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Abstract-NADPH cytochrome P-450 reductase (P-450 reductase), an essential component of the 
cytochrome P-450 mono-oxygenase system, has been estimated in rat and mouse brain, and seven human 
brains obtained at autopsy. The ratio of cytochrome P-450 to P-450 reductase is lower in the rat and 
mouse brains (2.5-4.0) as compared to the respective livers (10X-11.0). The rat and mouse brain P-450 
reductase were immunologically similar to the rat liver P-450 reductase as examined by immunochemical 
inhibition, Ouchterlony double diffusion and immunoblot. The antisera to rat liver P-450 reductase 
inhibited rat brain aminopyrine N-demethylase activity to the same extent as NADPH cytochrome c 
reductase, suggesting that the level of P-450 reductase controls the rate of this cytochrome P-450 
mediated activity, The human brain NADPH cytochrome c reductase exhibited regional variation, 
maximal activity being observed in the brain stem region. Immunochemical inhibition and immunoblot 
studies revealed immunological cross-reactivity between rat liver reductase and human brain medulla, 
while none was observed in cortex or cerebellum. Immunocytochemical studies on human brain medulla 
using antisera to rat liver P-450 reductase indicated localization of the P-450 reductase in neuronal cell 
body. 

NADPH cytochrome P-450 reductase 
(NADPH:ferricytochrome oxidoreductase, EC 
1.6.2.4) is an essential component of the cytochrome 
P-450 mono-oxygenase system, supplying the reduc- 
ing equivalents from NADPH to cytochrome P-450 
(P-4503). Cytochrome P-450 is involved in the 
metabolism of various xenobiotics (drugs, carcino- 
gens) and endogenous compounds (steroids, fatty 
acids). The mono-oxygenase system consists of cyto- 
chrome P-450 (a heme containing protein) and 
NADPH cytochrome P-450 reductase. Although 
liver is the major organ involved in the P-450 
mediated metabolism, it has also been detected in 
several extra-hepatic organs [l], including the brain 
[2]. Cytochrome P-450 has been detected in mouse 
(31 and rat brain (41 and its cellular localization in the 
CNS has been examined using immunocytochemical 
techniques [5,6]. However, very little information is 
available regarding the nature of brain P-450 
reductase. Immunocytochemical study of the rat 
brain P-450 reductase using antibody to the rat liver 
enzyme had revealed the presence of the enzyme 
in catecholaminergic neurons in substantia nigra, 
nucleus locus ceruleus and ventrolateral medullary 
region [7]. 

This paper reports for the first time, the presence 
of P-450 reductase in human brain. The immuno- 
logical similarity of the rat and mouse brain P-450 
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reductase with the well characterized rat liver 
enzyme is also discussed. 

MATERIALSANDMETHODS 

Three-month-old male Wistar rats (200g) and 
Swiss albino mice (30-35 g), from the colony of the 
animal house were used in this study. Animals had 
free access to pelleted diet (Hindustan Lever Ltd, 
Bombay, India) and water. Animals were anae- 
sthesized with ether, perfused transcardially with 
normal saline (20 mL for rats and 5 mL for mice) 
prior to decapitation. The brain and liver were 
removed quickly and all subsequent operations were 
performed at 4”. The tissues were homogenized in 5 
volumes of 0.1 M Tris buffer (pH7.4) containing 
20% glycerol, 1.15% potassium chloride, 1 mM 
EDTA, 0.1 mM dithiothreitol and 0.1 mM phenyl- 
methyl sulphonyl fluoride, using a motor driven glass 
homogenizer and a Teflon pestle. The homogenate 
was centrifuged at 17,000 g for 30 min in a refriger- 
ated centrifuge. The supernatant was collected and 
the pellet was rehomogenized in 5 volumes of the 
above buffer, and centrifuged at 17,000 g for 30 min. 
The supernatants were pooled and centrifuged at 
100,OOOg for 1 hr. The pellet was washed by resus- 
pending in the homogenizing buffer and centrifuging 
for 1 hr at 100,OOOg. The washed pellet was sus- 
pended in a small volume of Tris-glycerol and stored 
in liquid nitrogen and used within 1 week of per- 
paration. 

