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Brain neurosteroids are 4th generation neuromessengers in the brain:
Cell biophysical analysis of steroid signal transduction
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General Introduction

This work reviews recent achievements made by
our lab. on intercellular signal transduction related to the
synthesis and action of steroids. These achievements were
made possible by the high suitability of cytochrome P450, a
key enzyme in signal transduction,
spectroscopic analysis. Both digital microscopic imaging,

to quantitative

electrophysiology analysis and time—resolved protein rotation
measurements were used: Real-time microscopic imaging
was used to investigate Ca>~ signaling, endosome trafficking
and P450scc activity; Electrophysiology was necessary to
examine Synaptic neuron—neuron communication; Protein
rotation was used to analyze molecular mechanisms of
electron transfer in cytochrome P450 systems.

Steroid hormones, including sex hormones, play an
essential role in the homeostasis of the body, allowing the

mediation of genomic processes via nuclear steroid hormone

receptors. In a classical view, steroid hormones are modeled
as being synthesized exclusively in peripheral organs such as
the adrenal cortex and the gonads. They then reach the target
tissues via blood circulation. Recently, however, steroids have
been shown to be present in the brain. These brain
neurosteroids have been demonstrated to act acutely
(<30min) on neurotransmitter receptors located on the cell
membranes in the hippocampus (the center for learning and
memory), the amygdala (the center for emotional behavior),
the retina and the olfactory bulb, and, as such, are likely to
play an essential role in signal transduction processes related
to learning, memory and emotional response. One example,
the postsynaptic neuron activation circuit, consisting of
neurosteroidogenic systems and the N-methyl-D-aspartate
(NMDA) receptors of the hippocampus, was discovered in
this laboratory.

Although the physiological roles of these brain

neurosteroids have not been sufficiently elucidated, it is
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possible that their actions may be completely different from
those of peripheral steroids. Here we propose that brain
neurosteroids are 4th generation neuromessengers which are
synthesized within the neurons and are responsible for acute
modulation of neuron—neuron communication through
neurotransmitter receptors. First generation neuromessengers
are neurotransmitters such as glutamate, GABA and
acetylcholine; Second generation neuromessengers —are
catecholamines such as dopamine and serotonin; Third
generation neuromessengers are neuropeptides such as
Enkephalin, vasoactive intestinal peptide, and substance P.
Although 1st-3rd generation neuromessengers are stored in
synaptic vesicles, and are rapidly exocytosed from
presynapses, neurosteroids are produced in mitochondria and
microsomes driven by Ca®" signals, and released by passive
diffusion as paracrine messengers. The techniques of cell
biophysics, in combination with biochemistry and molecular
biology, could be a powerful method of investigating
molecular mechanisms of the action and synthesis of brain
steroids, an exciting new field for the 21st century.

Chap. 1 Neurogeroids a nove family of neuroactive
messengers  essentially  contributing  to  long-term
potentiation, learning and memory

Introduction

Brain neurosteroids are neuroactive steroids which
are synthesized de novo in the brain (1). Recent studies
revealed the presence of significant amounts of neurosteroids
such as pregnenolone (PREG), dehydroepiandrosterone
(DHEA) and their sulfate esters (PREGS and DHEAS) in the
mammalian brain (2). Adrenalectomy did not decrease the
level of PREG(S) and DHEA(S) in the brain (3).
Neurosteroidogenesis has, however, not been well elucidated,
due to the extremely low levels of steroidogenic proteins in
the brain. In contrast to the classical genomic effects of
peripheral steroids, many neurosteroids induce acute
physiological actions on cell surface receptors (4 —6).

There is increasing evidence that neurosteroids
modulate neurotransmissions acutely (<30min), with either
excitatory or inhibitory effects, in the hippocampus (1).
PREGS potentiated the Ca>" conductivity of the NMDA
subtype of glutamate receptors (7, 8) but suppressed the CI
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conductivity of the y—aminobutyric acid (GABA) receptors in
cultured rat hippocampal neurons (9, 10). In combination,
these actions could facilitate excitation of neurons at the
postsynaptic level (9). DHEA potentiates the GABA—induced
CI current but DHEA sulfate (DHEAS) suppresses it (9—11).
17B—estradiol is an estrogen which may be synthesized by
P450arom in the hippocampus as well as the gonads. A few
reports present the possible acute effect of estradiol on
neuronal excitability in the hippocampus (12—14).

Neurosteroids are indicated to be effective in
leaming and memory of animals. The administration of
PREGS and DHEA enhanced the retention of footshock
avoidance in mice when injected directly into the
hippocampus (15, 16). An injection of PREGS into the
hippocampus temporally improves the spatial memory
performance of deficient aged rats (1, 17).

The location and activity of the neurosteroidogenic
machinery in the brain has not been sufficiently elucidated.
Many studies showed mainly that the mRNAs of
steroidogenic enzymes were expressed at low levels in the
entire cerebrum and cerebellum. For example, the amount of
P450scc mRNA expressed in the brain was extremely small,
around 1/10*~1/10° of that in the adrenal gland (18, 19).

Neurosteroid synthesis in the brain might be
catalyzed by biotransformation of cholesterol to various
steroids by the cytochrome P450—containing monooxygenase
systems as hypothetically illustrated in Figures 1 and 2.
Cholesterol is transported into the mitochondria with
steroidogenic acute regulating protein (StAR). In the
mitochondria, cytochrome P450scc (CYP11A1) catalyzes the
side—chain cleavage of cholesterol, resulting in pregnenolone
formation, which is promoted by electron transfer from
NADPH to P450scc through NADPH-adrenodoxin
reductase (ADR) and adrenodoxin (ADX). PREG reaches the
microsomes (endoplasmic reticulum), where cytochrome
P45017a,,lyase (CYP17) catalyzes the 17o—hydroxylation
of pregnenolone, resulting in the formation of DHEA. After
the transformation of DHEA to androstenedione by
3B-hydroxysteroid dehydrogenase (3B-HSD), cytochrome
P450aromatase (P450arom, CYP19) catalyzes the conversion
of androstenedione to estrone. This is followed by a further
transformation to 17B—estradiol by 17B-hydroxysteroid
dehydrogenase (178—HSD). Testosterone is also formed from
androstenedione by 17B—HSD. The possible conversion of
testosterone tol7B—estradiol may be performed by P450arom.
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Hydroxysteroid sulfotransferase converts PREG and DHEA
to their sulfate forms, PREGS and DHEAS. In another
PREG is metabolized to
progesterone by 3B-HSD. Cytochrome P450c21 converts
progesterone to deoxycorticosterone and deoxycortisol, which
then reach the mitochondria, where P45011f converts them
to corticosterone (CORT) and cortisol, respectively.
Cytochromes P45017a,, P450c21 and P450arom accept
electrons from NADPH-cytochrome P450 reductase. It
should be noted that little was known about the existence and
P45017c,, P450arom and

sulfotransferase in brain neurons such as hippocampal

pathway in microsomes,

localization of P450scc,
neurons prior to our studies. The presence of mRNAs for
17B8-HSD (20, 21) and P450c21 (22) was indicated in the

brain.

1 1 Localization of functional neurosteroidogenic

sydems in pyramidal neurons in the rat brain
hippocampus

In the hippocampus, there was no direct demonstration
of the localization of steroidogenic machinery. We have
presented the first demonstration of the presence and activity
of complete steroidogenic systems in the hippocampal
neurons from adult male rats (23, 24).

Immunochistochemical and Westernimmunoblot analyss

A significant localization for cytochromes P450scc,
P45017a,, and P450arom was successfully observed in
pyramidal neurons in the CAI1-CA3 regions, as well as
granule cells in the dentate gyrus, with immunohistochemical
staining of slices. Co-localization of P450s with redox
partners, hydroxysteroid sulfotransferase and StAR was also
demonstrated in pyramidal neurons and granule cells.

Pathway of neurosteroid synthesis
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To determine the localization
P450scc antibodies raised against a peptide sequence (amino
acids 421-441) using the avidin—biotin—peroxidase complex
(ABC) technique according to the free—floating method (25)
(Fig. 3). An intense immunoreaction with P450scc IgG was
restricted to pyramidal neurons in the CA1-CA3 regions as
well as granule cells in the dentate gyrus. The co—localization
of immunoreactivity against P450scc and neurofilaments
showed that P450scc was present in the neurons.
Preadsorption of the antibody with excess purified bovine
P450scc antigen resulted in complete absence of P450scc
immunoreactivity in all of the positively stained cells in the
hippocampus (Fig. 3), due to the crossreaction of the anti-rat

P450scc antibodies which we used (24). Essentially the
same P450scc staining pattern was observed in male and
female rats.

Immunohistochemical staining was also performed
for other cytochrome P450s such as P45017a., and P450arom,
using anti—guinea pig P45017a, IgG (gift from Dr. Shiro
Kominami) and anti-human P450arom IgG (gift from Dr.
Nobuhiro Harada) (Fig4). The sulfotransferase and StAR
were also stained with antibodies against rat hydroxysteroid

sulfotransferase (gift from Dr. Hiro-omi Tamura) and mouse

StAR (gift from Dr. Douglas Stocco). 3-HSD activity was
obtained with formazan accumulation. The presence of redox
partners of P450scc was examined using immunostaining
with antibodies against beef ADR and ADX (gift from Dr.
Takayuki Hara) (Fig. 5). Intense immunoreaction with all
these antibodies was restricted to pyramidal neurons in the
CAI1-CA3 regions and granule cells in the dentate gyrus.

