Out of Gas

After orbiting Mars for 4 years, 1
month, and 3 weeks—on a mission that
NASA initially hoped would last 90
days—Orbiter 1 ran out of gas on 6
August 1980. Between them, the two
Viking spacecraft had provided more
than 50,000 photographs, giving carto-
logical data on 97 percent of the surface
of Mars, and about 3 million weather
reports. Even now, Lander 1 continues
to send back daily meteorological re-
ports and periodic photographs, and may
well continue to do so until 1994.

One NASA requirement that had to
be met as an element of bringing the
Mars mission to an end was verification
that the spacecraft transmitters were
shut off, so that the Viking radio frequen-
cies could be used again in the future
without there being any chance of inter-
ference from the Viking transmitters.

By the summer of 1980, the gas supply
on Orbiter 1 was running so low that it
was clear the spacecraft could not oper-
ate much longer. However, by this time,
in compliance with the NASA require-
ment, one final automatic routine had
been incorporated to ensure that the
transmitters would be turned off before
the spacecraft went out of control. This
routine made it possible for operations to
continue until the gas was completely
gone. It monitored the gas supply and
the spacecraft attitude with respect to
the sun reference. Indication of gas de-
pletion (a gross pressure measurement)
as well as loss of sun orientation (a
departure of 5° from the sun line) would
signal the end of the supply and the end
of the mission. The routine, which also
ensured that there was enough battery
power to complete the operation, would
start a table to shut down the transmit-
ters. Orbiter 1 was turned off on 6 Au-

Actions of Estrogens and
Progestins on Nerve Cells

Donald W. Pfaff and Bruce S. McEwen

In addition to responding rapidly to
electrical signals from other neurons,
nerve cells react more slowly and over
longer periods of time to various chemi-
cal messengers arising from within the
brain and from without. Among the most
potent and specific of chemical signals

the past decade through the discovery of
specific receptor-like macromolecules in
the soluble fraction of target tissues
which bind the hormone and carry it to
the cell nuclear compartment (3). This
has led, in turn, to incisive studies of the
consequences of the actions of hormones

Summary. Estrogens and progestins alter electrical and chemical features of nerve
cells, particularly in hypothalamus. Temporally, these events follow nuclear receptor
occupation by these steroids, although not all effects have been proved to depend on
translocation of receptors to the nucleus. Narrowing studies to focus on particular
medial hypothalamic cells has been useful for understanding some of the actions of
these steroids in brain. The variety of morphological, chemical, and electrical effects
allow for a multiplicity in the cellular functions controlled by these hormones.

from outside the brain are the steroid
hormones, long recognized as regulators
of patterns of behavior related to repro-
duction and defense of territory (/) and
more recently recognized as having in-
fluences on mood and affective state (2).

The cellular mechanisms of steroid
hormone action have gained attention in

808

like estradiol with respect to how new
protein synthesis is induced in the uterus
and its relation to cell growth, cell divi-
sion, and other events (4). Similarly,
from this model, the manner in which
estradiol and progesterone interact with
receptor macromolecules in the chick
oviduct, trigger messenger RNA

gust 1980, its gas gone and its transmit-
ters silent.

Thus the Viking orbiters, over a period
of about 2 years, were made autonomous
step-by-step. The results were spectacu-
lar. The spacecraft performed better,
manpower and money were saved, the
length of mission operations was extend-
ed for both orbiters, and more data were
gathered with less effort.

The Viking orbiters were probably the
first spacecraft to incorporate and de-
pend upon this degree of autonomy, but
there will be others. Autonomy in space-
craft systems will be a design goal of the
future. But it is not likely that there will
be another autonomous spacecraft pro-
duced out of such need, by such a re-
markable crew and such a small one.
And surely there will not be another in
which the autonomy is incorporated
while the spacecraft is circling a distant
planet.

(mRNA) formation and, in turn, synthe-
sis and secretion of specific proteins,
could be studied in such detail as to
approach a molecular biology of hor-
mone action (5). A frequent theme in
such studies is that hormone occupation
of receptor sites in the cell nucleus, for
more than a few minutes and often for
several hours, is required for the full
range of hormone effects (6).

