to determine the linear range of cDNA

concentrations (not shown). From the resulting data appropri-

ate cDNA dilutions were chosen for further studies to examine

the region-specific brain expression of these genes.

Regional brain expression of polycyclic hydrocarbon-

inducible genes. In Fig. 2, we present data obtained from RT-

PCR analysis of CYP1A1 and CYP1A2 expression in different

regions of control or flNF-treated rat brains. In control animals,

4
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Fig. 2. Brain regional distribution of CYP1 Al (A) and CYP1 A2 (B) mRNAs
determined by RT-PCR amplification. RNAs were isolated from various
regions of control(com oil) or BNF (flNF)-treated brains. For the CYP1A1
assay, the dilutions of the input cDNAs were 20- and 80-fold, respec-
tively, for the control (corn oil) and BNF samples. For CYP1 A2 the control
cDNAs were undiluted, whereas the flNF cDNA samples were diluted 4-
fold. The cDNA dilutions were subjected to 30 amplification cycles. For
comparative estimates, autoradiographic results of Southern-blotted
membranes hybridized with specific independent internal probes are
presented in this and subsequent figures using the same individual pools
of cDNA synthesized from each respective brain region and treatment,
but subjected to individual PCR amplification reactions and gel analysis.
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specific bands corresponding to CYP1A1 and CYP1A2 mRNAs

were present in each brain region examined. The level of

CYP1A1 expression clearly varied in a region-selective manner.

Comparatively higher levels of CYP1A1 mRNA were present

in the hypothalamus and in the striatum, whereas the lowest

levels of this transcript were measured in the olfactory bulbs
and in the medulla oblongata (Fig. 2A). A similar pattern of

regional distribution was obtained for CYP1A2 mRNAs which

were detected in large quantities in the hypothalamus and in
the striatum, and at relatively lower levels in the medulla

oblongata, cerebellum, and the cortex (Fig. 2B). It is of interest
to note that the highest CYP1A2 RT-PCR product level oh-
served was in the olfactory bulbs, which were characterized by

the lowest levels of CYP1A1 expression. Treating rats with

flNF resulted in a large increase in CYP1A1 and CYP1A2

mRNA contents in each brain region. With this treatment, the

highly heterogeneous regional pattern of CYP1A1 expression

was altered into a more homogeneous distribution. However,

the CYP1A2-specific regional profile observed was largely un-

altered between the control and �3NF-induced brain regions.
Fig. 3 presents data showing that EH was relatively evenly

expressed throughout the brain of both control and �3NF-

treated animals. $NF did not appear to modulate EH mRNA

levels in the brain regions examined.

Regional brain expression of PB-inducible genes. The

regional distribution data for CYP2B1 and CYP2B2 mRNA
expression in control and PB-treated rat brains are presented

in Fig. 4. A single band corresponding to the CYP2B1 mRNAs

was clearly apparent in each region of the control brains, but
exhibited a large region-specific variation in intensity (Fig. 4A).

The highest levels of CYP2B1 mRNA expression were detected

in the striatum and in the hypothalamus. The cerebellum and

the olfactory bulbs also were relatively rich in this transcript,
whereas the lowest content was measured in the medulla ob-
longata. In the control brains, as for CYP2B1, high levels of
CYP2B2-specific mRNAs were detected in the striatum and in
the cerebellum, with lower levels in the cortex, midbrain, and
medulla oblongata. A major difference in the expression pattern

of these two homologous genes was observed in the hypothal-

amus which was rich in CYP2B1 mRNAs but lacking in
CYP2B2 transcripts.