The 3B-HSD activity was also localized in these
neurons. These results imply that pyramidal neurons and
granule cells have complete steroidogenic systems which
catalyze (1) the conversion of cholesterol to PREG driven by
electron transport from NADPH to P450scc through ADR
and ADX, (2) further conversion to progesterone and DHEA,
(3) sulfation to PREGS and DHEAS, and (4) possible
conversion to testosterone and estradiol (see Fig. 1).

The expression of proteins was confirmed by Western
analysis for P450s, redox partners,

sulfotransferase and StAR from the

immunoblot

hydroxysteroid
hippocampus. As illustrated in Fig. 6, a single protein band
was observed for each of these proteins. The molecular
weight of the P450scc band in isolated mitochondria was
almost identical to that of bovine adrenocortical P450scc
(approximately 54 kDa). The molecular weights of P45017q.,
and P450arom m microsomes, ADR and ADX in
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Figure3

Immunohistochemistry of cytochrome P450scc in hippocampal slices of an adult male rat. The somata layer of
pyramidal neurons is characterized as a mirror image of C-shaped curve throughout the CAl— CA3 regions of the
hippocampus. Granule cells in the dentate gyrus (DG) showed a characteristic arrowhead distribution. Panel 1 : A, Low
magnification image of the whole hippocampus stained with antibodies against rat cytochrome P450scc; B, Neurofilaments
stained with anti-neurofilament 200 IgG; C, The hippocampal CA1 region stained with antibodies against rat P450scc; D,
Staining with anti-P450scc IgG preincubated with a saturating concentration of purified P450scc in the CA1 region. Note
that A and B are at low magnification; C and D are at identical high magnification. Scale bar, 800 um (A and B), and 120
um (C and D). Immunoreactive cells were visualized using diaminobenzidine—nickel staining, Panel 2 : A, confocal
fluorescence dual staining of P450scc (green) and neuronal nuclear antigen (red); B, fluorescence dual staining of P450scc
(green) and GFAP (red); C, fluorescence dual staining of P450scc (green) and MBP (red). A superimposed region of green
and red fluorescence is represented in yellow. A—C, the same high magnification. Scale bar ,120 pm (A—C). so, stratum
oriens; pel, pyramidal cell layer; sr, stratum radiatum.

mitochondria were approximately 57, 57, 54 and 12 kDa, kDa, in cytoplasmic fractions was slightly smaller than that of
respectively. The molecular weight of the sulfotransferase, 30 the purified rat liver protein. Only the full-length 37 kDa



species of StAR in the mitochondria was observed in the
control hippocampus. When the hippocampus was stimulated
by 100 uM NMDA for 30 min, the conversion of StAR from
the 37 kDa species to the truncated 30 kDa species was
observed (see Fig. 6, Panel B). The processing of StAR
proteins was dependent on an NMDA-mediated-Ca”" influx.
This processing of StAR may coincide with the Ca*"
—dependent movement of StAR bearing cholesterol from the
outer to the inner membranes of mitochondria, supplying
cholesterol to P450scc.

The role of neurons on neurosteroid synthesis in the
hippocampus had not been clearly described prior to our
study. The distributions of some steroidogenic proteins in the
hippocampus were recently demonstrated by means of in situ
hybridization. The distribution of StAR mRNA and 3-HSD
mRNA (1/10° —1/10° of the levels in the adrenal gland) was
localized along the pyramidal cell layer in the CAI-CA3
regions and the granule cell layer in the dentate gyrus, while
the amount of P450scc mRNA in these neurons was shown
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Figure4

Immunohistochemical staining
with antibodies against P45017a,
P450arom, the sulfotransferase and
StAR in the hippocampus of an adult
male rat. A, P45017c, in the whole
transverse section of the hippocampus;
B, P450arom; C, the sulfotransferase;
D, StAR protein; E, Activity of
3B-HSD in the CAl region revealed
by nitroBT staining. P45017a,
P450arom, the sulfotransferase, StAR
and 3B-HSD are restricted to
pyramidal neurons in the CA1-CA3
regions and granule cells in the dentate
gyrus (DG). A, B, C, D a low
magnification;, E, the  high
magnification. Scale bar, 800 um (A -
D) and 120 um (E). Immunoreactive
cells in A-D are visualized with
diaminobenzidine—nickel staining.

to be extremely low (26, 27).

For decades, many investigators have believed
neurosteroidogenesis to be carried out mainly in glial cells,
because anti-bovine P450scc antibodies are absorbed by the
white matter throughout the rat brain (28, 29), and because
many reports have indicated the presence of P450scc,
although at low levels, in astrocytes, oligodendrocytes and
white matter (28, 30, 31). We therefore examined the possible
existence of P450scc in glial cells. The distributions of
astroglial cells and oligodendroglial cells showed, however,
very different patterns from that of the P450scc—containing
cells (see Fig.3). Antibodies against glial fibrillary acidic
protein (GFAP), a marker protein of astroglial cells, stained
astro—shaped cells in the stratum radiatum and the stratum
oriens in the hippocampus. The antibodies against myelin
basic protein (MBP), a marker protein of oligodendroglial
cells, stained many long fibril cells. The distributions and
shapes of GFAP-reactive cells and MBP—reactive cells are
very different from those of P450scc—reactive cells, indicating
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Panel B

Figure6

Panel A: Western immunoblot analysis of P450scc,
ADR and ADX in the mitochondria from the
hippocampus. A, P450scc; B, ADR; C, ADX. From left to
right the three panels show purified bovine protein
(P450scc in A, ADR in B, and ADX in C), mitochondria
from the testis, lung, cerebellum and hippocampus. Rat
lung mitochondria are used as a negative control. Panel B:
Western immunoblot analysis of StAR from the
hippocampal mitochondria. -NMDA, control without
NMDA; +NMDA, the hippocampus was stimulated by
100 uM NMDA for 30 min. Not only a thick 37 kDa band
but also a weak 30 kDa band appeare on +NMDA. Testis
StAR of 30 kDa is used as a positive control.

that the majority of P450scc—containing cells are neither
astroglial cells nor oligodendroglial cells. Our careful

observation suggested the presence of a slight amount of

Figure5

Immunohistochemical staining with

ADR; B, ADX. so, stratum oriens; pcl, pyramidal
cell layer; sr, stratum radiatum. The scale bar
indicates 120 um.

neurosteroidogenic proteins in glial cells, because of an
observed immunoreactivity against P450scc in some glia—like

cells.

Neur oster oidogenic activity analyss

We examined the activity of the neurosteroidogenic
system in the hippocampus by means of specific
radioimmunoassay (RIA) using antibodies against PREG (see
Fig 7) (23, 24). The basal concentrations of PREG and
PREGS were approximately 0.2— 0.3 pmol/mg protein (i.e.,
0.02-0.03 pmol/wet weight, 20-30 nM) which is roughly
10-fold greater than those typical of plasma. In order to
demonstrate the acute net production of neurosteroids during
neuron—neuron communication, the NMDA-stimulated
production of PREG and PREGS was investigated in
hippocampal cubic slices. Upon stimulation with 100 uM
NMDA for 30 min at 37 deg, the hippocampal level of PREG
and PREGS increased to 0.4 — 0.6 pmol per mg of protein,
resulting in an increase of about 2— to 3—fold in the basal
levels. Stimulation of PREG and PREGS production with
NMDA was completely suppressed by either the application
of MK-801 and AP-5, which are specific blockers of
NMDA receptors, or by the depletion of extracellular Ca™".
This suggestes that NMDA-induced PREG production was
mediated by the influx of Ca>" through NMDA receptors.
Aminoglutethimide (a specific inhibitor of P450scc)
completely blocked the PREG production induced by
NMDA stimulation, indicating that the PREG production in
the hippocampus was solely due to the P450scc enzyme.

The production of 17P-estradiol was also
investigated with RIA using antibodies against estradiol. The
basal concentration of estradiol was approximately 0.006
pmol/mg protein (600 pM) which is roughly 6-times greater
than that typical of plasma. When the hippocampus was
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in the case of the 30—min incubation without NMDA stimulation.

stimulated with 100 uM NMDA for 30 min at 37 deg in the
presence of metyrapon (a specific inhibitor of P45011p),
estradiol concentration increased to approximately 0.013
pmol/mg protein. In the absence of methyrapon, however,
NMDA-stimulation failed to induce an increase in the level
of estradiol, suggesting that the estradiol-synthesis pathway is
competitive CORT-synthesis
stimulation with NMDA.

Synthesis of DHEA and estradiol has also been
investigated by means of High Performance Liquid

against pathway upon

Chromatography (HPLC) analysis. Significant conversion of
PH}FPREG to ['HF-DHEA was observed in the
hippocampal cubic slices after incubation for 5 h at 20 deg,
When ["H}-PREG was incubated with hippocampal slices in
the presence of bifonazole, specific inhibitor of P45017a.,, the

elution peak of ['H}-DHEA disappeared. When ["H-DHEA
was incubated with hippocampal slices for 5 h at 20 deg,
significant [3H]fandrostenedi0ne,
[*H]testosterone and [*H]}-estradiol were observed. The

amounts of

approximate relative ratio was androstenedione : testosterone :
estradiol = 1:2:17, showing the effective synthesis of estradiol.
[*H]-estradiol was formed when [*H]estosterone was
incubated with hippocampal slices for 5 h. These results
imply that 17B—estradiol was synthesized from DHEA
through androstenedione, testosterone and estrone in the
hippocampus. This suggests that the hypothesis, that the
conversion of peripheral testosterone to estradiol may be
responsible for development of the male type brain from the
default female type brain, might not be valid for the
hippocampus. It should be noted that the presence of mRNAs
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for 17B-HSD type 1 and type 3 was demonstrated in the
hippocampus (21). 17-HSD type 1 and 17p-HSD type 3
catalyze the conversion of estrone to estradiol, and the
conversion of androstenedione to testosterone, respectively.