The brain is no exception as far as
steroids are concerned and has been
found to contain receptors for all five
classes of steroid hormones: estrogens,
progestins, androgens, glucocorticoids,
and mineralocorticoids (7). These recep-
tor sites are not uniformly distributed but
rather occupy specific loci within the
brain. As a consequence, studies of the
localization of specific steroid hormone—
concentrating nerve cells are especially
important in brain, where small regions
are involved in various complex func-
tions. Specialized steroid hormone auto-
radiographic techniques (8) have the ad-
vantage of detecting hormone-accumu-
lating neurons amidst other types of
cells. This technique has been used for
studying estrogen and androgen recep-
tors among vertebrate classes of fish,
amphibia, reptiles, birds, and mammals
(including rodents, carnivores, and a pri-
mate—the rhesus monkey) (9). The neu-
roanatomical lawfulness of sex hormone
binding in the brain is considerable. All
species studied have estrogen- or andro-
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gen-concentrating nerve cells in specific
locations. In all animals examined, these
locations include the medial preoptic
area, medial (tuberal) cell groups in the
midline hypothalamus, and limbic fore-
brain structures such as the medial
amygdala and lateral septum or their
homologies. In each species, there is a
marked overlapping of the locations of
sex steroid binding nerve cells and the
nerve cell groups controlling sex steroid
dependent functions such as reproduc-
tive behavior or gonadotropin release,
suggesting that hormone accumulation
as detected autoradiographically reveals
one step of a physiologically important
control mechanism (9, 10). A steroid
hormone not directly related to repro-
ductive function, corticosterone, has a
neuroanatomical pattern of accumula-
tion much different from that of the sex
steroids, with high neuronal labeling in
the hippocampus and septum and virtu-
ally nonexistent neuronal labeling in the
preoptic area and medial hypothalamus
1.

Cell fractionation studies of brain re-
gions with hormone-accumulating cells
have yielded converging and comple-
mentary results to those from autoradi-
ography. Besides documenting high lev-
els of cell nuclear hormone accumulation
in the same nerve cell groups detected by
autoradiography (7, 12) they have re-
vealed cytosol receptors with affinities
and other properties similar to those of
receptors in classical nonneural steroid
hormone target tissues (7, /3). Further-
more, receptor exchange assays devel-
oped for brain tissue (/4) allow the mea-
surement of cell nuclear hormone recep-
tor content under various physiologically
meaningful conditions and have re-
vealed, for example, the extensive occu-
pation of hypothalamic and limbic brain
estrogen receptors resulting from circu-
lating estradiol in proestrous females (15)
and from testosterone aromatization in
both the developing and adult male rat
brain (/6).

One of the most important uses of
hormone receptor mapping in the brain is
to focus attention on particular groups of
nerve cells in which to search for those
cellular effects of the hormones that
comprise the mechanisms for their over-
all functional consequences.

Effects of Estradiol on Nerve Cell
Electrical Activity

The first clue to the possibility that sex
steroids would alter nerve cell electrical

activity came from experiments showing
that the discharge rates of hypothalamic
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neurons altered during the estrous cycle
of the female rat. For example, Terasa-
wa and Sawyer (17) recorded elevations
in electrical activity of arcuate nucleus
neurons in the hypothalamus, correlated
with ovulation, while Kawakami et al.
(18) found elevated discharge rates on
the afternoon of the day of proestrus, a
time critical for triggering of ovulatory
discharge of luteinizing hormone. Micro-

electrode recording of single unit activity
(19, 20) revealed high firing rates on the
day of proestrus for nerve cells specifi-
cally in the ventral portion of the medial
anterior hypothalamus. In these experi-
ments, circulating hormones were proba-
bly acting directly on hypothalamic tis-
sue, because similar microelectrode re-
cording in animals with surgically pre-
pared hypothalamic islands showed

Fig. 1 (top). Electron micrograph ot a nerve cell in the ventromedial hypothalamic nucleus of an
estrogen-treated female rat. In this cell, large amounts of stacked rough endoplasmic reticulum
(RER) and dense-cored vesicles (arrow heads) near the Golgi apparatus (GO) were seen.

