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differences in methodology. Also, serotonin binding in human
platelets may differ from that in rat platelets.

There are several possibilities why this study did not
demonstrate the binding of serotonin to the receptor site
responsible for shape change and aggregation: (1) the specific
activity of the ligand might not have been sufficient to detect
extremely small numbers of receptors for shape change and
aggregation: (2) leakage of minute amounts of endogenous
serotonin may have occurred during the incubation condi-
tions which diluted low concentrations of labeled serotonin or
occupied serotonin receptor sites, and (3) the incubation of
platelets at 4° altered the binding site for shape change. This
possibility is not likely because serotonin receptor binding is
easily identified in nerve tissue when incubated at 4°.

This study did identify binding to the serotonin uptake site
which will enable us to identify the role of specific membrane
components in platelet serotonin receptor binding.
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The effects of incorporation into microsomes of purified NADPH-cytochrome c (P-450)
reductase on drug oxidations
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The current view of the liver microsomal monooxygenase
enzyme system is that in the microsomal membranes cyto-
chrome P-450 catalyzes the biotransformation of a variety of
drugs, toxic compounds including carcinogens, and endoge-
neous substrates such as steroids and fatty acids utilizing
molecular oxygen and electrons | 1-5]. Recent efforts made
by several laboratories have realized the almost complete
purification of cytochrome P-450 and NADPH-cytochrome
¢ (P-450) reductase [ 6—11]. The determination of molecular
weight and specific activity of these purified enzymes has led
to the conclusion that cytochrome P-450 is present in 10 to
25 times larger amounts than NADPH-cytochrome ¢ (P-
450) reductase in microsomal membranes, and that at least
six species of cytochrome P-450 exist in microsomes from
phenobarbital- and 3-methylcholanthrene-treated rats [12].
As regards the possibility of whether or not NADPH-cyto-
chrome ¢ (P-450) reductase is the rate limiting enzyme in
drug oxidations in whole microsomes, not many reports have
appeared. From results obtained using reconstituted mixed
function oxidase system, Kamataki et al. [ 10] proposed that
in whole microsomes NADPH-cytochrome ¢ (P-450) reduc-
tase rather than cytochrome P-450 is the rate limiting enzyme
for benzphetamine N-demethylation. In support of this hy-
pothesis, quite recent reports by Miwa and Cho [13] and
Miwa et al. | 14] demonstrated that a detergent solubilized
NADPH-cytochrome ¢ (P-450) reductase was incorporated
into microsomes to enhance drug oxidation activities. If
cytochrome P-450 and NADPH-cytochrome ¢ (P-450) re-
ductase are not rigidly organized in the membranes as men-
tioned by Yang and Strickhart [ 15] and Yang [16], then it
seems reasonable to hypothesize that multiple species of

cytochrome P-450 compete with each other in functional
binding to the limited amount of NADPH-cytochrome ¢ (P-
450) reductase in microsomal membranes.

Thus, in this paper we would like to report the results of the
experiments showing the effects of fortification of rat liver
microsomes with purified NADPH-cytochrome ¢ (P-450)
reductase to further support the idea that there is an order in
the cytochrome P-450 species for receiving electrons from
limited NADPH-cytochrome ¢ (P-450) reductase in micro-
somal membranes. .

Materials and methods. Male rats of Cr1:CD(SD) strain
weighing 120 to 150 g were used throughout this study. The
animals, which were maintained on a commercial rat chow,
CE-2 Nippon Clea Co., Japan, were starved for about 20 hr
prior to sacrifice. but were given tap water ad lib. When
necessary, intraperitoneal (i.p.) injection of 3-methylcholan-
threne (25 mg/kg) dissolved in olive oil and subcutaneous
(s.c.) injection of phenobarbital (80 mg/kg) dissolved in sa-
line were conducted simultaneously once a day for three days.