It is important to consider whether the local
concentration of neurosteroids is sufficiently high for them to
act as local mediators. In order to examine the significance of
the concentration of PREGS, we tried to convert the
dimensions from pmol / mg protein to M (mol /L). We
determined that 10 mg wet weight of the hippocampal tissue
contained 0.96 mg of protein. We could assume that tissue
having 1mg of wet weight has an approximate volume of 1 pl,
because the major part of tissue consists of water whose 1 mL
weight is 1 g. The volume may be decreased by only less than
10%, when we consider specific volumes for protein and lipid
(about 0.7 — 0.8 ml / g). The basal level of PREGS in the
hippocampus is then about 28 nM. After NMDA-stimulation,
the concentration of PREGS becomes 57 nM. The local
concentration of PREGS in the pyramidal neurons is likely to
be 10-20 fold higher than the bulk concentration of 57 nM,
due to the relatively small volume of the P450-
immunoreactive parts in the total hippocampus. These
considerations suggest that the local concentration of PREGS
could be as high as 0.6-1.2 uM, which should be sufficient
for it to act as a local mediator that modulates NMDA
receptors (7, 8). Conceming 17p—estradiol, NMDA-
stimulation increased the concentration from 0.6 nM (basal)
to 1.3 nM, which is estimated to correspond to a 1326 nM

local concentration within neurons.

1. 2 Action of neur oster oidson NM DA receptors

PREGS and edradio induce potentiation of NMDA
receptor-mediated Ca”* signals

We investigated the NMDA receptor—mediated
elevation in the intracellular calcium concentration ([Ca2+]i)
with digital fluorescence microscopy, using the Ca*'—
sensitive indicator, fura—2 or Calcium Green—1 (32). For
isolated hippocampal neurons from 3—day—old rats, cultured
8-10 days, application of 100 M NMDA induced a transient
elevation in [Ca>J; which lasted for about 2060 sec in 86%
of the neurons, in the absence of steroids, and in Mg2+—ﬁ“ee
medium. Preincubation with 100 uM PREGS for 20 min at
37 deg increased the peak amplitude of Ca*" transients by

14-fold, as well as increasing the population of
NMDA-responsive neurons from 86% to 92%. PREGS did
not change considerably the time course of NMDA—induced
Ca*" transients. These results, taken together with intracellular
electrophysiological measurements combined with NMDA
stimulation (10, 33), imply that PREGS increases the opening
probability of the NMDA receptor without affecting the mean
open time. We also observed a similar enhancement of Ca*"
signals upon NMDA application in hippocampal slices by the
preperfusion of 50-100 uM PREGS for 20 min.

Estradiol, at a micromolar high concentration, was
observed to acutely potentiate the NMDA receptor—mediated
Ca®" influx. Preincubation with 10-50uM estradiol for 20
min prolonged the duration of Ca>" signals from 20-60 sec (in
the absence of estradiol) to 5-10 min (in the presence of
estradiol) without significantly changing the population of
NMDA-responsive cells (see Fig. 8, Panel 1). These results
indicate that PREGS and estradiol have very different modes
of potentiation to NMDA receptors.

PREGSenhancesnitric oxide (NO) production

The presence of PREGS enhanced the NO production
which was induced upon 1 mM NMDA perfusion in the
hippocampal slices (from 4-week—old rat) in Mg*'—free
medium at 37 deg. The production of NO was measured as
two dimensional images using diaminofluorescein-FM
(DAF-FM) whose fluorescence was selectively increased by
reaction with NO (34). The perfusion of 100 uM PREGS for
20 min enhanced the NMDA-mediated NO production by
approximately 2—fold, especially in the CA1 region (35). On
the other hand, the PREGS-induced
enhancement of NO production, in relation to Ca®" transients,

considerable

was quantitatively examined with diaminofluorescein—2
(DAF=2) fluorescence in genetically engineered Chinese
hamster ovary (CHO) cells by imaging analysis. We
expressed heterologously neuronal NO synthase in a stable
transfectant CHO line expressing heat—inducible alleles of
NMDA receptors which were mouse GluRe 1(NR2A) with
GIuR{ 1(NR1) subunits or GluRe 2(NR2B) with GluR{

1(NR1) subunits. In contrast to hippocampal neurons, these
CHO cells showed a step Ca”" elevation upon only NMDA
stimulation (36). Fifty uM PREGS enhanced the NMDA
—induced NO production by approximately 1.5—fold. This is
in a good coincidence with an approximate 1.5—fold increase
in the average Ca®" influx upon NMDA stimulation (see Fig.
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Estradiol and CORT prolonged Ca*" elevation induced upon NMDA stimulation in cultured hippocampal neurons.
Pand 1: Curve a, the time course of the transient Ca”" elevation induced upon application of 100 uM NMDA. Curve b,
preincubation with 50 M estradiol before NMDA application significantly prolongs the Ca®" elevation. The vertical
scale is the normalized relative fluorescence intensity of Calcium Green—1. Pane 2: Curve a, the time course of transient
Ca*" elevation induced upon application of 100 tM NMDA. Curve b, preincubation with 1 tM CORT before NMDA
application extremely prolongs the Ca®” elevation. The vertical scale is the ratio of the fluorescence intensity of fura—2
excited at 340 nm and 380 nm. Curve b in both panels is vertically displaced for illustrative purposes.

9) (37). The increase in the NO production was probably due
to  PREGS—dependent NMDA
receptor—mediated Ca®" influx, because the activity of

potentiation  of

neuronal NO synthase is Ca’/ calmodulin dependent.

PREGS potentiates the devdopment of long-term

potentiation
In the

measurements, long—term potentiation (LTP) of CAl

electrophysiological ~ field  potential
pyramidal neurons is defined as a 1.5-2 fold increase of the
initial slope of excitatory postsynaptic potential (EPSP) upon
tetanic stimulation of Schaffer collaterals with 100 Hz for 1

sec in the hippocampal slices (from 4—week—old rats) with 1
mM of Mg® at 30 deg. The 30 Hz for l-sec tetanic
stimulation, however, did not induce LTP. Preperfusion with
100 uM PREGS for 10 min considerably increased the EPSP
slope by approximately 1.4—fold upon stimulation with 30 Hz
(see Fig. 10), indicating the LTP—development. Interestingly
even without tetanic stimulation in 1 mM Mg®" medium, the
perfusion of 10-100 uM PREGS for only 2 min increased
both the slope and the peak magnitude of EPSP by
approximately 1.8—fold. This enhancement of EPSP lasted
stably during the perfusion of PREGS. The LTP—induction by
PREGS is probably due to the potentiation of NMDA
receptor-mediated Ca’” currents by PREGS (10, 33).
Because PREGS is known to suppress AMPA type of
glutamate receptors, the enhancement of LTP—induction
implies that the potentiation of NMDA receptors overcomes



Adv in Biophys (2001) Vol.37, pp. 1-30

] -
=4 800 = !
= | s g "
= o
S 600 o " s
o+ - : ..

:; - .m L]
— L] '
=c 400 -
52 L -

+ 1 " ”

] - L]
&HC 200 4% "8
m— ...
oo .
g

0 —

0 200 400 600 800

ACaZ* (nM) upon NMDA
application without PREGS

NMDA application
with PREGS

NMDA application
without PREGS

B-1 — B-2
50 um

the suppression of AMPA receptors in synaptic signal
transduction.

Effect of edradiol on the induction of longterm
potentiation

Complex results were observed for the acute effect of
estradiol in developing the LTP of CA1 pyramidal neurons.
When 100 Hz for 1 sec tetanic stimulation of Schaffer
collaterals was applied, the preperfusion of 0.1-10 nM
estradiol for 20 min reduced the induction of LTP of the slice
from 4-week—old rat as indicated by an approximate 1.3—fold
enhancement of the EPSP slope (our results; ref. 14), while
the preperfusion of estradiol did not affect the induction of
LTP of the slice from adult rat (3 month-old) (14). When
theta-burst stimulation (e.g., 100 Hz for 200 msec, 10 sec
intervals, 5 times applications) was applied to the slice from
adult rat, the preperfusion with 0.1-10 nM estradiol for 20

min was alternately effective in developing LTP as indicated

11

Figure9

PREGS potentiated NMDA—induced Ca”" elevation
through genetically expressede 2/ 1 NMDA receptors
in CHO cells. Pandl A: Plot of intracellular Ca*" elevation
(A Ca”) upon NMDA application in the presence vs. in
the absence of 50 uM PREGS for the same single cells.
Vertical axis is the Ca®" elevation (A Ca”") in the presence
of PREGS and the horizontal axis is A Ca™" in the
absence of PREGS for the same cells. First, cells were
stimulated by 100 uM NMDA perfusion without PREGS,
then NMDA was wash out, resulting in Ca®" decrease to
the resting level. Second, the same cells were perfused
with 50 uM PREGS for 20 min, followed by a perfusion
of 100 uM NMDA with 50 uM PREGS for stimulation.
Pane B: Pseudocolored images demonstrate that CHO
cells expressinge 2/ 1 NMDA receptors show Ca’'
elevation upon 100 pM NMDA stimulation, in the
absence of PREGS (B-1), and in the presence of PREG
(B—2). The ratio of fura—2 fluorescence is indicated with a
color bar. Scale bar is 50 pm.

by an approximate 2—fold enhancement of the slope and the
peak magnitude of EPSP (13), or ineffective in induction of
LTP as indicated by almost no enhancement nor depression
on the slope and the peak magnitude of EPSP (K. Ito,
When the NMDA
receptor-mediated EPSP was measured in a low Mg®
medium (100 uM Mg”"), the magnitude of EPSP was
considerably enhanced under the preperfusion of 0.1-100 nM
estradiol (our results; ref. 13). Further experiments should be

performed to resolve these complicated effects of estradiol on

personal  communication).

neuron—nheuron communication.