Seven human brains were collected at autopsy 
from cases of accidental death with no known neuro- 
logical diseases. Liver was obtained from five of the 
above cases and kidney from two cases. The average 
interval between death and autopsy was 
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Fig. 1. Microsomal NADPH cytochrome c reductase activity in human liver, kidney and brain regions. 
The age of the deceased was as follows: case I, 70 years (A); case II, 73 years (X); case III, 55 years 
(0); case IV, 35 years (0); case V. 27 years (0); case VI, 70 years (*); and case VII, 18 years (D). 
Pituitaries were pooled from 10 autopsy cases. (8). The horizontal bars indicate the mean enzyme 
activity in the tissues. Cortex, CT; cerebellum. CB; pans, PN; medulla, ML; midbrain, MB. thalamus, 

TH; striatum, ST; hippocampus, HP; pituitaries, PT; liver. LV; and kidney, KD. 

8.16 * 1.6 hr; and the average age of the deceased 
was 49.7 t 22.8 yr. Following the injury, the dece- 
ased were on ventilators for a period ranging from 
12 to 144 hr. All patients received mannitol and 
glycerol, but no corticosteroids as antiedema meas- 
ures. Case VI received phenobarbital (1 g) over 48 hr 
prior to death. None of the other cases received any 
anti-convulsant medication. Following autopsy, the 
brain was dissected into discrete regions using stand- 
ard anatomical landmarks. The tissues were washed 
free of blood, stripped of blood vessels and meninges 
and stored at -70“ prior to analysis. Microsomes 
were prepared from tissues as described above. 

Table 1. Hepatic and cerebral cytochrome P-450 and 
NADPH cytochrome c reductase in rat and mouse 

P-450 Reductase Ratio 

NADPH cytochrome P-450 reductase activity was 
assayed using cytochrome c as substrate [8]. Amino- 
pyrine N-demethylase. morphine N-demethylase 
and ethoxycoumarin 0-deethylase were assayed as 
described [9]. In experiments using antisera, micro- 
somal incubations containing pre-immune and 
immune sera were kept at 37” for 30min prior to 
addition of substrate. 

Rat 
Liver 858.2 ?Z 16.0 77.4 2 12.2 11.08 
Brain 88.4 2 7.3 22.3 ? 2.7 3.96 

Mouse 
Liver 902.6 -r- 38.0 84.6 ” 17.3 IO.66 
Brain 52.7 + 7.5 21.1 ? 2.7 2.46 

P-450 represents picomoles of cytochrome P-450/mg 
protein and P-450 reductase is measured as nanomoles of 
NADPH cytochrome c reduced/min/mg protein. Values 
are mean ? SD of three experiments with three different 
batches of microsomes. 

were washed and immunostained to visualize the 
bands (131. Ouchterlony double diffusion was per- 
formed on agar coated plates as described [14]. 

NADPH cytochrome P-450 reductase was purified 
from rat liver as described (91. The purity of the 
enzyme was established by SDS-PAGE. Antibodies 
to the reductase were raised in rabbits [lo]. The 
antibodies were specific for the antigen as judged by 
the following criteria: Ouchterlony double diffusion 
of antigen with antisera showed a single precipitin 
line, inhibition of immunodiffusion and immunoblot 
staining with antisera preadsorbed with antigen. The 
lack of cross-reactivity between the antisera to 
reductase and purified cytochrome P-450 was also 
established. 

Immunohistochemistry was carried out on paraffin 
sections of human medulla oblongata, frontal cortex 
and cerebellum fixed in 5% formalin, using rabbit 
antisera to rat liver reductase. The sections were 
incubated for 60 hr at 4” and the immune reactions 
were visualized by diaminobenzidine-hydrogen per- 
oxide, following incubation with horse radish per- 
oxidase linked swine antisera to rabbit IGg. 
Necessary controls were incorporated. 

RESULTS 

SDS-PAGE was carried out on brain and liver NADPH cytochrome c reductase levels were esti- 
microsomes [II], and the proteins were transferred mated in rat and mouse brain and liver. The specific 
to nitrocellulose membranes [ 121 and incubated with activity of the enzyme in both rat and mouse brain 
the antisera to rat liver reductase. The membranes was only 25% of the hepatic levels (Table 1). The 
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Fig. 2. Inhibition of (A) mouse brain and (B) rat brain 
NADPH cytochrome c reductase activity by antisera to rat 
liver reductase. Microsomes were incubated with (O-10 pL/ 
mL incubation medium) preimmune sera (0-O) and 
immune sera (Q-0) prior to addition of substrate and 
NADPH. Values are mean 2 SD of three experiments. 

above enzyme was also estimated in human brain 
regions, liver and kidney obtained at autopsy. The 
maximal activity was observed in midbrain, pons and 
medullary regions of the brain (Fig. 1). However, 
the enzyme activity in the brain regions was lower 
than that observed in the respective liver, although 
one exception was seen in the seven cases examined. 
The human kidney P-450 reductase activity was also 
lower than the hepatic levels in the two cases exam- 
ined. In view of the elapsed time between death and 
autopsy, some autolytic changes could possibly have 
occurred in the human tissue. This data, hence, 
needs to be interpreted with caution. 

