of the SP analog is consistent with speci-
ficity of its action on the SP receptor. In
this context, it is pertinent to point out
that another SP analog, (Dp-Pro®p-
Trp”®)-SP, has a partial agonistic effect
on taenia coli isolated from guinea pigs
12).

The finding that the noncholinergic
transmissions of cells of guinea pig infe-
rior mesenteric ganglia are specifically
inhibited by an SP analog should be
considered in the light of the observa-
tions that nerve fibers of these ganglia
exhibit SP immunoreactivity (3), that SP
immunoreactivity can be released by so-
lutions high in potassium in a calcium-
dependent manner (7), and that the mem-
brane depolarization induced by exoge-
nous SP resembles the noncholinergic
depolarization elicited synaptically (5,
6). All this evidence strongly supports
the hypothesis that SP or a closely relat-
ed peptide is the transmitter responsible
for the generation of the noncholinergic
depolarization. Furthermore, the dem-
onstration that SP-containing fibers in
the inferior mesenteric ganglia originate
from sensory neurons in the dorsal root
ganglia (4, 7, 8) raises the possibility that
SP is involved in the transmission of
sensory signals from the gastrointestinal
tract to the spinal cord as well as to the
prevertebral ganglia (3); this provides a
mechanism for a peripheral reflex regula-
tion of the gastrointestinal activity. Fi-
nally, the evidence indicating that SP
acts as a sensory transmitter in autonom-
ic ganglia is consistent with its proposed
function as a transmitter released from
primary afferent fibers in the spinal cord
13).
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NAE J. Dunt
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Rabbit Hepatic Progesterone 21-Hydroxylase Exhibits a

Bimodal Distribution of Activity

Abstract. Progesterone 21-hydroxylase activity varies extensively among liver
microsomes prepared from individual New Zealand White (NZW) rabbits. The 21-
hydroxylase activities are distributed between two groupings that differ by more than
tenfold in mean activity. Both male and female animals are represented in the two
groupings. However, females exhibited the higher activity more frequently than
males. The 21-hydroxylation of progesterone is catalyzed by one of the liver
microsomal cytochrome P-450 isozymes, form 1, and these differences in activity are
suggestive of differences in the occurrence of this isozyme among NZW rabbits.

The product of the 21-hydroxylation of
progesterone is deoxycorticosterone
(DOC), a hormone that affects sodium
retention. This reaction is catalyzed by a
microsomal form of cytochrome P-450
which occurs most prominently in the
adrenal cortex where DOC serves as a
precursor for the formation of other ad-
renal steroid hormones (/). Plasma con-
centrations of DOC increase in humans
during pregnancy. However, this has
been attributed to the extra-adrenal for-
mation of DOC from circulating proges-
terone, a hormone that is secreted in
large amounts during the latter part of
pregnancy (2, 3). We have recently iden-
tified a specific form of rabbit liver mi-
crosomal cytochrome P-450, form 1, that
catalyzes this reaction (¢). Form 1 is one
of several forms of cytochrome P-450
that metabolize a wide variety of endoge-
nous and exogenous compounds includ-
ing drugs and carcinogens as well as
steroid hormones (5). Many factors are
known to alter the expression of the
multiple forms of cytochrome P-450 and
thereby alter the metabolism of drugs,
carcinogens, and steroid hormones (6).
In the case of progesterone, differences
in the expression of cytochrome P-450
form 1 could affect the extent of DOC

formation from progesterone. Since
DOC can affect sodium retention, in-
creases in the production of DOC from
progesterone in the liver could exacer-
bate hypertensive conditions that arise
frequently during pregnancy. In this re-
port, we describe extensive differences
in the initial rate of hepatic microsomal
21-hydroxylation among New Zealand
White rabbits. These variations are sug-
gestive of differences in the occurrence
of cytochrome P-450 form 1 among these
animals.

For this study, New Zealand White
rabbits (12 males and 11 virgin females, 3
to 4 kg) were purchased from commer-
cial rabbitries in the San Diego area. The
animals were given continuous access to
food and water. The food was then with-
drawn, and after a 24-hour fast the ani-
mals were killed by intravenous adminis-
tration of lethal doses of sodium pento-
barbital. Microsomes were prepared (7),
suspended in 50 mM potassium phos-
phate, pH 7.4, containing 20 percent
glycerol, and stored at —60°C. Protein
and cytochrome P-450 concentrations
were determined as described by Bensa-
doun and Weinstein (8) and by Omura
and Sato (9), respectively.

Each 1.0-ml reaction mixture con-
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Fig. 1. Autoradiographic im-
age of the separation of pro-
gesterone and its metabolites
by thin-layer chromatography.
Each lane displays metab-
olites extracted from reaction
mixtures containing equal
amounts of liver microsomes 3 »
prepared from individual New 2 8
Zealand White rabbits. Three

of the principal metabolites 1 & @
are identified by the legend on

the right. Assay procedures 0

are described in the text.