Corticogerone acutdy and extremdy prolongs NMDA
receptor—mediated  Ca®*  devation in  cultured
hippocampal neurons

Corticosterone (CORT) is a principal glucocorticoid
that is synthesized in the rodent (e.g., rat and mouse) adrenal
cortex and secreted in response to stress. Note that more

cortisol than CORT is produced in primates such as the
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Enhancement of LTP—development by preperfusion
of PREGS for 30 min in hippocampal slices. Panel A:
Left, In the absence of PREGS. EPSP before the 30 Hz
stimulation and EPSP at 15 min after the stimulation.
Right, In the presence of PREGS. EPSP before the 30 Hz
stimulation and EPSP at 15 min after the stimulation.
Panel B: Time-dependence of the EPSP slope with
PREGS (blue filled square) and control EPSP slope
without PREGS (black open square). The slope of the
EPSP increases by roughly 1.4—fold upon 30 Hz tetanic
stimulation for 1 sec, after the preperfusion of 100 uM
PREGS for 30 min, whereas the slope is not significantly
changed in the absence of PREGS.

humans. To date, little had been known about the acute effects,
which of CORT on
neurotransmitter-mediated signal transduction in hippocampal
neurons. We therefore examined the acute effects of CORT

appear within 30 min,

using digital fluorescence microscopy, with the Ca*—
sensitive indicator, fura —2.

CORT induced an acute effect on NMDA
receptor-mediated Ca®" signaling at 37 deg in cultured
hippocampal neurons isolated from 3—day—old rats (32). We
observed that CORT modulated the NMDA
receptor—mediated elevation in [Ca®']; completely differently
from PREGS in the hippocampal neurons. By preincubation
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of neurons with 0.5-50 uM CORT for 20 min in the absence
of extracellular Mg®, NMDA induced an extremely
prolonged Ca®" elevation which was never terminated over
the experimental time range of 520 min (Fig.8 Panel 2).
Blocking NMDA receptors by MKS801 terminated the
prolonged [Ca’; elevation. CORT did not increase the
population of the NMDA-responsive neurons. The very
prolonged [Ca’'; elevation by the presence of CORT caused
the loss of mitochondrial membrane potential, as observed
with rhodamine 123. These results imply that a high
concentration of CORT (>0.5 pM), possibly secreted during
stress, acutely inhibited the closing of NMDA receptors
which were once opened by NMDA, and resulted in a

Ca*"—dependent neurotoxicity in the hippocampus.

CORT acutdy suppressesL TP-induction
The LTP of CA1 pyramidal neurons was induced upon
high—frequency stimulation of Schaffer collaterals with 100
Hz for 1 sec in the hippocampal slices in the presence of high
concentration (1 mM) Mg®" at 30 deg, as determined by an
increase in the EPSP slope by approximately 1.5—fold.
Preperfusion with 10 uM CORT for 20 min considerably
suppressed the LTP—development, reducing the increase in
the EPSP slope to 1.2-1.3 fold upon the 100 Hz tetanic
stimulation. The suppression of LTP—development in the
presence of CORT might be due to an extremely enhanced
Ca*" influx through NMDA receptors during a 1-sec tetanic
stimulation, as judged from the Ca®” measurements of
cultured hippocampal neurons. Our findings suggest that the
suppression of LTP-development would occur acutely
(<30min), as a result of a stressful concentration of CORT in
vivo. Until our study, by the observation of delayed genomic
effects requiring 524 h, high levels of glucocorticoids were
shown to inhibit LTP induction and to impair learning
(38-40). By the way, where does CORT come from? Does
CORT reach the brain only from the adrenal glands? CORT
synthesis from [°H] —deoxycorticosterone and the presence of
mRNAs of P450c21 and P45011p have been reported in the
rat hippocampus (22). Although the evidence is not
conclusive, during stressful situations, the hippocampus itself
might synthesize a high concentration of CORT which then
acutely suppresses neuron—neuron communication as well as
peripheral CORT supplied from the adrenal glands.
On the other hand, a series of studies about chronic and

genomic effects of corticosteroids in the hippocampus has
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been reported (41, 42). Stress—induced increase in CORT
secretion was shown to produce neuronal cell damage.
Exogenous application of a high dose of CORT endangered
the neurons in the hippocampus (43, 44). Three weeks of
treatment with CORT lead to neuronal atrophy selective for
CA3 pyramidal neurons in the hippocampus. Rats exposed to
restraint stress for 3 weeks exhibited neuronal atrophy
identical to that seen in rats treated with high-dose CORT for
3 weeks (45). So far, investigations on rapid modulation of
hippocampal neuronal activities by adrenal steroids have been
quite exceptional. Most studies performed over the past few
decades show that glucocorticoids exert delayed, conditional
actions on hippocampal activity (46).

Discussion on neur osteroids

Our results shed light on the physiological reality of
neurosteroids as local mediators conceming the site where
they are synthesized, and where and how they act.

So far, many works have reported the absence of P45017a, in
the brain. Therefore, it has been believed that DHEA and
testosterone may be supplied by blood circulation, resulting in
the conversion to estradiol in hypothalamus and amygdala
where P450arom is expressed. Gonadal sex steroids and
DHEA had not been realized as neurosteroids, because their
synthesis had not been demonstrated in the brain. Only
PREG(S),
allotetrahydrocorticosterone have been supposed to be ‘true’

pregnanolone, allopregnanolone and
neurosteroids (6). Even progesterone had not been included in
neurosteroids. Our discovery of the NMDA—dependent
machinery of estradiol-synthesis, starting from domestic
cholesterol to estradiol and testosterone through DHEA,
introduces an essentially a new class of neurosteroids, having
anew role in the process of signal transduction in the brain.
Our experimental knowledge, taken together indicates
that PREGS causes postsynaptic signal amplification, as
illustrated in Fig. 11. In particular, an NMDA-gated Ca*"
influx triggers a cascade of steroidogenesis by StAR and
P450scc. This increases the production of PREG and PREGS,
which in turn potentiates an NMDA receptor—mediated Ca®"
influx. By this means, PREGS facilitates the excitation of
neurons at the postsynaptic level. The production of PREG
and PREGS in the hippocampus was found to be enhanced
by approximately 2—fold upon stimulation with NMDA,

13

strongly suggesting positive feedback between NMDA
receptor activation and the production of PREGS. This
possible acute (<30min) postsynaptic signal amplification
through a “PREGS — NMDA receptor — Ca”™’ cycle might
directly contribute to the LTP of hippocampal pyramidal
neurons, in which PREGS acts as a mediator of the
postsynaptic LTP—development. Our first observation of the
enhancement in LTP—induction by PREGS in the CAl
pyramidal neurons strongly supports this hypothesis.

action (<30min) of estradiol on
glutamate-mediated neuronal excitability is
Although the production of estradiol was enhanced by the
NMDA-gated Ca®" influx, this increase of estradiol may
acutely suppress the LTP—induction. When a 100 Hz for 1 sec
tetanic stimulation was applied, a pretreatment of 0.1-10 nM
estradiol suppressed the development of LTP for 4 week-old
rats. On the other hand, upon theta-burst stimulation (100 Hz
for 200 ms, 5 times with 10 sec interval), a preperfusion of
0.1-10 nM estradiol potentiated the development of LTP (13),
or no effect on development of the LTP for adult rats (14,

The acute

complex.

personal communication). Note that a preperfusion of 0.1-10
nM estradiol for 10 min potentiated the population spike
amplitude which has close relation to action potential (12),
implying that the effect of estradiol is different between
glutamate-gating and voltage gating Ca>" channels.

Our essential contribution is the discovery of a
paracrine supply of estradiol from an NMDA—dependent
neuronal machinery which synthesizes estradiol fiom
domestic cholesterol, suggesting that the supply of peripheral
gonadal steroids by blood circulation may not play a central
role in modulating rapid neuron—neuron communication.
Because one year therapy with 17p—estradiol for female
patients of Alzheimer’s disease after menopause was very
effective in improving their capacity for leraning and memory
(47), our finding of neuronal synthesis and acute action of
estradiol may serve as a molecular basis for understanding its
therapeutic effects. Acute effect of estradiol also includes
MAP kinase—dependent cell protection in which membrane
estradiol receptors are considered to be involved (48). For
example, estradiol was demonstrated to protect the
degradation of hippocampal NMDA receptors by only 10
min exposure (49). On the other hand, we propose the other
type of modulation for CORT in neuronal communication. In
stressful situations, a high level of CORT (cortisol in the case

of primates), either produced in the hippocampus or coming
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Possible modulation by PREGS, estradiol and CORT may be performed (1) by their direct binding to NMDA
receptors or (2) via binding to their specific membrane receptors, followed by interactions with NMDA

receptors. For illustrative purposes, AMPA type of glutamate receptors are omitted.

from the adrenal glands, extremely prolongs the NMDA
receptor-mediated Ca® elevation, and results in the
suppression of LTP—development.