In this study NADPH cytochrome P-450 reductase 
has been shown to be present in mouse and rat 
brain and its immunological similarity to the well 
characterized rat liver P-450 reductase demonstra- 
ted. Although P-450 levels in the rat brain are one- 
tenth of that present in the liver (Table 1). the P-450 
reductase levels in the brain are one-fourth of that 
present in the liver. This indicates that a lower P-450 
to P-450 reductase ratio in the brain as compared to 
the liver, where a large excess of P-450 is known to 
exist as compared to P-450 reductase molecules [Xl. 

Addition of the antisera prepared to rat liver P- 
450 reductase inhibited mouse and rat brain NADPH 
cytochrome c reductase in a dose-dependent manner 
(Fig. 2A and B). Maximal inhibition of rat brain 
NADPH cytochrome c reductase activity (84%) was 
observed following the addition of 4 PL of antisera, 
while twice the amount of antisera was required for 
similar inhibition of the enzyme activity in mouse 
brain microsomes. Addition of the above anti-sera 
to human brain microsomes prepared from cortex 
and cerebellum resulted in partial inhibition (40%) 
of NADPH cytochrome c reductase activity (Fig. 3A 
and B). However, the enzyme activity in microsomes 
prepared from human medulla was inhibited by a 
greater extent (75%) by the addition of the same 
amount of antisera (Fig. 3C). 

Immunological similarity between hepatic P-450 
reductase and those from extrahepatic organs in the 
same species of animals is known. The rat lung and 
liver P-450 do not seem to differ significantly [16]. 
Immunological similarities indicating similar peptide 
sequences presumably at the catalytic site are also 
noted between rat brain and liver P-450 reductase, 
in the present study. Earlier studies on hepatic P- 
450 reductases from different species have indicated 
a great degree of functional similarity among them, 
although immunological differences exist [ 171. The 
cerebral P-450 reductase also seems to differ with 
respect to species. The immunoinhibition studies 
with rat and mouse brain NADPH cytochrome c 
reductase demonstrates this fact. The amount of 
antisera required for immunoinhibition of mouse 
brain enzyme was twice that required for rat brain 
enzyme. 

The antisera to rat liver P-450 reductase also Regional variation in NADPH cytochrome c 

inhibited the P-450 associated mono-oxygenase 
activity in mouse and rat brain (Fig. 4A and B). 
Mouse brain aminopyrine N-demethylase and mor- 
phine N-demethylase were inhibited by 50% of their 
original activity after the addition of the antisera 
(Fig. 4A). In the rat brain, the inhibition of P- 
450 mono-oxygenases was varied; aminopyrine N- 
demethylase was inhibited by 70%, while morphine 
N-demethylase and ethoxycoumarin O-deethylase 
were inhibited to a lesser extent (50%) by the 
addition of the same quantity of antisera. 

Ouchterlony double diffusion analysis of rat and 
mouse brain microsomes revealed a single precipitin 
line when incubated with the antisera to rat liver 
reductase (data not shown), indicating the immuno- 
logical similarity between the liver and brain 
reductase. Immunoblots of mouse brain and liver 
microsomes revealed a single band that co-migrated, 
when immunostained with the above antisera (Fig. 
5;. 

Human brain and liver microsomes were also sub- 
jected to similar immunoblot analysis using antisera 
to rat liver P-450 reductase. No bands were visualized 
in the microsomes from human liver or any of the 
brain regions except the medulla. The human med- 
ullary microsomes showed a single band when 
immunostained with the above antisera (Fig. 6). 
Similarly, immunohistochemical studies on human 
brain medulla revealed positive staining of the reticu- 
lar neurons (Fig. 7A and B). The reactivity was seen 
in cell bodies and the dendrites. The sections of 
cortex and cerebellum did not stain significantly 
above the background level. 