Treatment of animals with PB resulted in a complex pattern

4

�

Fig. 3. Regional distribution of microsomal EH mRNA expression in the
brain determined by RT-PCR amplification. RNAs were isolated from
various regions of control (corn oil) or BNF ($NF)-treated brains. For this
assay, 40-fold diluted cDNAs were subjected to 30 amplification cycles.
Autoradiographic results of Southern-blotted membranes hybridized with
a specific independent internal probe are presented.
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Fig. 4. Brain regional distribution of CYP2B1 (A) and CYP2B2 (B) mRNAs
expression determined by PCR amplification. RNAs were isolated from
various regions of control (saline) or PB-treated brains. For these assays,
undiluted cDNAs were subjected to 33 amplification cycles. Autoradi-
ographic results of Southern-blotted membranes hybridized with specific
independent internal probes are presented.
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Fig. 5. Brain regional distribution of CYP3A1 mRNAs expression deter-

mined by PCR amplification. RNAs were isolated from various regions
of control (saline) or PB-treated brains. For this assay, undiluted cDNAs
were subjected to 30 amplification cycles. Autoradiographic results of
Southern-blotted membranes hybridized with specific independent inter-
nal probes are presented.

of effects on the CYP2B1 expression. Compared to the respec-

tive brain regions ofuntreated animals, in PB-treated rat brain,

slight increases in CYP2B1 mRNA content were measured

consistently in the medulla oblongata, in the cortex, and less

reproducibly in the midbrain. In contrast, levels of CYP2B1
transcripts were unaffected in the olfactory bulbs by 18 hr PB
treatment but clearly reduced in the striatum, hypothalamus,
and cerebellum in PB-exposed rats. The profile of PB effects

on CYP2B2 was distinct; CYP2B2 mRNA content in each

region of the PB-treated rat brains was sharply reduced in
comparison with the corresponding regions of the control
brains.

The data presented in Fig. 5 illustrate the expression of
CYP3A1 mRNAs in the rat brain. Compared to the other P-
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4505 investigated, a less pronounced inter-regional variation

was detected in the control untreated brains. However, relative

to the other regions, higher amounts of these transcript were

generally present in the medulla oblongata, hypothalamus,

striatum, and the midbrain. Treatment with PB 18 hr before

sacrifice either did not affect or appeared to slightly decrease

the CYP3A1 mRNA contents of the different regions.

Results from RT-PCR analysis of EH mRNAs in brain

regions of control or PB-treated rats are presented in Fig. 6.

Very little inter-regional variation of this transcript level was

observed. Consistently, PB treatment resulted in a slight in-
crease of the EH RNA content in each region investigated. Due

to the highly consistent inter-regional levels of EH mRNA

within the brain, EH served as a valuable internal standard in

these assays to which other mRNA levels could be referenced.

Expression in brain versus untreated liver. We used

densitometry scanning to assess levels of the Southern-hybrid-

ized RT-PCR products to approximate comparative levels of

P-450 and EH mRNAs in the control and flNF-treated rat

brain samples with that of untreated control liver. The data

obtained are presented in Table 1A. The results are indicated

as percentage of control liver (control liver = 100%), and

account for the cDNA dilutions used to maintain each PCR
reaction in the respective linear ranges. According to these

estimates, the content of CYP1A1 mRNAs in the control brain

was approximately 50% that found in the untreated liver,

whereas the level of CYP1A2 mRNA was less than 0.01% of

the hepatic value. As demonstrated in the different brain re-

gions, CYP1A1 as well as CYP1A2 mRNA contents of the

whole brains were clearly increased on j3NF treatment, reaching
1000% and 0.4%, respectively, of the control liver levels. How-

ever, to place these results in perspective, it should be noted

that the untreated liver exhibits only extremely low levels of

CYP1A1 mRNA, which are often undetectable with specific
probes and using standard Northern or slot-blotting procedures

(18).

In Table lB data are presented for the PB-inducible genes

examined in this study. In the control brain, levels of tran-
scripts specific for CYP2B1, CYP2B2, and CYP3A1 were very
low, corresponding to 1%, 0.01%, and 0.02%, oftheir respective
amounts in control liver. As suggested by the regional study,

18 hr treatment of animals with PB markedly decreased the

EH

CONTROL -b.-

PB -�-

4

4(0

z �j
�

� 404
lu �
� -I
w � 4� a
� w �j
0 20=

2 z

4 �- �

(020

Fig. 6. Brain regional distribution of microsomal EH mRNA expression
determined by PCR amplification. RNAs were isolated from various
regions of control (saline) or PB-treated brains. For this assay, 40-fold
diluted cDNAs were subjected to 30 amplification cycles. Autoradi-
ographic results of Southern-blotted membranes hybridized with a spe-
cific independent internal probe are presented.