It should be noted that NMDA receptor—dependent
LTP corresponds to the synaptic mechanism of memory,
because selective NMDA antagonists delivered to the brain
impairs hippocampus LTP. NMDA-dependent strengthening
of CA1 synapses is demonstrated to be essential for the
acquisition and storage of spatial memory of transgenic mice
in which the NMDA receptors had been selectively deleted in
the CA1 pyramidal cells (50, 51).

Prior to our extensive investigations, there were few
reports which demonstrated the specific cellular distributions
of steroidogenic proteins in the cerebrum. In the rat
cerebellum, the neuronal localization of P450scc was
demonstrated in Purkinje neurons and granule cells by
immunohistochemistry (52). A significant amount of PREG
was observed in the whole cerebellum. PREGS was observed
to enhance the electrical activity of Purkinje neurons, may be
due to suppressing GABA neurons (53). Neuronal expression
of the P450scc mRNA was reported in other rat nervous

systems, such as neurons in the retinal ganglion, sensory
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neurons in the dorsal root ganglia, and primary cultures of rat
cerebellar granule cells (18, 19, 54). In the isolated rat retina,
the concentrations of both PREGS and PREG were almost
the same (approximately 0.5 ng/mg protein) (55).
NMDA-induced enhancement of the production of PREG
and PREGS was also demonstrated in the retina, with
approximately a 2—fold enhancement (55, 56).

The specificity of steroid-binding and
modulation on NMDA receptors should be examined.
PREGS, estradiol and CORT has been observed to modulate
NMDA receptors very differently. The copresence of
progesterone  with CORT completely prevented the
modulation effect of CORT. The observed effects, therefore,
cannot be nonspecific ones caused by the
membrane—solvation of steroids or membrane—disordering by
steroids. The specificity of these steroid effects for NMDA
receptors may not be lower than that for GABA receptors
because more than a micromolar concentration range of
PREGS was also necessary to modulate GABA receptors
specifically. Note that PREGS and DHEA have specific, high
affinity binding sites on GABA receptors (56-59). There is,
however, a possibility of the existence of novel membrane
receptors for neurosteroids which differ from NMDA
receptors, particularly for estradiol, because the application of
1-100 nM estradiol alone without NMDA acutely produces
Ca*" transients in the cultured rat hippocampal neurons, glial
cells (60) and embryonic midbrain dopaminergic neurons
(61). It should be noted that the application of estradiol alone
did not produce Ca®" transients in CHO cells genetically
expressing NMDA receptors.

In a classical view of steroid hormone actions, steroids
have been considered to require binding to intracellular
nuclear steroid receptors after reaching neurons by circulation.
Because activation of both the transcriptional and translational
machinery of the cells is necessary for the classical steroid
actions, there must be a time—lag of hours to days between the
beginning of the
consequences.

actions and their physiological

The influence of steroids on memory storage in the
hippocampus has attracted much attention in behavioral
studies. Peripheral steroids may influence memory processes
by modulating LTP in the hippocampus, which has recently
been shown to be inhibited by high—stress—induced levels of
glucocorticoids and to be chronically enhanced by low
endogenous levels (41). With regard to delayed genomic
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effects, it is still unknown why stress—elevated high levels of
glucocorticoids enhance Ca®" conductance and cause
neuronal atrophy in CA3 pyramidal neurons in the
hippocampus. The blockade of NMDA receptors and the
suppression of glutamate release were effective in inhibiting
neuronal atrophy (62). Our finding of a CORT—induced,
stable open state of NMDA receptors might also explain the
chronic, Ca**—dependent neurotoxicity in the hippocampus.
Another open question is why neuronal atrophy selectively
occurs in CA3 pyramidal neurons but not in CAl. One
possible explanation is that CA3 neurons lack Ca*—binding
proteins which are abundantly contained in CA1 neurons,
such as calbindin D28k and parvalbumin (63).

Chap. 2 Mechaniams of geroid synthesis in the adrenal
cortex

Introduction

Mechanisms of steroidogenesis have been extensively
investigated in adrenocortical cells which are much more
enriched in steroidogenic enzymes than brain cells (64).
Peripheral steroid hormones produced in adrenocortical cells
play a key role in gluconeogenesis in the liver, homeostasis of
Na' /K" concentration, and suppression of inflammation. The
rate of steroid hormone synthesis is rapidly (5-20 min)
increased upon hormonal stimulation of adrenocorticotropic
hormone (ACTH) in adrenal fasciculata cells (65). Upon
ACTH stimulation, signal transduction appears to occur
sequentially in the following manner. ACTH binds to the
hormone receptors in the plasma membrane, which triggers
Ca®" signals or cAMP signals in the cytoplasm. This in turn
stimulates the conversion of cholesterol to PREG by P450scc
in the mitochondria. A successive hydroxylation of steroids
then occurs in microsomes and mitochondria, which results in
corticoid production (see in Fig.1 and Fig. 2). A flow of
steroid metabolism is as follows: PREG — progesterone —
deoxycorticosterone — CORT. Conceming cholesterol
mobilization, cholesterol in the inner mitochondrial
membrane may first be utilized rapidly (< 5 min) by P450scc,
and then supplied from the outer to the inner membrane (~20
min) by StAR or peripheral benzodiazepin receptors (66).
Cholesterol supply from the cytoplasm would be much
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The time course of typical Ca®" signaling induced by 1 pM ACTH in cultured

adrenocortical cells. Curve 1, Ca*" oscillations; curve 2, step-like increase in Ca*" ; curve 3,

Ca’*" oscillations superimposed on the step-like increase in Ca>".  The vertical scale ( F/F)

is the ratio of the fluorescence intensity change (  F =F-F) to the basal fluorescence, F,.

slower.

The identity of physiological second messengers for
ACTH action has been controversial for a long time. It had
been believed that cAMP is a major second messenger,
because cAMP synthesis in the adrenal cells was stimulated
by pharmacological concentrations of ACTH (100 pM-1
uM) and the application of cCAMP analogs activates adrenal
steroidogenesis (67). In the presence of a 1-50 pM
concentration of ACTH (ie., the physiological level of
ACTH), however, steroidogenesis was stimulated but cAMP
synthesis was not increased significantly (68). Ca>" jons play
an important role in steroidogenesis, because their removal or
the addition of calcium channel blockers is known to reduce
or abolish the corticoid response. We therefore challenged to
demonstrate that ACTH induce a direct Ca" signaling, which
drives a cascade of enzyme reactions downstream. In order to
investigate the important elementary steps of steroidogenesis
reactions at a molecular level, we have employed digital
fluorescence microscopic imaging for P450 activity and
cholesterol trafficking.

2. 11maging of calcium sgnaling

With fluorescence microscopic imaging, we have
discovered that Ca®" signaling occurrs in Calcium Green—1
—loaded bovine adrenal fasciculata cells upon stimulation with
ACTH, at a physiological concentration of 1-100 pM (69).
Because it was very difficult to achieve good loading of
adrenocortical cells with calcium indicators, we used a high
concentration of Cremophore of 0.03% in order to obtain
complete dissolution of Calcium Green—1/AM during cell
loading (70). More than 90% of the fasciculata cells was
therefore loaded in 10—min incubation at 37 deg with 3 uM
Calcium Green—1/AM.

We observed three patterns of Ca’" signaling: Ca*"
oscillations with a frequency around 0.04 Hz (33%), a
step-like increase in Ca’" concentration (10%), and Ca’"
oscillations superimposed on a step-like increase in Ca*"
(57%) (Fig. 12). The Ca*" oscillations induced by ACTH
were almost completely suppressed by the addition of EGTA
(to deplete Ca®" in the outer medium) and thapsigargin (to

inhibit Ca®" release from microsomes). When the Ca*
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signaling was inhibited by the treatment with EGTA, the
corticoid production during 60 min was considerably
suppressed to 11 % of that of cells stimulated with 100 pM
ACTH (69). Note that stimulation with 100 pM ACTH
increased the corticoid production by 12—fold over that of
control non-stimulated cells (551 pmol of corticoid/10°
cells/hr). These results suggest that the Ca®" signaling is a
second messenger for ACTH-induced steroid hormone
synthesis in zona fasciculata cells. To confirm this, we used
NPS-ACTH, an ACTH analogue which induces Ca®"
signaling with no accompanying cAMP production, even at
ImM NPS-ACTH. NPS-ACTH increased both the PREG
production and the population of Ca”" signaling cells (71).

2.2 Red-time analyds of the activity of P450sce, usng a
fluorescent cholester ol analogue

The catalytic activity of P450scc is normally measured
with RIA to detect pregnenolone production. RIA does not
have good time resolution, and we cannot analyze at the
single cell level. To investigate the time dependency of the
activity of cytochrome P450scc in real-time, we measured the
side—chain reaction,

cleavage using  3f-hydroxy-22,

23-bisnor-5-cholenyl ether (cholesterol-resorufin) as a
substrate, by observing the distinct increase in fluorescence
attendant upon conversion of cholesterol-resorufin to
resorufin and pregnenolone. Time-dependent fluorescence
analysis with a fluorometer revealed that the activity of
P450sce was dependent on cytosolic Ca®" signals arising from
extracellular NADPH, ACTH and ATP stimulation in bovine
adrenocortical fasciculata cells (72). Cholesterol-resorufin in
DMSO was loaded into cultured cells in order to incorporate
this substrate analogue into intracellular mitochondria. The
resorufin production in adrenocortical cells was completely
suppressed by the presence of aminoglutethimide, a specific
mhibitor of P450scc, which indicated that the fluorescence
increase was due solely to the P450scc side—chain cleavage
activity.