DISCUSSION 
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Fig. 4. Inhibition of P-450 associated mono-oxygenases by 
antisera to rat liver reductase in (A) mouse brain and 
(B) rat brain microsomes. Control incubations contained 
preimmune sera (10 ML) and all other incubations contained 
immune sera (lOpL), which were preincubated with the 
microsomes prior to the addition of substrate. Control 
activities are as follows. (A) aminopyrine N-demethyl- 
ase and morphine N-demethylase 185.5 * 10.5 and 
37.8 2 3.2 nanomoles of product formed/min/mg protein, 
respectively; (B) aminopyrine N-demethylase, morphine 
N-demethylase and ethoxycoumarin O-deethylase 181.2 2 
16.5, 125.4 * 8.1 and 1.6 2 0.2 nanomoles of product 
formed/min/mg protein, respectively. Values are mean 

k SD of three experiments. 

Fig. 3. Inhibition of human brain microsomal NADPH cytochrome c reductase by antisera to rat liver 
reductase. Microsomes were prepared from the following brain regions obtained from case VII: (A) 
cortex, (B) cerebellum and (C) medulla. Microsomes were incubated with ((!-lOpL/mL incubation 
medium), preimmune (0-O) or immune (M) sera prior to the addition of substrate and NADPH. 
Values are mean 2 SD of three experiments. Control values of P-450 NADPH cytochrome c reductase 

are nanomoles of cytochrome c reduced/mg protein. 

B 
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Fig. 5. Immunoblots of (A) mouse brain and (B) rat brain 
after immunostaining with antisera to rat liver reductase. 
(A) (1) mouse liver microsomes (32(1g) and (2) mouse 
brain microsomes (33 pg). (B) (1) purified rat liver 
reductase (1 pg), (2) rat liver microsomes (30 fig) and (3) 
rat brain microsomes (34 pg). The amount of protein loaded 

onto the cell is given in parenthesis. 

reductase activity was observed in human brain, the 
highest activity being present in the brain stem region 
consisting of midbrain, pons and medulla. The P- 
450 linked mono-oxygenase activity has also been 
observed to be higher in the brain stem as compared 
to the other regions [ 181. However, this result needs 
to be interpreted with caution in view of the possible 
autolytic changes that could have taken place during 
the period between death and autopsy. 

The human liver reductase has been shown to 
contain some, but not all of the determinants of the 
rat liver enzyme and the differences between rat and 
human liver P-450 reductase have been explicitly 
demonstrated by experiments in which the NADPH 
cytochrome c reductase activity in purified prep- 
arations has been titrated with the antibody raised to 
the rat liver enzyme [ 171. The lack of immunological 
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Fig. 6. Immunoblot of microsomal protein from human brain regions and liver stained with antisera to 
rat liver reductase. Microsomes were prepared from tissues obtained at autopsy from Case VI. Striatum, 
ST (50 pg); medulla, ML (26 yg); thalamus, TH (42 pg); cortex, CT (49 pg); and liver, LV (43 pg). The 
amount of microsomal protein loaded onto the gel is given in parenthesis. Similar immunoblots were 

obtained from Case IV (see Fig. 4 legend). 
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Fig. 7. Immunocytochemical localization of NADPH cytochrome P-450 reductase in (a) large reticular 
neuron (x360) and (b) neurons of cranial nerve nuclei (x320), in human brain medulla oblongata. The 

neurons of the cranial nerve are variably stained. 
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cross-reactivity between human and rat liver P-450 

reductase has also been observed in the present 
study. The immunoblot analysis using rat liver P- 
450 reductase failed to reveal the presence of any ‘, 
immunoreactive bands in human liver microsomes. 
However, the microsomes prepared from human 
brain medulla oblongata revealed a protein band, o 
when examined by immunoblot analysis using anti- 
sera to rat liver reductase. This band was absent in 
the other regions of the brain examined. Further, 
immunoinhibition studies using the same antisera, 10 
only partially inhibited (40%) NADPH cytochrome 
c reductase activity in the cortex and cerebellum. 
while almost completely inhibiting the activity in the 
medulla (75%). These results seem to indicate the 
presence of a form of P-450 reductase in human 
medulla that is immunologically similar to the rat 

1, 

liver P-450 reductase. Immunohistochemical loca- 
lization of reductase in human brain revealed its 12 
presence in the reticular neurons and dendrites of 
the medulla oblongata. Earlier immuno- 
histochemical studies on localization of P-450 in 
human brain have revealed a similar pattern of stain- I3 

ing [19], indicating the co-localization of P-450 and 
P-450 reductase in the human brain medulla. The 
isolation and characterization of the human brain P- 
450 reductase and its regional variation may provide ,-) 
an insight into the nature and function of the enzyme. 
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