[Courtesy of Cell and Tissue Research (43)]

Fig. 2 (bottom). Electron micrograph of a nerve

cell in the ventromedial hypothalamic nucleus of a control ovariectomized female rat. In such
females, less stacked rough endoplasmic reticulum and fewer dense-cored vesicles were seen
than in estrogen-treated animals. Abbreviations as in Fig. 1. [Courtesy of Cell and Tissue

Research (43)]
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similar variations of anterior hypotha-
lamic neuronal activity across the es-
trous cycle (21).

Since several steroid and protein hor-
mones are varying during the periods
covered by these recording experiments,
a simpler situation for analyzing the spe-
cific electrical effects of estradiol is to
compare ovariectomized animals with or
without estrogen treatment. Under these
conditions, estrogen treatment leads to
increased resting discharge rates in the
medial anterior hypothalamus and in ba-
somedial hypothalamic neurons (22).
One report showed that in spayed female
cats electrical activity in the ventromedi-
al nucleus and medial anterior hypothal-
amus was more responsive to peripheral
stimulation after estrogen administration
23).

While most studies have focused on
long-term actions of estrogen, with time
being allowed after estrogen treatment
for the metabolic preparations for
changes in electrical activity to be com-
plete, Yagi (24) found neurons in the
medial anterior hypothalamus whose ac-
tivity was briefly raised within minutes
after systemic estradiol injection. Other
extremely rapid changes after estradiol
have now been reported after iontopho-
retic administration of the hormone (25)
and after application of estradiol to cells
in vitro (26). These findings may not be
accounted for by the indirect mechanism
involving the cell nucleus and genomic
activation, but rather by direct mem-
brane effects of the hormone, the exact
nature of which is not clear (27).

An overriding characteristic of hypo-
thalamic nerve cells is that they tend to
fire slowly. Indeed, among cells near the
ventromedial nucleus of the hypothala-
mus with axons running to the midbrain,
a high portion has no resting discharge at
all (28). Along these lines, those nerve
cells in the basomedial hypothalamus
whose resting discharge rates are raised
by estrogen tend to be the slowest firing
cells (29).

It is especially interesting that electri-
cal stimulation of cells in the same region
as those whose resting discharge rates
are elevated by estrogen can facilitate
female rat reproductive behavior (30).
Low frequencies of stimulation are re-
quired for this effect. Conversely, elec-
trical stimulation in the preoptic area
inhibits female reproductive behavior
(30, 31). Here systemically administered
estrogen also has the opposite effect on
electrical activity of single neurons: that
is, decreased resting discharge rates.
Lincoln (32) was the first to show that
estradiol treatment of ovariectomized
rats is followed by lower spontaneous
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Colchicine (N=10)

Lordosis reflex score

1 2 3 4 5 6 7
Time after E2 implantation (days)

Fig. 3. Microinjection of colchicine bilaterally
in the ventromedial hypothalamus 24 hours
before estradiol (E2) treatment signiﬁcantly
(*) delayed lordosis reflex facilitatioh, com-
pared to control microinjection of phosphate-
buffered saline (means + standard error of the
mean). [Courtesy of Brain Research (44))

activity of single units in the preoptic
region as well as in the lateral septum.
Moreover, probing the vaginal cervix
inhibited the electrical activity of preop-
tic neurons in estrogen-treated animals
(33). After long-term treatment of ovari-
ectomized rats, fewer preoptic units with
recordable spontaneous activity were

found, and those that were recorded

were less responsive to peripheral so-
matosensory stimuli (29).