The application of extracellular NADPH, 50 —500 puM,
was observed to increase both the level and rate of resorufin
production in intact cells (see Fig. 13). This extracellular
NADPH stimulation was prevented by the addition of
thapsigargin and EGTA, which abolished Ca’" oscillations
induced by extracellular NADPH. The addition of suramin, a
specific antagonist of the P2y type of ATP receptors, also
completely abolished the extracellular NADPH-induced
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The time—course of the side—chain cleavage
activity of P450scc for cholesterol-resorufin in cell
suspensions. Panel (a): 10 uM thapsigargin inhibited
the P450scc activity induced by extracellular
application of 50 uM NADPH. Panel (b): 2 mM
EGTA inhibits but extracellular Ca*" supplementation
stimulates the P450scc activity induced by 500 uM
extracellular NADPH. 100 uM aminoglutethimide
inhibits the activity completely. Panel (c): 100 uM
suramin suppresses completely the P450scc activity
induced by 500 uM extracellular NADPH. Vertical
axis is the fluorescence of resorufin. Arrows indicate
the time of addition of chemicals.

cholesterol-resorufin conversion. These results imply that
extracellular NADPH (membrane impermeable) produced
Ca®" oscillations via binding to ATP receptors, thereby
stimulating the activity of P450scc. On the other hand, ACTH
induced a relatively small increase in the P450scc activity for

cholesterol-resorufin. A significant production of resorufin
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was observed after stimulation of cell cultures with 100 pM, 1
nM of ACTH for 3 hours. The application of 45-500 puM
extracellular ATP to cells did not significantly increase the
resorufin production.

The addition of these three stimulators produced very
different types of Ca”" signals: The Ca’" signals induced by
NADPH was characterized predominantly by a series of Ca®"
spikes, without elevation of the basal Ca*" concentration;
ACTH induced dominantly a series of Ca* spikes,
superimposed on a longlasting basal Ca®" elevation;
Extracellular ATP
elevation. The mode of stimulation of cytochrome P450scc
may thus be correlated with the different patterns of cytosolic
Ca®" signals, although the activity of P450scc should be
dependent on mitochondrial Ca®" rather than cytosolic Ca”".

The NADPH-induced
cholesterol-resorufin may be achieved by means of
stimulation of electron transfer to P450scc by effective

penetration of Ca®" oscillations into the mitochondria where

induced only a long-lasting Ca®"

enhancement of

Ca*—dependent NADPH generation systems are present.
Although we still do not have direct evidence for this
hypothesis, some support is lended by the reported behavior
of bovine adrenocortical glomerulosa cells upon stimulation
with angiotensinll and ACTH (73, 74). At 100 pM,
angiotensinll induced Ca®" oscillations while a step Ca*"
elevation was induced at 3 nM. The time course of the
increase in intracellular NAD(P)H was coincident with the
time —dependent change in the cytosolic Ca>" concentration
induced by angiotensinll(75). The coincident change in
mitochondrial Ca®" with the change in cytosolic Ca®" was
demonstrated using chemiluminescent aequorin, expressed in
the mitochondria (73). ACTH-induced Ca*" signals may
activate StAR which transports endogenous cholesterol into
mitochondria. Our results suggest, however, that StAR may
not transport exogenous cholesterol-resorufin, resulting in a
rather weak stimulation by ACTH of resorufin production.

2.3Imaging of trafficking of L DL—containing endosomes

Uptake and transport of cholesterol is essential as the
substrate supply for steroidogenesis in adrenocortical cells.
Cholesterol uptake is performed by receptor—mediated
endocytosis of low density lipoprotein (LDL) bearing
cholesterol, and is followed by the trafficking of endosomes
containing LDL. To investigate the real-time intracellular

Adv in Biophys (2001) Vol.37, pp. 1-30

trafficking of endosomes, microscopic images were recorded
on video tape and analyzed by digital image processing.

LDL was fluorescently labeled with dioctadecyl
tetramethyl-indocarbocyamine perchorate (Dil) and applied
to adrenocortical fasciculata cells. Approximately 20 min after
the pulsed application of LDL to cells, middle endosomes of
0.5—1 pum in diameter were formed. A digital tracing of single
endosomes demonstrated that individual middle endosomes
showed rapid forward/backward/immobile movements over
short distances, with frequent changes in direction (see Fig.
14). At 60 min after LDL addition, roughly 38% of the
endosomes showed rapid and directional movement at a rate
of 0.05 — 0.25 pmysec, with the time range of 72 sec tracing,
The remaining 62% of the middle endosomes were
temporarily immobile. When the tracks of many endosomes
were averaged over several hours, the averaged motion
showed very slow perinuclear movement at a velocity of 57
umvh. This very slow velocity is due to frequent changes in
the direction of endosome movement. At 3 h after LDL
addition, the middle endosomes showed

concentration around the circumference of the cell nuclei.

significant

This is consistent with the very slow velocity of averaged
perinuclear motion obtained from single endosome tracking.
Nocodasole inhibited the perinuclear movement of middle
endosomes by depolymerizing microtubules, which implies
that the endosomes underwent directed movement along the
microtubule networks. The incorporation of both anti-dynein
antibodies and 10-50 puM vanadate into cells by the saponin
treatment enhanced the peripherally—directed motion of the
endosomes, probably due to the inhibition of perinuclear
motion by dynein-like motor proteins (see Fig. 14). In
contrast, application of anti-kinesin antibodies induced the
facilitated perinuclear concentration of endosomes, probably
due to inhibition of peripherally—directed motion by
kinesin-like motor proteins. These results indicate that both
dynein-like and kinesin-like motor proteins bind to the same
endosome, resulting in alternating perinuclear and
peripherally—directed movements. Because the number of
kinesin-like

LDL-endosomes during perinuclear movement, due to the

motor  proteins may  decrease in
usage of kinesin—motor proteins for peripherally—directed
moving endosomes (including LDL receptors for the recycle),
the averaged motion of endosomes had a perinuclear

appearance.
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panel A:
upper: control
lower: anti-dynein
antibody

Figurel4

Panel A: The effect of antibody
against dynein on the endosome
movement.
Upper, Control distribution of
endosomes at 3h after the LDL
addition. Lower, Peripherally—located

distribution of endosomes caused by
the addition of anti-dynein antibody
which was incorporated into cells at 1
h after the LDL addition, and cells
were further incubated for 2 h. Panel

pane| B:
trajectories of

LOL endosome B: Trajectories of the middle

endosomes are drawn by tracing
endosomes for successive 60 images
(72 sec) at a time interval of 1.2 sec.
These images were taken at 1 h after
the LDL addition. The edge of the

cell nucleus is placed at the lower

right corner.

In adrenocortical cells, the application of ACTH caused endosomes around the nuclei within 1 h. ACTH—induced
a considerable facilitation in the perinuclear motion of the Ca®" signaling is responsible for increasing perinuclear

endosomes, resulting in the complete concentration of motion by modulating the dynein/kinesin motors, because
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depletion of extracellular and/or intracellular Ca®" abolished
the ACTH—induced facilitation in the perinuclear motion of
the endosomes, probably due to suppression of Ca®" signals
induced by ACTH. This may contribute to an acute increase
in steroid hormone production induced upon application of
ACTH.

We also investigated endosome trafficking in rat
cerebral astroglial cells (76). The mechanism of endosome
motion was almost the same as that observed in
adrenocortical cells except that the rate of averaged
perinuclear movement was much slower in astroglial cells
than in adrenocortical cells. As a result, 6 h was needed to
achieve a significant concentration of endosomes around
nuclei. The LDL—containing endosomes underwent rapid
forward/backward/immobile motions, with frequent changes
in direction. From investigations using anti-dynein and
anti—kinesin antibodies, the same endosomes were shown to
contain both dynein-like and kinesin-like motor proteins,
which
peripherally—directed motions along microtuble networks.

resulted in  alternative  perinuclear and
The rate of individual endosomes demonstrated qualitatively
the same distribution (0.05-0.25 pm/sec) as that in
adrenocortical cells.

We investigated the flexible motion of the LDL-
bearing LDL receptors in endosomes in adrenocortical cells.
Phosphorescence anisotropy 1(t) demonstrated that eosin1TC
labeled LDL, bound to the LDL receptors, showed a
wobbling motion within a cone of half-angle roughly 60 deg;
with a rotational relaxation time of 40 psec. The
measurements were performed at 4 deg, 40 min after the LDL

incorporation into cells.

Chap. 3 Electron trander interactions and membrane
topology of cytochrome P450s analyzed by proten
rotation measurements

As is shown in Figures 1 and 2, after the conversion of
cholesterol to pregnenolone by the ADR+ADX+P450scc
system in the mitochondria, PREG is transported to the
P450—containing
monooxygenase systems carry out the biotransformation of
PREG to various steroid hormones (64). Cytochrome

microsomes ~ where  cytochrome

P45017a., accepts electrons from P450 reductase, catalyzing

Adv in Biophys (2001) Vol.37, pp. 1-30

170, -hydroxylation of PREG. Cytochrome P450c21
(CYP21) accepts electrons from the reductase, catalyzing
21-hydroxylation of progesterone.