TABLE 1

Quantitative approximations of brain P-450 and EH-speci
contents versus control liver contents using RT-PCR.

fic mRNA

A. �iNF-inducible genesa a

CYP1A1C CYP1A2 EH

Liver control 1 00 100.00 100
Brain control 53 0.08 23
Brain I3NF 1040 0.40 26

B. PB-inducible genes� �

CYP2B1 CYP2B2 CYP3A1 EH

Liver control 100.0 100.000 100.000
Brain control 1 .0 0.01 0 0.020
Brain PB 0.7 0.003 0.017

100
16
28

. ANAs were isolated from whole brains of control (com oil) or �lNF-treated rats

and from control rat liver.aThe dilutions of the input cDNAs for the control liver samples were 1000-fold
(CYP1A2 and CYP2B2), 100-fold (CYP2B1), 40-fold (EH), and 20-fold (cYP1A1),
respectively. For the control brains, the dilutions were 40-fold (EH) and 20-fold
(CYP1 Al). respectively; for the remaining genes (CYP1 A2, CYP2B1 , cYP2B2,
CYP3A1). the cONAs were used undiluted. For the �iNF-treated brain samples, the
dilutions used were 80-fold (CYP1A1), 40-fold (EH), and 3-fold (CYP1A2), respec-
tively. For the PB-treated brain samples, the cDNA dilutions were 40-fold (EH), and
for the other genes (CYP2B1 , CYP2B2, CYP3A1)the cDNAs were used undiluted.
The cONA dilutions were subjected to 33 amplification cycles for the CYP2B1 and
CYP2B2 assays, and to 30 cycles for the other assays. The results presented
were derived from individual animals using densitometric integration of autoradi-
ographs of Southem-blotted membranes hybridized with specific intemal radiola-
beled probes. Results are expressed as percentage of the untreated liver values
(control liver = 1 00%). Data points presented were ascertained within treatment
groups using the same pools of cDNA for each amplification reaction. The results
presented were typical of repeated assays using several separate RT-PCR reac-
tions from at least two animals per treatment group.

C Levels of CYP1A1 mRNA in untreated control rat liver are extremely low and
difficult to detect using standard hybridization assays such as Northem blotting
procedures (18, 24).aRNA5 were isolated from whole brains of control (saline) or PB-treated rats
and from control liver.

CYP2B2 mRNA content of the brain, but affected only slightly
the contents of CYP2B1 and CYP3A1 mRNAs.

The level of EH-specific mRNA detected in the control brain
with the RT-PCR procedure was approximately 20% that of

the liver content. flNF treatment did not appear to affect EH
mRNA expression; however, PB treatment resulted in slight

increases (approximately 75% above control levels).

Discussion

Previous studies performed in our laboratory have demon-

strated that RT-PCR reaction strategies enabled assessment of

P-450 mRNAs in tissues in which mRNAs were not readily

detectable with other techniques (17, 18). Moreover, it was

shown that the utilization of specific pairs of primers, in asso-

ciation with high stringency annealing conditions during the

amplification process, permitted the discrimination of very

closely related gene products, such as CYP2B1 and CYP2B2

mRNAs which share 97% sequence identity (17). Thus, the

RT-PCR strategy was chosen for investigating expression of

P-450s in the CNS, a tissue known to express low levels of

various biotransformation isoforms. It is appreciated that RT-

PCR is very sensitive, but that precise quantification is often
difficult. However, by using conditions where the cDNA con-

centration is the only limiting factor in the reaction, several

reports demonstrated the feasibility of using PCR for quanti-

tative estimations of mRNA content (17, 21). In the liver, it

was shown that PCR data of P-450 mRNA expression corre-

lated well with mRNA levels ascertained with other methods
such as Northern blotting (17, 18) and accurately reflected the