From these studies, estrogen increases
the electrical activity of nerve cells in
regions that foster female reproductive
behavior, which itself depends on estro-
gen, and decreases electrical activity of
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Fig. 4. Effects of estradiol benzoate treatment
on the number of muscarinic receptors on
medial basal hypothalamic cells. Ovariecto-
mized rats were treated for 2 days with either
sesame oil or 10 micrograms of estradiol ben-
zoate in oil. The anterior hypothalamic (AH),
lateral portion of the ventromedial (LVMN),
and the arcuate nuclei (AN) were removed
from frozen sections of rat brain according to
the method of Palkovits (67) and homogenized
in 150 microliters of phosphate buffer. Por-
tions of the homogenate were incubated with
1 nM 3H-labeled QNB, and specific binding
was determined. *P < .05, **P < .02, Mann-
Whitney U test. [Courtesy of Brain Research
(CH)!

preoptic neurons, which disrupt femi-
nine behavior. Electrical stimulation of
ventromedial hypothalamic neurons pro-
motes the behavior (30). What would
happen after specific blocking of sodium
channels in basomedial hypothalamic
neurons? Harlan et al. (34) worked with
estrogen-treated rats that displayed max-
imal lordosis behavior, and infused local
anesthetics (procaine or bupivacaine) or
tetrodotoxin into the medial hypothala-
mus to block sodium flux across nerve
cell membranes in a restricted region. In
parallel experiments, electrical activity
of nearby nerve cells or lordosis behav-
ior were measured. After an intrahypo-
thalamic infusion of procaine or bupiva-
caine, multi-unit electrical activity could
be decreased but not abolished for peri-
ods as long as 1 hour, but lordosis behav-
ior remained normal. In contrast, intra-
hypothalamic infusion of tetrodotoxin
led to a complete suppression of electri-
cal activity within 5 minutes of infusion,
the suppression lasting for as long as the
electrical recording site could be main-
tained (usually for several hours). With
hypothalamic tetrodotoxin infusions, de-
creases in lordosis behavior began about
40 minutes after the tetrodotoxin, and
the greatest effect was reached 2 to 4
hours after infusion. Thus, reproductive
behavior loss follows profound and pro-
longed decreases in medial hypothalamic
electrical activity (34).

Besides electrical stimulation, direct
application of estradiol to the ventrome-
dial hypothalamus suffices to facilitate
feminine sexual behavior (35). Informa-
tion regarding the presence of estrogen
receptors in neurons of the ventromedial
portion of the ventromedial nucleus was
crucial for refined estrogen implantation
experiments with nanogram amounts of
3H-labeled estradiol where it was dem-
onstrated that locally implanted hor-
mone reaches neurons in this limited
area and virtually nowhere else in the
course of facilitating feminine sexual be-
havior in ovariectomized rats (36). Sub-
sequent studies revealed that localized
application of a protein synthesis inhibi-
tor, anisomycin, to the same area revers-
ibly inhibits the ability of systemic estra-
diol to promote the feminine sexual re-
sponse (37).

The most obvious way in which hypo-
thalamic neurons control the neural cir-
cuitry for reproductive behavior is
through axons going to the dorsal mid-
brain (10). In fact, the nature of steroid
hormone effects on reproductive behav-
ior, through hypothalamic cells, explains
a mechanism of sexual motivation (38).
Despite striking parallels between the
electrical effects of estrogens on hypo- .
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thalamic neurons and their effects on
behavior, the electrical changes by them-
selves are not sufficient to explain every-
thing about the behavioral effects of
these hormones. Notably, increases in
the electrical excitability of dorsal mid-
brain nerve cells after electrical stimula-
tion of the ventromedial hypothalamus
can occur without prior treatment with
estrogen, whereas identical electrical
stimulation of the hypothalamus requires
subthreshold estrogen priming for its be-
havioral effects (39). Also, transmission
of electrical changes from hypothalamus
to midbrain occurs much more quickly
than the behavioral effects of eléctrical
stimulation of the ventromedial hypo-
thalamus (39). Thus, another aspect of
estrogen action must supplement the
electrical alterations. Synthesis of new
proteins in hypothalamic cells would be
just the sort of time-consuming estrogen
action theoretically required, and would
be consonant with the main conclusions
on mechanisms of steroid hormone ac-
tion in many other tissues (3-6).