3.1 Adrenocortical mitochondrial P450scc

To investigate a possible ternary association of ADR +
ADX + P450scc, we measured the rotational mobility of
ADR and ADX upon crosslinking P450scc molecules by
antibodies against P450scc in liposomes. ADR and ADX
were added exogenously to liposomes containing P450scc
which was incorporated into phosphatidylcholine (PC)
/phosphatidylethanolamine (PE)/cardiolipin (CL) = 4/4/1
(w/w) vesicles by cholate dialysis procedures. The
lipid—to—P450scc ratio was 1: 2 (w/w) and the ADR: ADX:
P450scc ratio was 1:1:1 (mol/mol). ADX and ADR were
labeled with erythrosin  derivatives (ADX  with
erythrosin-ITC and ADR with erythrosin—IA). Rotational
diffusion of ADR/ADX was then measured by observing the
decay of phosphorescence anisotropy, 1(t), of erythrosin at 3
deg. ADX showed a rapid wobbling with a rotational
relaxation time, ¢, of approximately 20 ps when bound to
cytochrome P450scc in the membrane. The addition of ADR
to this system significantly decreased the wobbling mobility
of ADX. ADR moved rapidly (¢ of approximately 35 ps ) on
the membrane surface of liposomes containing ADR, ADX
and cytochrome P450scc. Cross-linking of P450scc by
anti-P450scc antibodies resulted in a significant decrease in
the mobility of both ADR and ADX in ADR+ADX+P450scc
liposomes (see Fig.15). It should be noted that the rotation of
cytochrome P450scc was very slow (¢ of approximately 830
ps) in the proteoliposomes at 3 deg. Taken together with
biochemical experiments, it is concluded that roughly 10% of
the ADR forms a transient ternary association with ADX and
P450scc. This ternary transient association may catalyze an
efficient electron transfer.

Rotational diffusion of P450scc was also very useful
for analyzing protein—protein interactions in intact
mitochondria (77-79). P450 rotation is measured by
observing the time—dependent absorption anisotropy upon
photolysis of the heme—CO complex by a vertically polarized
laser flash (80-87). In the inner membrane of the
mitochondria, the addition of ADX induced mobilization of
P450scc by 19% (from 35% to 54%) in the mobile
population, but further addition of ADR immobilized
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(b), Rotation of ADR when anti—P450scc IgG is
applied to curve (a). Anti-P450scc IgG
significantly suppresses the mobility of ADR,
indicating the ternary complex of these proteins.
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Lower Panel: Schematic model corresponding

to curve (a) and curve (b).

P450scc by 6%, implying that a transient ternary complex
formed between these three proteins (79).

3.2 Adrenocortical microsomal P450

To investigate whether P450c21 and P45017a., form a
transient association with NADPH-cytochrome P450
reductase, purified cytochromes were reconstituted with and
without the P450 reductase in PC/PE/phosphatidylserine (PS)

vesicles. In the presence of the reductase, 6% of cytochrome
P450c21 was mobilized in liposomes, due to dissociation of
P450 micro—aggregates, by forming a transient association
with reductase (see Fig. 16). Note that the mobility of
P45017a., was not significantly affected by reductase. These
results indicate that P450c21 forms a transient heterodimeric
association with the P450 reductase; P45017a,, however,
moves independently of the reductase (87, 88). Electrons may
therefore be delivered during the transient association of
P450c21 with the reductase. In contrast, electrons may be
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Figure 16
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heterodimeric complex of P450c21
with P450 reductase in PC/PE/PS
Absorption  anisotropy

A i

liposomes.
decay curves of P450c21 in Panel (A)
and a corresponding model for
rotation of P450c21 interacting with
P450 reductase in Panel (B). Curve
(1), Rotation of P450c21 alone. 90%
of P450c21 rotates with ¢= 200 psec

and the remaining 10% is immobile.
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Curve (2), The presence of P450
reductase mobilizes P450c21 by 6%.
Curve (3), Crosslinking of P450
reductase by the anti-reductase IgG
significantly suppresses the mobility
of P450c21 down to 40% in the
mobile population.

3)

delivered by random collisions between P45017a., and the
reductase on the membrane. These results are consistent with
kinetic experiments on the rate dependence of the reduction of
P450c21, as well as the progesterone hydroxylation activity of
P450c21 and P45017a, on the reductase concentration in
liposomes (89). Only a part of P450s in microsomes could
form a transient association with the reductase, because the
reductase content is very low, at about 1/4-1/10 of the total
cytochrome P450 content (90). In contrast with the
proteoliposomes, 30-37% of P450 was immobile in

MICrOSOmes.

3.3 Drug-metabalizing P450in liver microsomes

Background
There is a huge family of drug—metabolizing P450s in
addition to the steroidogenic P450 family. Because there are

essential similarities in electron transfer mechanisms between

these two different P450 families, we present here several
examples. In liver cells, cytochrome P450 catalyzes the
oxidative metabolism of various drugs, xenobiotics as well as
endogenous substrates (64). Although spectral properties of
drug—metabolizing P450s are similar to those of steroidogenic
P450s, substrate specificities are markedly different; whereas
drug metabolizing P450s may accept a very diverse variety of
substrates, the steroidogenic P450s demonstrate strict
substrate requirements. Roughly 200 genetically distinct
drug-metabolizing P450s have been identified based on
cDNA investigations. Their substrate divergence is even
wider than their genetic divergence.

The presence of many chemically different species of
P450 in liver microsomes prevents the selective analyses of a
particular species of P450. In order to perform the rigorous
characterization of a specific isoform of P450IA1, we used
the heterologous expression of P450IAl
Saccaromyces  Cerevidae microsomes  (91-93).  These

in yeast

expression systems have also provided a means of examining
structure—function relationships through the construction of
chimeric proteins. We used fusion proteins between P4501A 1
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and NADPH-cytochrome P450 reductase in order to Interactions of Genetically Expressed P4501 A1 with P450

examine the effect of complex formation on the mobility of Reductase

P450 (94). We also used N—terminally truncated P450IA1 in The  methylcholanthrene—inducible  cytochrome

order to examine the membrane topology of P4501A1 (95). P450IA1 is known to convert polycyclic aromatic
hydrocarbons to highly carcinogenic compounds (96). In a
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Anisotropy decay curves in Upper Panel and the membrane topology in Lower Panel of liver P4501A1,
genetically expressed in yeast microsomes. Curve (1), Rotation of wild type P450IA1. 28% is mobile and the
remaining 72% is immobile. Curve (2), Rotation of N—terminary truncated P4S0IA1 2-30. 41% is mobile
(¢ =1020 psec), a result not very different from curve (1). Curve (3), Water soluble bacterial P450cam rotates
very rapidly (¢ 5 psec), due to being membrane unbound. This results in zero anisotropy on this time scale.
Anisotropy of curves (1) and (2) corresponds to the left logarithmic scale, and anisotropy of curve (3)
corresponds to the right linear scale.
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P450IA1

reductase was expressed

first experiment, rat liver and/or
NADPH-cytochrome  P450
genetically in yeast microsomes. The ratio of P45S0IAL1 to the

reductase was about 17:1 and 1:2, without and with

yeast

coexpression of the reductase, respectively. In microsomes for
which only P450IA1 was expressed, 28% of the P450IA1
was rotating. The mobile population was increased to 43% by
the presence of the coexpressed reductase (see Fig. 17). This
significant mobilization of P450IA1 by the presence of
reductase implies a transient association of P4501A1 with the
reductase (93).

In a second experiment, the fusion protein of rat liver
P4501A1 with NADPH—cytochrome P450 reductase was
expressed genetically in yeast microsomal membranes. In this
case, 40 % of the fusion protein rotated with a rotational
relaxation time ¢ of 1351 psec. The mobile population of the
fusion protein is close to that of P4501A1 coexpressed with
the P450 reductase, and is greater than that of P4501A1 alone.
The large mobile population of the fusion protein between
P450IA1 and P450 reductase provides evidence that
P4501A1 is mobilized by forming associations with P450
reductase in microsomal membranes (94).

In a third experiment, a modified rat liver cytochrome
P450IAL1, lacking amino acids 2-30 which is a proposed
membrane anchor for P450, was expressed genetically in
yeast microsomal membranes. A full-ength P450IA1 was
also expressed in yeast microsomes. 41% of the shortened
P450IA1 was rotating (see Fig.17). A high salt treatment did
not remove the shortened cytochrome from the membrane,
and also did not drastically weaken the interaction of the
cytochrome with the membrane, as judged from the slow
rotational characteristics observed (¢p= 830 psec). These
results demonstrate that the N—terminal-shortened P450IA1
is incorporated properly into the yeast microsomal membrane
and that the N—terminal hydrophobic segment is not solely
responsible for attachment to the membrane, providing
evidence that additional segments of P450IA1 are involved in
the membrane binding (95). Our results are consistent with
the report that genetically expressed cytochrome P450IIE1
lacking the N—terminal hydrophobic segment tightly binds to
the membrane of Escherichia coli (97). Prior to these
sophisticated studies using chimeric proteins, microsomal
cytochrome P450 was not expected to have deeply
than the
hydrophobic N-terminal segment, as judged from the

membrane-embedded  polypeptides,  other
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computer analyses of the amino acid sequences (98, 99).

Dynamic Interactions of P4501IB1, P4501A2 and
P4501 1B4 with P450 reductase

We investigated the transient interaction between P450
reductase and purified P45011B1/IA2/1IB4. The three P450s
have demonstrated very different interactions with P450
reductase. By the presence of the P450 reductase, the mobile
population was increased significantly from 65% to 95% for
P4501IB1 (84, 85) and from 80% to 89% for P450IA2 (100),
due to the dissociation of P450 oligomers. On the other hand,
the mobility of cytochrome P4501IB4 was not considerably
affected by the presence of NADPH-cytochrome P450
reductase, a mobile population of 100% being maintained
(100). These results imply that cytochromes P450IIB1 and
P4501A2 form associations with
NADPH-cytochrome P450 reductase. Taken together with
biochemical experiments, this suggests that cytochrome
P45011B4 diffuses independently of P450 reductase.