DEAE-Sephadex (A-50) and 2',5° ADP-Sepharose 4B
were purchased from Pharmacia Fine Chemicals Co.. and
hydroxylapatite from Bio-Rad. NADP, glucose 6-phosphate.
glucose 6-phosphate dehydrogenase (EC 1.1.1.49, Grade 1)
and cytochrome ¢ (horse heart) were purchased from Boeh-
ringer Mannheim. Emuigen 913, a non-ionic detergent, was
kindly provided by Kao-Atlas Co. Commercial aniline was
redistilled under vacuum and the distillate was stored at about
—10° under an atmosphere of nitrogen. Other chemicals were
of highest purity commercially available. Microsomes were
prepared as described previously [17]. Protein was deter-
mined by the method of Lowry et al. | 18] using bovine serum
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albumin as a standard. Cytochrome P-450 was measured by
the method of Omura and Sato { 19 using an Aminco DW-2
recording spectrophotometer, and the content was calculated
from absorbance difference between 450 nm and 490 nm
using the extinction coefficient of 91 mMcm™ [20].
NADPH-cytochrome ¢ (P-450) reductase (EC 1.6.99.2)
activity was measured by the method of Phillips and Langdon
[21] using cytochrome ¢ as an electron acceptor.

NADPH-cytochrome ¢ (P-450) reductase was purified
from phenobarbital-treated rat liver microsomes by a minor
modification of the method of Yasukochi and Masters { 11].
Eluate from 2,5 ADP-Sepharose 4B column was adsorbed
on a hydroxylapatite column equilibrated with 0.0 1M-K-
phosphate (pH 7.25) containing 20% glycerol and 0.2%
Emulgen 913. The column was washed with 0.0 1M-K-phos-
phate (pH 7.25) containing 20% glycerol until the absorb-
ance at 276 nm was less than 0.03 and then NADPH-
cytochrome ¢ (P-450) reductase was eluted with 0.15M-K-
phosphate (pH 7.25) containing 20% glycerol. The final
NADPH -cytochrome ¢ (P-450) reductase preparation had a
specific activity greater than SO units per mg of protein. One
unit of NADPH-cytochrome ¢ (P-450) reductase activity is
defined as the amount of enzyme catalyzing the reduction of
cytochrome c¢ at an initial rate of 1 umole per min at 25°.

A typical reaction mixture for drug oxidation assay con-
sisted of NaK-phosphate (0.1M, pH 7.4), NADP
(0.33 mM), glucose 6-phosphate (8 mM), MgCl, (6 mM),
glucose 6-phosphate dehydrogenase (0.045 unit), EDTA
(0.1 mM), microsomes (approx. 1.0 mg of protein) and a
substrate (5 mM) in a final volume of 1.0 ml. N-Demethyla-
tion of ethyimorphine or aminopyrine and hydroxylation of
aniline or O-deethylation of p-phenetidine were carried out at
37° for 10 min and 20 min, respectively. Drug oxidation
reactions were linear during the incubation period under these
incubation conditions. N-Demethylase activities of ethylmor-
phine and aminopyrine were measured by determining for-
maldehyde formed by the method of Nash (22]. Aniline
hydroxylation and p-phenetidine O-deethylation were as-
sayed by determing p-aminophenol formed according to the
method of Imai er al. (23]

Fortification of rat liver microsomes with purified
NADPH-cytochrome ¢ (P-450) reductase was carried out
essentially by the method described by Miwa and Cho [13].
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Microsomes, phosphate (0.1 M, pH 7.4) and EDTA
(0.1 mM) were incubated at a concentration of about 10 mg
of protein per ml for 20 min at 30° with desired amounts of
purified NADPH-cytochrome ¢ (P-450) reductase. Control
samples were incubated with buffer in place of the reductase.
After the incubation period, the mixtures were diluted about
S- to 10-fold with ice cold O.1M-phosphate (pH 7.4) and
centrifuged at 105,000 g for 60 min. The microsomal pellets
were resuspended in 0.1M-phosphate (pH 7.4) and centri-
fuged at 105,000 g for 30 min. The washed microsomal
pellets were resuspended in 0.1M-phosphate (ph 7.4) and
used for the assay.