Estrogen Influences on Hypothalamic

Protein Synthesis

The ultrastructural appearance of ven-
tromedial hypothalamic nerve cells is
consistent with this line of thought. We
noticed protuberances on the nucleolus
in some such neurons, and these oc-
curred more than twice as often in cells
sampled from estrogen-treated female
rats than control ovariectomized animals
(40). Since the nucleolus is the main site
of ribosomal RNA synthesis (4/), one
possibility is that the electron-dense pro-
tuberances represent synthesized ribo-
somal RNA. Another possibility (42) is
that they are comprised of nucleolus-
associated DNA, directing RNA synthe-
sis, presumably at an increased rate in
the estrogen-treated hypothalamic cells.
These questions about nucleolar changes
will have to be settled by selective stain-
ing for DNA and RNA, and by treatment
of thin sections with the enzymes deoxy-
ribonuclease or ribonuclease. In the cy-
toplasm, also, of ventromedial hypotha-
lamic cells estrogen treatment is fol-
lowed by signs of increased rates of
protein synthesis (43). In some ventro-
medial hypothalamic cells following es-
trogen, large amounts of rough endoplas-
mic reticulum were seen in stacked ar-
rays, and dense-cored vesicles (perhaps
prosecretory granules) were found near
the Golgi apparatus (Fig. 1). These cells
were found significantly more often than
in control ovariectomized animals (Fig.
2). Here, also, as many questions are
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Fig. S. Dense accumulations
of silver grains in autoradio-
gram depict retention of *H-
labeled progestin (R5020-6,7-
3H) by cell bodies in the hypo-
thalamic ventromedial nucleus
of an ovariectomized female
rat primed with estradiol ben-
zoate. The autoradiogram was
prepared with the use of a
method to prevent artifacts
from translocation of labeled
substances (69), and involved
placing an unfixed 2-micro-
meters of frozen section onto a
slide coated with Kodak NTB-
3 nuclear emulsion. The auto-
radiogram is counterstained
lightly with cresyl violet ace-
tate (X 640). [Autoradiogra-
phy was done by John Ger-
lach]

raised as answered. One conspicuous
problem is that even in the ventrolateral
subdivision of the ventromedial nucleus
of the hypothalamus, not every nerve
cell binds estrogen. If we were able to
visualize estrophilic neurons as such by
other morphologic criteria, the ultra-
structural effects of estrogen treatment
might be even larger. Further, while
these electron microscopic effects in the
ventromedial hypothalamus make func-
tional sense, the question is raised as to
what the effects would be in other estro-
gen-accumulating nerve cell groups, for
example, in the medial nucleus of the
amygdala, the lateral septum, or the
preoptic area.

If peptides or other gene products re-
lated to neurotransmission, synthesized
under the influence of estrogen in medial
hypothalamic cells, are transported
down the axon and important for behav-

Fig. 6. Parallel
changes in hypotha-
lamic cytosol proges-
tin binding (femto-
moles of >H-labeled
R5020 per milligram
of protein) and repro-
ductive behavior (lor-
dosis quotient) after
the onset (left) and
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Lordosis quotient
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ior, then temporary interruption of axo-
plasmic transport should delay effects of
the hormone on reproductive behavior.
Harlan and Shivers approached this
question by infusing colchicine into the
medial hypothalamus of ovariectomized
rats 24 hours before the beginning of
estrogen treatment (44). Blockage of
axoplasmic transport by colchicine re-
sulted in a 2-day delay in the onset of
lordosis behavior responsiveness (Fig.
3). In other experiments, infusion of col-
chicine into the medial hypothalamus of
rats maintained on high levels of estro-
gen disrupted lordosis behavior. These
effects were not due to an interruption of
electrical activity, because Kow, record-
ing multi-unit activity in the hypothala-
mus near the cannula tip, saw no effect
of colchicine [see (44)]. These results
suggest that, for the estrogen effect on
lordosis behavior, axoplasmic transport

4 Decay

withdrawal (right) of
subcutaneous estradi-
ol. Arrows show the
progestin receptor
levels associated with
the earliest (left) and
latest (right) occur-
rences of nonzero be-
havior levels. Error
bars indicate the stan-
dard errors of the