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


p-450 and Epoxide Hydrolase Expression in the Rat Brain 995

predicted changes in mRNA levels produced by treatment with

known inducing agents (17, 18). In the case of the brain, as
illustrated in the Fig. 1, for each gene studied we empirically

determined a range of cDNA concentrations that produced a

linear correlation between the cDNA input level and the re-

sulting PCR amplification signal. These preliminary experi-

ments resulted in the definition of appropriate dilutions of

cDNA enabling the use of RT-PCR for comparing the relative

levels of individual P-450 gene mRNAs in distinct regions of

the rat brain.

In the uninduced brain, expression corresponding to each P-

450 studied was detected in all the brain regions examined. The

striatum was a region of particularly high P-450 mRNA con-

tent. Indeed, compared to the other regions, this structure was

characterized by a very high expression of all the P-450s

assayed. Hypothalamus also was rich in P-450 content, whereas

the medulla oblongata and the cortex were characterized by the

lowest levels of CYP1A and CYP2B gene transcripts. The other

brain regions presented more complex P-450 composition pro-
files. The cerebellum was defined by relatively high expression

of P-450s from the 2B subfamily, whereas the transcripts of

the 1A subfamily were found only in low levels. It is important

to note that in contrast to the high inter-regional variability in

mRNA expression observed for the P-450s, levels of EH-spe-

cific transcripts were relatively homogeneous across the various

portions of the brain. The EH data therefore served as an

internal standard for comparison of P-450 levels which fre-

quently varied in level among the various brain regions exam-

med. These results, in accordance with data obtained in the

human brain (22), indicate that remarkably distinct P-450 gene

expression patterns exist inter-regionally in the CNS.

The P-450 expression patterns reported in this study are at

some variance from those reported by others addressing the

distribution of brain P-450s (14, 23). However, comparison of

results obtained from methods possessing high discriminative

power, like RT-PCR, with data stemming from less specific

methods, are difficult. Immunological (14) as well as enzymo-

logical (23) evidence strongly suggests that most of the P-450s

in the brain remain uncharacterized. According to estimates by

Warner et al. (14), the contribution of CYP1A1/1A2 and

CYP2B1/2B2 combined accounts for <1% ofthe total brain P-

450s. Thus it should not be surprising that the distribution of

specific P-450 mRNA representing potentially only a small

fraction of the overall presence of P-450s in the brain may

differ from P-450 distributions assessed by more general meth-

ods such as spectral quantification (14), or enzymatic assays

employing substrates biotransformed by a spectrum of known

and probably unknown P-450s (23). Similarly, results from

immunocytochemical studies need to be interpreted cautiously,

as it is conceivable that antibodies may cross-react with un-

characterized P-450 isoforms (14). Furthermore, it is important

to keep in mind that our study focused on mRNA expression

profiles, whereas most previous reports in this area have pre-

sented data corresponding to protein or enzymatic determina-

tions. However, in a separate study by Farm and Omiecinski
(22), a reasonably good correspondence was observed for

CYP1A1 and EH expression profiles determined in the human

brain assessed with both RT-PCR and immunohistochemical

methods.

In untreated animals, tissue-specific expression of CYP1A

as well as CYP2B subfamily genes is apparent. In contrast to

‘�YP1A1, which is expressed in most induced cells and tissues,

CYP1A2 is expressed constitutively in the liver but not in most

extrahepatic tissues from either untreated or induced animals

(24). Analogously, CYP2B1 mRNAs are detected in lung and

testes but not in the untreated liver from Sprague-Dawley rats,

and CYP2B2 is constitutively expressed in the liver but not in

extrahepatic tissues (25, 26). With the exception of intestinal

enterocytes (27), neither are CYP2B1 or CYP2B2 PB-inducible

in most extrahepatic tissues (25, 26). Thus the results from the
present study are striking in a number of respects.