Results and discussion. The effects of varying amounts of
added NADPH -cytochrome ¢ (P-450) reductase on drug
oxidations activities were examined. The amount of the reduc-
tase incorporated into the intact liver microsomes was in-
creased with the amount of the purified reductase added;
roughly 20 to 25 per cent of the added reductase was incorpo-
rated (data pot shown). The possibility that not all of the
reductase recovered in the microsomes, after washing with the
buffer as described by Miwa and Cho [ 13}, was functionally
involved in drug oxidations, remains to be elucidated; how-
ever, at least a portion of the ‘fortified’ reductase is assumed to
be functionally acting in the microsomal membranes since the
rate of cytochrome P-450 reduction by NADPH as well as
drug oxidation activities was enhanced by the fortification in
accordance with the finding by Miwa er al. [ 14] (data not
shown). Since the reductase was assumed to limit the rate of
drug oxidations in whole microsomes, the double reciprocal
plots of the activities were drawn towards the amounts of the
reductase presented in microsomes. As shown in Fig. 1, the
amounts of the reductase required for giving a half maximal
velocity of drug oxidations were found to vary with the
substrates employed. The amounts of the reductase in the
fortified microsomes to give a half maximal activities of p-
phenetidine O-deethylation, aniline hydroxylation and ami-
nopyrine and ethylmorphine N-demethylation were 0.177,
0.132, 0.108 and 0.056 unit per mg of microsomal protein,
respectively. The most pronounced enhancement was also
seen in p-phenetidine O-deethylation, followed by aniline
hydroxylation and aminopyrine and ethylmorphine N-de-
methylations when microsomes from rats treated with 3-
methylcholanthrene or phenobarbital was used (data not
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Fig. 1. Double reciprocal plots of the activities of ethylmorphine and aminopyrine N-demethylations, aniline
hydroxylation and p-phenetidine O-deethylation against the NADPH-cytochrome ¢ (P-450) reductase
activity. Microsomes (80 mg of protein) isolated from untreated rats were divided into four flasks. The flasks
were incubated after addition of 0, 10.4, 34.6 and 114.2 units of purified NADPH-cytochrome ¢ (P-450)
reductase in the presence of 0.1 M-Na, K-phosphate (pH 7.4) Specific activity of microsomal NADPH-
cytochrome ¢ (P-450) reductase before incubation was 0.123 unit per mg of protein. Activities of
ethylmorphine (O ) and aminopyrine (@) N-demethylations, aniline (A} hydroxyiation and p-phenetidine (A)
O-deethylation were measured using microsomes fortified with various amounts of reductase. Other
experimental details are as described in Materials and Methods.
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Table 1. Inhibition by x-naphthoflavone of aniline hydroxylation activity in microsomes fortified
with purified NADPH-cytochrome ¢ (P-450) reductase

Reductase-fortified

Addition (uM) Control {Inhibition, %) (Inhibition. %)

None 0.254 0.586

2-Naphthoflavone (0.2) 0.254 (0.0) 0.547 (6.7)

z-Naphthoflavone (1.0) 0.223 (12.2) 0.422 (28.0)
0.225 (11.4) 0.354 (39.6)

x-Naphthoflavone (10.0)

Liver microsomes (40 mg of protein) from rats treated with phenobarbital and 3-methylcholan-
threne were divided into two flasks. Purified NADPH-cytochrome ¢ (P-450) reductase (216.4 units)
was added to one of the two flasks and corresponding amounts of the buffer to the other as a control.
The specific activity of NADPH-cytochrome ¢ (P-450) reductase and the specific content of
cytochrome P-450 in the control and the fortified microsomes were 0.174 and 0.7 14 unit per mg of
protein and 2.11 and 1.92 nmoles per mg of protein. respectively. Other experimental details are as

described in Materials and Methods.

* nmoles p-Aminophenol formed per nmole cytochrome P-450 per min.

shown). These observations probably suggest that the cyto-
chrome P-450 species catalyzing ethylmorphine N-demethyl-
ation receives election by limited NADPH-cytochrome ¢ (P-
450) reductase for accepting electrons after binding with the
substrate ethylmorphine. while in the case of p-phenetidine.
cytochrome P-450 species concerned in the O-deethylation
can not receive electrons even after binding with the substrate.
probably because of the interference by other species of
cytochrome P-450.