Progestin receptor
(fmole/mg P)

means. N’s were 6 for 12
behavior and 5 to 7
for progestin receptor
levels. [Courtesy of
Endocrinology (53)]
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to or away from the ventromedial hypo-
thalamic cells of interest is required.
Besides axonally transported neurose-
cretory products of estradiol action, oth-
er neurochemicals may be regulated by
this hormone in the course of facilitating
feminine sexual behavior. One possible
regulatory point is in the response of
ventromedial hypothalamic neurons to
incoming afferent nerve impulses, for
which estrogen action might conceivably
enhance responses to excitatory affer-
ents or inhibit the effect of inhibitory
afferents. Indeed, estradiol treatment is
reported to decrease the activity of glu-
tamic acid decarboxylase in the ventro-
medial nuclei of spayed rats (45), an
effect that might conceivably reduce the
efficacy of GABA (y-aminobutyric acid)
aminergic neurotransmission, which ap-
pears to be inhibitory toward lordosis
responding (46). Conversely, estradiol
treatment also appears to increase the
density of muscarinic cholinergic recep-
tor sites in the ventromedial nuclei (Fig.
4) (47). This effect acquires potential
functional significance in light of reports
(48) from drug infusion studies that a
muscarinic cholinergic component in the
rat diencephalon appears to facilitate
feminine sexual responding. Much more
information is required before a causal
link can be established for either GABA
or acetylcholine and estrogen action on
the lordosis response. Although the es-
trogen dose and time after hormone
treatment for these effects is compatible

with a role in lordosis, a detailed analysis
of these parameters must be carried out,
as well as additional drug infusion stud-
ies into the ventromedial hypothalamus
itself. Moreover, other neurotransmit-
ters, such as serotonin (49), may be
involved in regulating the ventromedial
hypothalamic influence on feminine sex-
ual behavior. Finally, the estrogen ef-
fects on these systems can occur in other
estrogen sensitive nuclei besides the
ventromedial hypothalamus (45, 47).

Progesterone Receptor Induction

Another inductive effect of estradiol,
that of increasing the number of recep-
tors for progesterone, occurs in the ven-
tromedial nuclei (Fig. 5), as well as in
other, but not all, estrogen-concentrating
diencephalic and limbic cell groupings
(50). This regulatory event could under-
lie synergisms between estradiol and
progesterone which affect several endo-
crine and behavioral phenomena (51).
The estrogen treatment conditions for
progesterone receptor induction are sim-

_ilar to those used for promoting repro-

ductive behavior (52). For example, the
time courses of progesterone receptor
induction and lordosis behavior facilita-
tion as a function of duration of estrogen
treatment are remarkably similar (Fig.
6), and the time courses of decay after
estrogen withdrawal are also similar (53).
With the type of ovariectomized animal

Lordosis Cytosol progestin
quotient receptors (%
maximal induction)
A [0] (0]
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Fig. 7. Effects of subcutaneous estradiol implants (OE,) and the protein synthesis inhibitor

anisomycin on the lordosis quotient and on the hypothalamic cytosol progestin receptor levels.
Progestin receptors are expressed by calculating the induction of *H-labeled R5020 retention
(femtomoles per milligram of protein) as a percentage of the maximal induction (after long
exposures to high estrogen doses). Effective continuous exposures to estradiol (B and C) could
be mimicked by certain discontinuous exposure schedules (E, F, and H). Involvement of new
protein synthesis is indicated by susceptibility to anisomycin (J, K, and L) (mean * standard
error of the mean). Statistical comparisons made by one-way analysis of variance followed by
Newman-Kuels tests for individual comparisons. N’s were 5 to 7 for behavior and 4 to 7 for
progestin receptor levels. [Courtesy of Nature (54)]
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preparation used, and the estrogen con-
dition employed, 25 to 35 percent of
maximal progesterone receptor induc-
tion was associated with nonzero behav-
ioral performance. More detailed studies
of the temporal requirements of this form
of reproductive behavior for estrogen
treatment (54, 55) also supported a
strong positive correlation between lor-
dosis behavior and cytosol progestin re-
ceptor level. Under these conditions, 24
hours or 6 hours of continuous estradiol
exposure facilitated lordosis behavior
and significantly elevated cytosol pro-
gestin receptors (Fig. 7). Shortening a
single continuous exposure to 3 hours
was not effective. Among the discontinu-
ous schedules of treatment (Fig. 7, E to
I) those adequate for facilitating the be-
havior were associated with elevated
progestin receptor levels (54, 55). Pro-
tein synthesis was indeed required for
progestin receptor induction as well as
behavior, as indicated by the effects of
anisomycin (Fig. 7, J to M) when given
before one or both estrogen treatments
(56).