Zone

tained 50 wmole of potassium phosphate,
pH 7.4, 4.0 pmole of glucose 6-phos-
phate, 1.4 pg of glucose-6-phosphate de-
hydrogenase, 2.0 wmole of MgCl,, 30
to 50 ug of microsomal protein, and
specified amounts of ['“C]progesterone
(Amersham; 56 mCi/mmole) added in 10
pl of methanol. After addition of the
substrate, the reaction mixture was incu-
bated for 3 minutes at 37°C before the
reaction was initiated by the addition of
0.5 pwmole of reduced nicotinamide ade-
nine dinucleotide phosphate (NADPH).
The reaction was terminated after 5 min-
utes by the extraction of the substrate
and products into 9 ml of chloroform. A
portion of the organic phase was evapo-
rated to dryness, and the residue was
dissolved in 25 ul of ethyl acetate and
applied to a thin-layer chromatography
plate coated with silica gel (Bakerflex
IBF-2) by means of an Atlas semiauto-
matic applicator (Analytichem Interna-
tional). The plates were developed by
means of the sequential application of
two solvent systems as described by
Menard et al. (10). Portions of the silica
gel plate that contained radioactive ma-
terial as visualized by autoradiography
were removed for scintillation counting.
The total recovery of progesterone and
its major metabolites was 85 *+ 10 per-
cent. The addition of cold metabolites to
the incubation mixture prior to extrac-
tion with chloroform did not affect re-
coveries.

Rabbit liver microsomes have been
shown to hydroxylate progesterone at
carbons 6, 16, and 21, although no single
study has clearly documented the simul-
taneous formation of all three metabo-
lites (11). As shown in Fig. 1, the thin-
layer chromatographic procedure used in
this study resolves three major metabo-
lites that were seen to comigrate with
authentic 6B-, 16a-, and 21-hydroxypro-
gesterone. Antibody to NADPH-cyto-
chrome P-450 reductase inhibited the
production of all three of these metabo-
lites but did not alter the rate of forma-
tion of the unidentified metabolite. The
identification of the product of 21-hy-
droxylation, DOC, was corroborated by

742

Identity

5 m Progesterone

Unidentified

21-Hydroxyprogesterone (DOC)
68 -~Hydroxyprogesterone

. # ® @ 16a-Hydroxyprogesterone

Origin

mass spectral analysis. The amount of
DOC produced under similar assay con-
ditions by the five preparations of micro-
somes varied considerably (Fig. 1).
When microsomes exhibiting the highest
activities were mixed with microsomes
displaying the lowest 21-hydroxylase ac-
tivities prior to the reaction, the rate of
catalysis was additive. This finding sug-
gested that these differences cannot be
attributed to the presence of an endoge-
nous, diffusible inhibitor or to secondary
metabolism of the DOC by those micro-
somes exhibiting the lower apparent rate
of 21-hydroxylation. When the depen-
dence of the initial rate of 21-hydroxyl-
ation of progesterone on the initial con-
centration of progesterone was exam-
ined for several preparations of micro-
somes exhibiting widely differing rates of
metabolism, they displayed similar ap-
parent Michaelis constants of 2 pM but

7.0 r

5.0

4.0 F

3.0}

20

21-Hydroxylation (nmole/min~-mg protein)

oL

Males Females

Fig. 2. Scatter-diagram showing the distribu-
tion of initial rates of progesterone 21-hydrox-
ylase activity exhibited by liver microsomes
prepared from individual male and female
New Zealand White rabbits. Assay proce-
dures are described in the text.

varied extensively in apparent maximum
velocity.

Preparations of liver microsomes from
12 male and 11 female animals were
screened by using an initial concentra-
tion of 10 pM progesterone to examine
the range and the distribution of 21-
hydroxylase activity. The initial rate of
formation ranged from 0.18 to 6.8 mU,
where a milliunit is 1 nmole of DOC
formed per minute per milligram of mi-
crosomal protein. A bimodal distribution
of initial rates was observed (Fig. 2).
Microsomes prepared from 8 of the 23
animals exhibited high 21-hydroxylase
activity, with an average rate of 3.8 = 1.5
mU, whereas the remaining preparations
exhibited a tenfold lower average rate of
0.36 = 0.22 mU. The average specific
content of cytochrome P-450 in the
group of microsomes exhibiting the high
21-hydroxylase activity was roughly 25
percent greater than that of the micro-
somes exhibiting the lower activity,
2.3 = 0.2 as opposed to 1.8 + 0.4 nmole
of P-450 per milligram of protein
(P < .01; Student’s t-test). Males and
females were represented in both group-
ings. Although the high 21-hydroxylase
activity was seen more frequently for
female (50 percent) than for male (20
percent) rabbits, the statistical signifi-
cance of this difference could not be
established with the number of animals
examined in the present study (/2). Sex-
specific differences in a number of mono-
oxygenase activities associated with the
cytochrome P-450 system have been not-
ed in the rat but rarely observed in other
species (/3). However, since differences
in 21-hydroxylase activity can be seen
for both sexes in the rabbit, any sex-
related factors that might affect the
expression of the 21-hydroxylase would
probably differ from those leading to sex-
specific differences for the rat liver
monooxygenases.