Aniline hydroxylation has been assumed to be catalyzed by
more than one drug metabolizing enzyme { 24]. Recently. Lu
et al. {25) have demonstrated that aniline hydroxylation is
catalyzed by different forms of cytochrome P-450 purified
from rat liver microsomes. Furthermore, in accordance with
the previous results, we™® also observed that all species of
cytochrome P-450 partially purified from intact. phenobarbi-
tal- and 3-methylcholanthrene-treated rat liver microsomes
had the activity for aniline hydroxylation. In addition, x-
naphthoflavone is known to be a specific inhibitor of one of
the cytochrome P-450 species. cytochrome P-448, which is
induced by polycyclic aromatic hydrocarbons. Therefore,
assuming that aniline is oxidized by a variety of cytochrome
P-450 species. the effect of xz-naphthoflavone on aniline
hydroxylation was determined using microsomes from rats
treated with both phenobarbital and 3-methylcholanthrene in
the presence of incorporated NADPH-cytochrome ¢ (P 450)
reductase to know whether or not there is a preferential
species of cytochrome P-450 involved in aniline hydroxyla-
tion in whole microsomes (Table 1). The aniline hydroxyla-
tion activities seen in both control microsomes and the micro
somes fortified with the reductase were inhibited by z-
naphthoflavone, however. the inhibition was greater in the
fortified microsomes than in the control. At the 10 uM con-
centration of x-naphthofiavone. aniline hydroxylation in the
fortified microsomes was inhibited by about 40 per cent
whereas that in the control microsomes was inhibited by only
about 11 per cent. This result indicates that a cytochrome P-
450 species other than a species sensitive to x-naphthoflavone
is a preferential species for aniline hydroxylation in the
absence of the fortified NADPH-cytochrome ¢ (P-450) re-
ductase. The results similar to those observed for aniline
hydroxylation were also obtained when p-phenctidine was
used as a substrate (data not shown).

Although immunochemical studies |[26] have suggested
that cytochrome P-450 is located on the surface of endo-
plasmic reticulum, the possibility that the effects of NADPH-
cvtochrome ¢ (P-450) reductase might be due to failure of the

* T.Kamataki. M. Kitada. K. Chiba, H. Kitagawa. Y. Imai
and R. Sato. unpublished data.

reductase to reach cytochrome P-450 molecules which are
not on the surface of microsomal membrane cannot be
excluded.

Clark and Powis [27] have demonstrated that acetone
administration in vivo enhances the activitics of aniline hy
droxylation and NADPH -cytochrome ¢ (P-450) reductase
but not the content of cytochrome P-450. From the results
shown in the present study. it seems possible to assume that
the stimulation of aniline hydroxylation activity might be due
to increase in the activity of reductase rather than the qualita
tive change in cytochrome P-450.
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Adenylate and guanylate cyclases in the cerebellum

(Received | February 1978; accepted 19 March 1979)

Intracerebroventricular injection of 4-isopropyl-2,6,7-trioxa-
1-phosphabicyclol 2,2,2]octane (IPTBO), of caffeine, and of
0-3,3-dimethylbut-2-y! methylphosphonofluoridate (soman)
led to changes in the levels of cyclic AMP and cyclic GMP in
the mouse brain | 1].

CH,—O
iH,C;—C-CH,—0-P=0
\CHZ——O
IPTBO

A speculative scheme. in which cyclic AMP was impli-
cated in the inhibitory action of GABA and cyclic GMP was
implicated in the excitatory action of ACh. was used to
explain the observations and to provide a possible basis for
further study. The scheme would suggest that the adenylate
cyclase (EC 4.6.1.1) activity and the guanylate cyclase (EC
4.6.1.2) activity in the cerebellum. where the changes were
most marked. should be activated by GABA and ACh.
respectively. Thus, the effects of GABA and ACh on the
adenylate and guanylate cyclase activities in cerebellar ho-
mogenates are now reported. together with the effects of some
putative GABA antagonists and some anticonvulsants on the
modified activities.

Table 1. Enhancement of the basal rates of adenylate cyclase and guanylate cyclase by GABA
and ACh respectively

Adenylate cyclase

Guanylate cyclase

Concentration of

Concentration of

GABA Enzyme activity* ACh Enzyme  activityT
M) (%) (M) (%)
0 100* () 0 100
1077 100 + 3 (5) 1077 100 + 3 (5)
5.1077 110 + 3 (5) 5-1077 110 + 3 (5)
10°¢ 120 + 4 (5) 107¢ 115 + 3 (5)
5.10°¢ 135+ 4 (5) 5-107¢ 130 + 4 (5)
10°* 145 + 4 (5) 107 140 + 4 (5)
5.10°* 150 + 5 (5) 5.107% 150 + 4 (5)
107 150 + 5 (5) 107 150 + 4 (5)
5.107* 140 + 7 (5) 5-107* —
1073 130 + 8 (5) 1073 140 + 6 ()

* Normal levels (100 per cent) — adenylate cyclase 10-20 pmoles cAMP/assay
= 0.5-1.0 umoles cAMP/mg cerebellum/3 min.
— guanylate cyclase 0.5-1.0 pmoles cGMP/assay
= 25-50 nmoles cGMP/mg cerebellum/3 min.

1 Percentage of unactivated rate
determinations.

+ S.EM. Figures in parentheses are number of