Temporal Complexities of
Estradiol Action

The temporal requirements for estradi-

-ol treatment and resulting progestin re-

ceptor induction and feminine sexual be-
havior highlight the extremely complex
nature of the hormone’s action (Fig. 7).
Two 1-hour periods of estradiol treat-
ment were sufficient, provided that they
were at least 4 hours apart and yet not
separated by more than 14 hours. Protein
synthesis inhibition before the first, be-
fore the second, and between the first
and second treatments, disrupts estrogen
action. Yet within 1 or 2 hours after the
second estradiol treatment, protein syn-
thesis inhibition is no longer effective.
Several phases of estrogen-directed pro-
tein synthesis may be involved in actions
on nerve cells, where initial estrogen
exposure may sometimes set up condi-
tions for later estrogen action (54-56). A
possibly analogous interacting sequence
of gene activation has been described for
the insect steroid hormone, ecdysone, in
triggering a pattern of puffs in giant poly-
tene chromosomes of Diptera (57).

Progesterone Action on Sexual Behavior

In contrast to those of estradiol, the
temporal aspects of initial progesterone
action on female sexual behavior in rats
seem simpler. For one thing, it occurs
more rapidly with onset latencies of 30 to
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60 minutes after intravenous hormone
administration (58, 59). In spite of its
speed, progesterone facilitation is
blocked by protein synthesis inhibition
(60). In fact, administration of anisomy-
cin after progesterone facilitation has
begun produces a progressive inhibition
of the behavioral response over the next
hour or so, implying that proteins depen-
dent on progesterone action may turn
over rapidly (60). Progesterone facilita-
tion is particularly important for the
“‘proceptive’’ (60, 61) aspect of feminine
sexual behavior, and this aspect of pro-
gesterone action can be selectively elimi-
nated by anisomycin treatment even
when high levels of receptivity occur
without progesterone treatment because
of high levels of estrogen priming (60).

Progesterone action on feminine sexu-
al behavior is strongly linked to the ven-
tromedial hypothalamic nuclei. First,
low doses of progesterone, diluted in
cholesterol, are effective in promoting
feminine sexual behavior when implant-
ed in the ventromedial hypothalamus
and nowhere else (62). Second, estrogen-
inducible progestin receptors are found
in the ventrolateral portion of the ventro-
medial nuclei, where estrogen-concen-
trating cells are also located (Fig. 5) (50,
52). Third, anisomycin application to the
ventromedial hypothalamus blocks re-
versibly the facilitative effects of system-
ic progesterone in estrogen-primed fe-
male rats (37). Finally, in estrogen-
primed, castrated male rats, which fail to
respond to progesterone with respect to
feminine sexual behavior (52, 63), pro-
gesterone receptor levels are markedly
deficient in the ventromedial nuclei and
yet are normal in the nearby arcuate
nuclei of the hypothalamus (64).

Nevertheless, progesterone action in
the ventromedial nuclei has not been
linked to a biosynthetic event in the
ventromedial nucleus which may be as-
sociated with behavior. The nature of
rapidly turning over proteins induced by
progesterone remains a mystery. Anoth-
er unusual aspect of progesterone action
concerns the mechanism by which it
brings about its inhibitory influences on
sexual behavior (571). Two mechanisms
are now under consideration. First is the
possibility that decreased progestin re-
ceptor levels resulting from an initial
bolus of progesterone may be responsi-
ble for reduced or refractory responding
to subsequent progesterone administra-
tion (65). Second is the possibility that
progesterone may induce other proteins
with a longer latency and greater half-life
which have an inhibitory behavioral ef-
fect not evident until after the first, facili-
tative phase is past (66).
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Prospects