We were able to determine the tilt angle of the P450

heme plane from the membrane plane, using the

transient

"rotation—about-membrane normal" model, when all
cytochrome P450 molecules were completely mobilized in
proteoliposomes where the P450 concentration was very low,
having a lipid-to—P450 ratio of 10-30 (w/w) (see Methods).
Tilt angles were distributed around 55 = 15 for all types of

P450s as shown in Table 1.

Summary

Neurosteroids are 4th generation neuromessengers.
Neurosteroids are promising neuromodulators which either
activate or inactivate neuron—neuron communication and
thereby mediate learning and memory in the hippocampus.
Their synthesis is acutely dependent on Ca”" signals attendant
upon neuron—neuron communication, and their actions also
signal
neurotransmitter receptors and membrane steroid receptors

acutely modulate neuronal transduction ~ via
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Tablel
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The tilt angle of the P450 heme plane from the membrane plane, determined using the "rotation-about-membrane

normal" model from the minimal anisotropy of [13/t(0)lmin = (1/4)(3c0s’® n— 1) (see ref. 79,81,85,87,100,106).

type of P450 tilt angle [15/1(0)]inin
P45017a,,lyase 47 or 63 0.04
P450C21 38 or 78 0.19
P45011B1/P45011B2 55 0.00
P4501A1/P4501A2 48 or 62 0.03
P45011B4 55 0.00
P450scc 55

cytochrome oxidase 90 0.25

(101, 102). As opposed to other neuromessengers such as
neurotransmitters, catecholamines and neuropeptides, which
are stored in synaptic vesicles and are rapidly exocytosed
from presynapses, neurosteroids are produced in
mitochondria and microsomes, and are released relatively
slowly by passive diffusion in neuronal cells.

Hippocampal neurons are equipped with the complete
machinery for the synthesis of PREG(S) and DHEA(S), as
well as estradiol and CORT. They are synthesized in
mitochondria and microsomes by cytochrome P450s
(P450scc, P45017a.,, P450arom and P4501103). They then
diffuse to fill the interior of the neurons and reach other cells
close to steroidogenic neurons because of their amphiphilic
characters. The action of steroids based on this spontaneous
diffusion is very different from that of neuropeptides, which
are secreted from synaptic vesicles. The neurosteroids,
PREGS and estradiol, are paracline modulators of neuronal
excitability and LTP—induction by rapidly changing an
NMDA receptor-mediated Ca®" influx, which in tum
induces/reduces the acute synthesis of PREGS and estradiol.
The action of estradiol may essentially correlate with
the success in estradiol-therapy of Altzheimer’s disease of
women after menopause. CORT acutely suppresses neuronal
excitability by producing an extreme prolongation of the
NMDA receptor-mediated Ca®* influx. During stressful
situations, the hippocampus itself might synthesize a high
concentration of CORT, which acutely suppresses
neuron—neuron communication, in addition to peripheral
CORT supplied from the adrenal glands. Neurosteroids may,

in general, play an essential role in acute modulation of
neuronal signal transductions, and in learning and memory,
based on emotion such as depression, aggressiveness and
protectiveness. The biophysical approach of digital imaging
combined with the electrophysiological analysis of neuronal
signals, is useful to reveal the mechanisms of signal
transductions which accompany the acute action of
neurosteroids. Immunohistochemistry, RIA, HPLC analyses
are also essential for investigating the synthesis of steroids in
the central nervous system.

By comparing the action and synthesis of
neurosteroids with that of adrenal/gonadal steroids, we have
obtained extended understanding of steroid signal
transduction. The structures of essential neurosteroids are the
same as those of peripheral steroids; however, their actions are
very different with respect to their receptor binding behavior
(membrane steroid receptors or nuclear steroid receptors) to
the time scales involved in the expression of their effects.
Regulation of steroidogenesis in brain neurons seems to be
different from that in adrenocortical cells, because neuronal
steroidogenesis may occur in postsynaptic neurons (upon
pulsed stimulation by neuromessengers) on a time scale of sec
to min, whereas steroidogenesis in adrenal glands may be
steadily performed, and is slowly regulated by the level of
ACTH in the blood, on a time scale of several tens of min.
Ca*" signaling plays a role as a second messenger in both the
brain and the adrenal cortex. Biochemical characteristics are
almost identical for individual steroidogenic proteins between

in the brain and peripheral steroidogenic organs. However,
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there are great differences between these organs in the amount
of steroidogenic proteins, the cholesterol supply and the
amount of steroid production.

Rotational diffusion measurements revealed that
electron transfer in the P450 systems is performed either by
transient complex formation between P450s and P450
reductases or by random collisions between the twos
depending on the species of P450. P450s and reductases
undergo rapid movement in the membrane, on a time scale of
microseconds. These conclusions on electron transfer
interactions of P450s may also be valid in central nervous
systems, because the DNA sequences of individual
steroidogenic  proteins are almost identical in the

adrenocortical cells and the brain cells.
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Appendix
Methodsfor Ca?* signaling measurementsand analyss

We used a digital fluorescence microscope which
consisted of an inverted microscope (Nikon TMD 300, Japan)
equipped with a xenon lamp for excitation and a CCD camera
(Hamamatsu Photonics C2400-77 or C-1145, Japan). The
glass—bottom dishes were mounted on an inverted
microscope equipped with a temperature chamber, which was
maintained at 37 deg with high humidity. For fura-2, we
changed the excitation wavelength of 340 and 380 nm every
1.15 sec. Fluorescence was measured above 520 nm using a
DM510 dichroic mirror and an emission filter. The relative
concentrations of Ca®" in individual cells can be estimated
from the image analysis of the fluorescence intensity between
excitations at 340 nm and 380 nm, with the ARGUS-50
system (Hamamatsu Photonics, Japan). For Calcium Green—1,
we selected an excitation wavelength of 450-490 nm and
fluorescence above 520 nm with an excitation filter, a dichroic
mirror, and an emission filter. For tracing the Dil-LDL in
we used a video—enhansed
microscope, where data acquision on a video tape and image
analysis were performed with ARGUS-50.

intracellular  endosomes,

Methodsfor protein rotation measurements
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In order to investigate mechanisms of electron transfer
between reductases and cytochrome P450s, we have been
successfully using protein rotation methods which are very
sensitive to protein—protein interactions, over the past 20 years.
Protein rotation is revealed to be very sensitive to transient
dimer or trimer formation of electron transfer proteins. We
initiated this method in 1979, to analyze interactions between

P450 and reductase in proteoliposomes (84).

Absorption Anisotropy
Protein rotation of heme proteins may be
measured by photolysis of the heme-CO complex by a
vertically polarized laser flash, followed by measuring
time—dependent depolarization of the absorption anisotropy
(78, 81, 103). Cytochrome P450 complexed with CO was
photolyzed by a vertically polarized flash at 532 nm from a
Nd/YAG laser and the absorbance changes were measured at
450 nm. The signals were analyzed by calculating the
absorption anisotropy, 1(t), and the total absorbance change,
A(t), given by
0= [A)-Au®) SYA® M
At)=Ay(t) +2A4(t) S ¥))

where A(t) and Ay(t) are, respectively, the absorption
changes for vertical and horizontal polarization at time t after
laser flash. In each experiment, 16384 signals were averaged
using transient memory.

The analysis of 1(t) is based on a model of the axial rotation
of cytochrome P450 about the membrane normal (83, 104).
When there is a single rotating species of cytochrome P450
with rotational relaxation time ¢y , 1(t) is given by

r(t)/r(0)=3sin20 N cos20 N exp(-t/¢ll )
+3/4 sin'®@ N exp(-4tdy )
+1/4(3c0s’0 1) 3)

where 0 y is the tilt angle of the heme plane from the
membrane plane. Because ¢y is proportional to the square of
the membrane—parallel cross—sectional diameter of the protein
complex, protein rotation is very sensitive to transient dimer
or trimer formation during electron transfer. Multiple rotating
species of cytochrome P450 with different ¢, values are
considered by analyzing the data using the expressions,

1(t) =rlexp(-t/$) + 2exp(-4t/p) + 13 4

where ¢ is the average rotational relaxation time, taken over

multiple rotating species of P450, and 1, r; and 13 are
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constants. The population of mobile P450, pm%, was
calculated using Eq. 5 on the basis of the experimentally
determined minimal anisotropy,

[13 /1(0)min = (1/4)(3c0s™® n—1)’, when all P450 were rotating

in proteoliposomes :
Prm (70) = 100x {1 =13/ (0)}/{1— [ /1(0) ]in} Q)

Phosphor escence Anisotropy

The rotational characteristics of protein labeled
with phosphorescent probe may be measured by
time—dependent phosphorescence anisotropy decay. The
phosphorescent probe erythrosin was excited with a vertically
polarized laser flash at 532 nm from a Nd/YAG laser, and the
subsequent phosphorescence decay was measured above 640
nm (105). The signal was analyzed by calculating the
phosphorescence rt), and the total
phosphorescence intensity Ir(t). Analysis of 1(t) for ADR is
based on a model of the rapid wobbling of ADR within
ADR+ADX+P450 complex which undergoes slow axial

rotation in the membrane:
1(t) = 11eXp(—/Papr) + r2eXp(—t/dpaso) (6)

where ¢apr and dpyso are the effective rotational relaxation
times of ADR and P450, respectively.

anisotropy,
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