For example, our data reveal the presence, within the CNS,

of CYP1A2 and CYP2B2, two genes generally regarded as

specific hepatic markers. Also, induction of both CYP1A1 and

CYP1A2 genes was apparent in the brain upon $NF treatment.
However, the highly heterogeneous inter-regional profile of

CYP1A1 mRNA expression observed in control was altered

after flNF treatment into a much more homogeneous pattern,

whereas a similar alteration was not observed for CYP1A2.

This marked and distinctive effect of I3NF on the regional

pattern of these two genes might be attributed to different

mechanisms of induction; CYP1A1 is activated transcription-

ally whereas CYP1A2 appears to be largely up-regulated

through post-transcriptional processes (24).

With respect to activation by PB, we demonstrated an in-

duction of mEH RNA in each of the examined brain regions of

PB-treated rats. Furthermore, CYP2B1 mRNA expression was

increased in several of the regions investigated. Taken together,

these results suggest that the brain is a PB-responsive organ.

However in contrast to CYP2B1, CYP2B2 expression was

clearly reduced in each region upon PB challenge and CYP3A1

levels, inducible in the liver by PB (28), were not inducible in

the brain structures examined. CYP2B1 levels were themselves

reduced in some structures such as the hypothalamus and

striatum upon PB exposures. Although the results are intrigu-

ing, the reason for these differential effects are not understood

at this time. Several previous reports suggested an up-regula-

tion of 2B genes by PB in the CNS of the rat (13, 29, 30).
However, in the present study, the rats received an acute PB

treatment of 18 hr, whereas in most of the other reports the

rats were exposed chronically to PB through the food and/or

by multiple intraperitoneal injections (13, 29, 30). Preliminary

experiments conducted in our laboratory suggest that animals

treated 4 days with PB expressed higher CYP2B1-, CYP2B2-,

and CYP3A1-specific mRNA levels than the control (unpub-

lished data).

It is recognized that compared with the liver, brain P-450

levels are extremely low. In attempting to estimate the levels

of the different P-450 mRNAs assessed from whole brain

samples as percentages of the respective values measured in

control liver, we discovered marked variations in the mRNA

levels among the different P-450s examined. CYP1A1 appeared

as the most abundant form in the CNS of those measured. For

example, a 27-fold cDNA dilution amplified 30 cycles yielded a

visible band on ethidium bromide-stained gels that was specific

for CYP1A1 products, whereas undiluted cDNA preparations,

similarly amplified, were needed to yield visible bands specific

for CYP1A2 or CYP3A1. CYP2B1 and CYP2B2 were expressed

at very low levels; a 33-cycle amplification was necessary with

undiluted cDNA to detect faint bands specific for these gene

products. Using these comparisons, it appeared that CYP1A1

was expressed in the brain at a level approximately 20-fold
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higher than CYP1A2 or CYP3A1, and apparently 100 to 200

times higher than CYP2B1 or CYP2B2. Upon j3NF treatment

the brain CYP1A1 mRNA content increased to a level approx-

imately 10-fold higher than that of the untreated rat liver.

Thus, it appears that expression of CYP1A1 in the rat brain

is relatively appreciable and potentially may be of neurotoxi-

cological relevance. Such a role for brain P-450s was suggested

previously in experiments with brain slices (15). In vivo, treat-

ment with the CYP1A inducers I3NF or cigarette smoke was

shown to protect mice against the toxicity of N-methyl-4-

phenyl- 1,2,5,6-tetrahydropyridine, a neurotoxin known to
cause a syndrome of striato-nigral degeneration similar to

Parkinson’s disease (31). Furthermore, epidemiological studies

have shown repeatedly that Parkinson’s disease occurs less

frequently in smokers than in nonsmokers (32). The results of

the present study strongly support the hypothesis that the in

situ expression of CYP1A1, and possibly other biotransforma-

tion systems, might play a critical role in toxication/detoxica-

tion processes for putative environmental or endogenous toxins

involved in neurodegenerative disease etiology.
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