Studies of receptors for steroid sex
hormones in the hypothalamus and lim-
bic forebrain have set the stage for de-
tailed examination of estrogen and pro-
gestin actions on nerve cells. Ultrastruc-
tural analyses of hormone effects will
approach these questions on a discrete
cell-by-cell basis, while chemical frac-
tionation of dissected hypothalamic tis-
sue may identify newly synthesized hor-
mone inducible peptides and proteins.
Localized measurements of specific gene
products such as enzymes and neuro-
transmitter receptors, with the use of
microdissection (67) and quantitative
autoradiographic (68) procedures, may
reveal the nature of others of the hor-
mone induced proteins that are relevant
for altered neurotransmission and al-
tered behavior. Of interest for the inter-
actions between electrical and chemical
hormone effects are tissue-slice prepara-
tions, in which electrophysiological re-
cordings can be carried out with better
physical control of the extracellular envi-
ronment than is possible in vivo. Direct-
ing these studies under the simplest func-
tional conditions offers the possibility of
clear hypotheses about cellular mecha-
nisms which can be applied, in turn, to
questions of current interest such as sex
differences in hormone action on the
brain.
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Industrial Innovation Policy:
Lessons from American History

Richard R. Nelson and Richard N. Langlois

Government involvement in the re-
search and development (R & D) pro-
cess has a long history in this country.
As is too often the case, this rich experi-
ence has seldom been consulted in policy
debates over government programs to
stimulate industrial innovation.

explicitly comparative, cross-industry
focus: it was predicated on the hypothe-
sis—amply supported in the resulting
case studies—that the kinds of govern-
ment programs that have shown them-
selves feasible and effective vary greatly
among industrial sectors, depending

Summary. The historical interrelations of government support of R& D and
technical change in seven major American industries point to three types of policy that
have been successful in the past: (i) government R & D support for technologies in
which the government has a strong and direct procurement interest; (ii) decentralized
systems of government-supported research in the “generic” area between the basic
and the applied; and (iii) a decentralized system of clientele-oriented support for
applied R & D. A fourth type of policy, under which the government attempts to “pick
winners” in commercial applied R & D, has been a clear-cut failure.

This article is an attempt to identify
some of the lessons of past federal
R & D policy. It summarizes the conclu-
sions of a study, recently completed at
the Center for Science and Technology

Policy at New York University, of how '

such policies have shaped technological
change in seven major American indus-
tries—semiconductors, computers, air-
craft, pharmaceuticals, agriculture, resi-
dential construction, and automobiles
(I). What makes this study unique is its
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upon the nature of the governmental
involvement and the nature of competi-
tion in the industry.

The selection of industries for study
was made with an eye toward obtaining a
sample with a broad spectrum of charac-
teristics: industries with fragmented as
well as with concentrated structures and
industries subject to much government
intervention and to relatively little. The
design of the study was also informed by
a desire to attract recognized scholars
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knowledgeable about the technology in
each industry; the prior interests and
areas of expertise of these scholars were
therefore a factor in the selection of
industries. The study was then carried
out as a cooperative research effort (2).

The Unraveling Consensus

In treating the questions of innovation
policy as warranting detailed empirical
exploration, we were acknowledging, re-
luctantly, that the general theoretical
analyses and statistical observations of
economists provide only limited and in-
complete guidance for policy. We are not
alone in this perception; the most signifi-
cant aspect of the recent economic litera-
ture on innovation is its progressive in-
conclusiveness about the appropriate
role for government.

It was not always that way. Economic
research a decade or more ago had set-
tled on two closely related sets of propo-
sitions about industrial innovation. The
first of these was that technological
change is an important source of produc-
tivity growth and, simultaneously, that
R & D expenditure is a principal deter-
minant of technological advance. The
implication drawn from this was that
R & D spending is a kind of ‘‘control
variable’” through which one would af-
fect macroeconomic productivity.

The second set of arguments derived
from theoretical rather than statistical
work. Economists during the 1950’s and
’60’s developed models in which private
firms possessed an inherent tendency to
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