The bimodal distribution of progester-
one 21-hydroxylase activity reported
here is suggestive of differences in the
occurrence or induction of a specific
form of cytochrome P-450. Recent work
in our laboratory (¢) has demonstrated
that one of the multiple forms of cyto-
chrome P-450 prepared from rabbit liver
microsomes, form 1, catalyzes this reac-
tion, and the identification of micro-
somes with elevated levels of this cyto-
chrome has greatly facilitated its isola-
tion. The differences in 21-hydroxylase
activity that we have observed among
New Zealand White rabbits may mimic a
situation that occurs in the human popu-
lation. Winkel et al. (3) have noted ten-
fold differences in the fractional conver-
sion of progesterone to DOC among both

SCIENCE, VOL. 217



male and female human individuals. The
rabbit may therefore provide a useful
animal model in which differences in the
extra-adrenal formation of DOC during
pregnancy can be studied.
HerMANN H. DIETER*
URsuLA MULLER-EBERHARDT
" Eric F. JoHNSON
Department of Biochemistry, Scripps
Clinic and Research Foundation,
La Jolla, California 92037

References and Notes

1. R. W. Estabrook, D. Y. Cooper, O. Rosenthal,
Biochem. Z. 338, 741 (1963).
2. J. A. Pritchard and P. C, MacDonald, Williams

Obstetrics  (Appleton-Century-Crofts, New
York, 1980), pp. 665-700.

3. C. A. Winkel et al., J. Clin. Invest. 66, 803
(1980).

4, H. H. Dieter, U. Muller-Eberhard, E. F. John-
ﬁgls,zl)?iochem. Biophys. Res. Commun. 105, 515

5. A. Y. H. Lu and S. B. West, Pharmacol. Rev.
31, 277 (1980); E. F. Johnson, Rev. Biochem.
Toxicol. 1, 1 (1979).

6. A. H. Conney, Pharmacol. Rev. 19, 317 (1967);
D. W. Nebert, H. J. Eisen, M. Negishi, M. A.
Lang, L. M. Hjelmeland, A. B. Okey, Annu.
Rev. Pharmacol, Toxicol, 21, 431 (1981). C.

Hgi%’slberger, Annu. Rev. Biochem. 44, 79

7. T. A. van der Hoeven and M. I. Coon, J. Biol.
Chem. 249, 6302 (1974).

8. A. Bensadoun and D. Weinstein, Anal. Bio-
chem. 70, 241 (1976).

9. T. Omura and R. Sato, J. Biol. Chem. 239, 2370
(1964

10. R. H. Menard H. F. Martin, B. Stripp, J. R.
Gillette, F. C. Bartter Life Scz 15, 1639(1974)

11. R. T. Chatterton Jr AL Chatterton L.
Hellman, Endocrinology 87, 941 (1970); G
Lange and K. J. Thun, Naunyn-Schmiedeberg’s
Arch. Pharmakol. 267, 265 (1970); A. C. Dey
and I. R. Senciall, Can. J. Biochem. 55, 602
(1977).

12. A value of 2.2 was obtained for x* vielding a
probability of less than 20 percent that the
difference observed between male and female
animals occurred by chance. However, the
number of animals of either sex that would be
expected to exhibit the high activity is too small
for this to be a meaningful statistic.

13, R. Kato, Drug Metab. Rev. 3, 1 (1974); P. Skett
and J. -A Gustafsson, Rev. Bzochem Toxicol. 1,
27 (1979).

14, This work was supported by PHS grant

HD04445. H.H.D. was the recipient of a grant

from the German Research Association (DFG).

We thank G. Schwab for technical assistance.

Present address: Institute of Toxicology, Uni-

versity of Dusseldorf, West Germany.

+ Present address: Department of Pediatrics, New

York Hospital-Cornell Medical School, New
York 10021.

20 April 1982; revised 15 June 1982

Abnormal Development of Kitten Retino-Geniculate

Connectivity in the Absence of Action Potentials

Abstract. Action potentials were silenced in one eye of neonatal kittens by
repeated intraocular injections of tetrodotoxin for 5 to 8 weeks. After tetrodotoxin
blockade was allowed to wear off, receptive field properties of individual relay cells
in the lateral geniculate nucleus were examined. The many oN-orr and binocular
flelds found in the layers that receive input from the treated eye suggest that these
cells had extremely abnormal retino-geniculate synaptic connections. These effects
were different in kind from those seen after deprivation rearing that does not silence

action potentials.

Lack of action potential activity was concluded to lead to

abnormal development in the central nervous system.

Action potential activity per se has
been suggested, mainly on theoretical
grounds, as affecting development of
central nervous system (CNS) organiza-
tion (I, 2). Some experiments in the
peripheral nervous system support this
idea. For example, abolition of impulse
activity retards reduction from polyneu-
ronal to mononeuronal innervation of
developing rat muscle fibers (3). Studies
in the CNS show that environmentally
induced distortion of neural activity re-
sults in abnormal connections in the cat
visual system (4). None of these experi-
ments abolished action potentials, how-
ever, which continue for visual neurons
even in the dark. Lack of a role for
action potentials is suggested by the re-
sult that an axolotl eye sensitive to tetro-
dotoxin (TTX) and silenced by trans-
plantation to a newt with endogenous
TTX can develop an anatomically nor-
mal retino-tectal projection (5). We now
report severe defects in the lateral genic-
ulate nucleus (LGN) of kittens reared
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with the action potentials from one eye
totally abolished by intraocular TTX in-
jections. These defects are different from
any reported in other types of depriva-
tion rearing experiments on the Kitten
visual system and are thus presumed to
be caused by the abolition of impulse
activity.

Tetrodotoxin, a sodium channel block-
ing agent, injected into the vitreous hu-
mor of an eye reversibly blocks the firing
of action potentials in retinal ganglion
cells. One intraocular TTX injection in a
dose tolerated by the animal produces
complete blockade for more than 48
hours. It is possible to maintain blockade
for weeks by reinjections at 2-day inter-
vals. Total recovery of ganglion cell ac-
tivity occurs 5 to 7 days after the final
TTX injection (6).

Each of seven Kkittens received unilat-
eral, intraocular TTX injections on alter-
nate days, beginning 1 to 5 days after
birth and continuing for 5 to 8 weeks.
Animals were set up for single-unit re-

cording 1 to 3 weeks after the final
injection, according to standard tech-
niques (7, 8). Units were recorded from
both the left and right LGN and on
occasion in the retina and optic tract.
Receptive fields were characterized with
hand-held and flashing spot targets (8, 9),
and were all within 25° of the area centra-
lis. No units in the LGN C layers are
reported here, although binocular units
at the Al-C boundary are included. We
studied 70 cells in deprived laminae, 11
binocular cells at laminar boundaries,
and 53 cells in laminae innervated by the
uninjected eye.

Several hundred recordings of gangli-
on cells and optic tract fibers from inject-
ed eyes failed to show any gross abnor-
mality. This is not too surprising, since
the region studied is fairly mature at
birth and also because all retinal neurons
distal to ganglion cells utilize slow poten-
tials that are unaffected by TTX. Gangli-
on cell receptive fields were either oN-
center or OFF-center, and they had other
properties appropriate for kittens of the
ages studies (7). In contrast, relay cells
in the deprived LGN layers were strik-
ingly abnormal. Normally, and also after
monocular, binocular, or dark-rearing
deprivation (9-/7), LGN cells have ei-
ther oN-center or OFF-center receptive
fields that result from excitatory inputs
from either oN-center or OFF-center reti-
nal ganglion cells, but never from both
types (9). Nearly 40 percent of cells
recorded from in the deprived layers of
TTX-treated animals received both oN
and OFF excitatory input (ON-OFF cells in
Fig. 1) (12). The LGN layers innervated
by the uninjected eye served as controls,
as did the LGN of an additional animal
that had received a full series of sham
injections (/3); no ON-OFF cells were
found in any of these cases. The fact that
nondeprived LGN layers were normal
rules out any systemic, nonspecific TTX
effects. Further, it is unlikely that TTX
has disruptive effects other than action
potential blockade; its action is specific,
and it neither destroys cells nor blocks
axonal transport (/4). The oN-OFF cells
were not an artifact of stimulation char-
acteristics. The ON-OFF responses oc-
curred to a wide variety of stimulus spot
sizes and intensities. Stimulus centering
in the receptive field was carefully con-
trolled. Despite deliberate stimulus de-
centering, ON-OFF histograms similar to
Fig. 1 could not be generated in normal
ON Or OFF units.

Retinal ganglion cells can be classified
as X and Y types, as well as oN-center
and oFr-center types (/5). In normal
animals, inputs to LGN cells are segre-
gated with respect to X and Y types,
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