presentation of biologically significant
(reinforcing) stimuli. Under the influence
of drugs that elevate dopaminergic neu-
rotransmission, incentive learning leads
to the enhanced ability of drug-associat-
ed environmental stimuli to elicit re-
sponses. The symptoms of psychosis
seen in individuals who chronically
abuse psychomotor stimulants may be
caused by excessive incentive learning.
Overactivity in dopaminergic systems
has been proposed as the underlying
etiology of schizophrenia (3); it follows
that this disorder also may result from
excessive incentive learning. The
strength of this conclusion regarding in-
centive learning depends on the fate of
the dopaminergic overactivity hypothe-
sis of schizophrenia; one alternative, for
example, is the hypothesis that schizo-
phrenia results from reduced sensitivity
of dopaminergic receptors (/3). Al-
though some data may make this alterna-
tive attractive (/4), recent postmortem
studies of receptor binding in the brains
of schizophrenics who were not receiv-
ing medication at the time of death con-
tinue to support the hyperfunctioning
hypothesis (15).

Of particular relevance to the possibil-
ity that the symptoms of schizophrenia
are produced by dopamine-mediated in-
centive learning is the observation that
although dopamine receptor blockers im-
pair the establishment of incentive learn-
ing, they do not prevent its expression.
The therapeutic effects of antipsychotic
drugs (known to block dopamine recep-
tors immediately) are not seen until at
least a week after the initiation of treat-
ment (/6). This delay may occur because
these drugs initially fail to prevent the
expression of aberrant incentive learning
that occurred prior to the initiation of
treatment. As is the case with incentive
learning produced by food reinforce-
ment, which weakens over repeated tri-
als when dopamine receptors are
blocked (9), aberrant incentive learning
that has occurred in psychotic patients
as a result of dopamine hyperfunctioning
may weaken over the course of neuro-
leptic therapy and thus result in improve-
ment over time.

Although other explanations are possi-
ble—for example, as yet unknown bio-
chemical effects of long-term treatment
with neuroleptics—our findings may ex-
plain the long-standing observation that
the therapeutic action of antipsychotic
drugs is delayed.

RICHARD J. BENINGER
BRreNDA L. HAHN
Department of Psychology,
Queen’s University,
Kingston, Ontario K7L 3N6, Canada
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High Fetal Estrogen Concentrations: Correlation with Increased

Adult Sexual Activity and Decreased Aggression in Male Mice

Abstract. In the house mouse (Mus musculus), fetuses may develop in utero next
to siblings of the same or opposite sex. The amniotic fluid of the female fetuses
contains higher concentrations of estradiol than that of male fetuses. Male fetuses
that developed in utero between female fetuses had higher concentrations of
estradiol in their amniotic fluid than males that were located between other male
fetuses during intrauterine development. They were also more sexually active as
adults, less aggressive, and had smaller seminal vesicles than males that had
developed between other male fetuses in utero. These findings raise the possibility
that during fetal life circulating estrogens may interact with circulating androgens
both in regulating the development of sex differences between males and females and
in producing variation in phenotype among males and among females.

Sexual differentiation begins during
early fetal life in mammals. If the gonads
are removed surgically before the onset
of sexual differentiation, mammals de-
velop into phenotypic females regardless
of their genetic sex (/). During sexual
differentiation in males, therefore, mas-
culine traits are induced (masculiniza-
tion) and, in some species, feminine
traits are suppressed (defeminization)
(2). Androgens, primarily testosterone or
its metabolites, are secreted at a high
rate by the testes of males during fetal
life (3) and are thought to induce most of
the prenatal changes in morphology,
physiology, and behavior potential.

In the house mouse (Mus musculus),
fetuses may develop in utero next to (and
possibly be influenced by the hormonal
secretions of) siblings of the same or
opposite sex. Offspring from known in-
trauterine positions can be obtained by
time-mating female mice and delivering
the offspring by cesarean section shortly
before normal parturition. Intrauterine
position influences morphology, physiol-
ogy, and behavior in female mice and
rats (4). For consistency, the classifica-

tion scheme that has previously been
used to identify female fetuses from
known intrauterine positions is also used
for males (5). Males that develop be-
tween two other male fetuses are re-
ferred to as 2M males, males that devel-
op between a male and a female fetus are
referred to as 1M males, and males that
develop between two female fetuses are
referred to as OM males. In the experi-
ments described here we used CF-1 mice
to test whether the intrauterine proximi-
ty of a male fetus to other male or female
fetuses is correlated with its adult pheno-
type.

Male CF-1 mice were castrated within
1 hour of cesarean delivery and injected
with hormones in adulthood. The objec-
tives were (i) to eliminate possible differ-
ences between OM and 2M males in the
concentrations of gonadal hormones that
they would have been exposed to during
postnatal life and (ii) to assess the sensi-
tivity of the neural substrates mediating
reproductive behaviors to the activating
effects of a known amount of hormone in
adulthood. Differences between OM and
2M males could thus be related to prena-
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tal rather than postnatal exposure to
gonadal hormones.

The sensitivity of the castrated OM
(N = 20) and 2M (N = 20) male mice to
testosterone was compared by assessing
their aggressiveness toward another
male before and during treatment with
testosterone (6). The 2M males were
significantly more sensitive to the ag-
gression-inducing action of testosterone
than were the OM males (see Fig. 1C).

We then examined other castrated OM
and 2M males for their sexual attractive-
ness to stud males and their capacity to
exhibit lordosis (female-typical sexual
behavior) when mounted. They were
placed individually into the cage (56 by
32 .by 20 cm) of an intact stud 1M male,
tested for 30 minutes, and then injected
with hormones and tested for 30 minutes
at weekly intervals for 4 weeks. No
mounting by the stud males was ob-
served in the test before hormone admin-
istration and little mounting occurred
during the first 2 weeks of hormone
treatment (0 to 20 percent per group
were mounted). During the third and
fourth weeks of hormone treatment, the
stud male mounted significantly more of
the OM males that had been injected with
estradiol benzoate and progesterone
than 2M males that had received the
same hormones (see Fig. 2A). The stud
males mounted few of the OM and 2M
males that had received estradiol benzo-
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ate and then oil. All of the males that
were mounted exhibited lordosis that
reflected a low level of receptivity
(standing still during a mount but with
little head elevation), but too few 2M
males elicited mounting to permit quanti-
tative comparisons. Thus 2M males are
more defeminized than OM males during
prenatal life with regard to the capacity
to elicit mounting by a stud male, and
this difference appears to reflect an in-
ability to respond to progesterone in 2M
but not OM males.

Two months later, we tested for ag-
gression the same groups of OM (N = 30)
and 2M (N = 30) males that had been
tested for female sexual behavior. These
males were each implanted with a Silas-
tic capsule containing testosterone and
tested for aggression by the same proce-
dure as described above. Again, more
2M than OM males showed aggression
within a 16-day test period although,
overall, fewer of these males (now about
200 days old) fought than did the 90-day-
old males. (A decrease in responsiveness
to testosterone as a function of time
since castration and aging is commonly
observed.) When autopsied after 35 days
of testosterone treatment, the 2M males
also had heavier seminal vesicles than
did the OM males (7). Seminal vesical
growth in response to testosterone treat-
ment is used as a morphological index of
sensitivity to testosterone, while time to
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induce aggression provides a behavioral
index of sensitivity of the neural sub-
strate mediating aggression to testoster-
one. Thus both behavioral and morpho-
logical data indicated that 2M male mice
are more sensitive to testosterone than
OM males.

We also examined the behavior of
normal OM and 2M males that had not
been surgically or hormonally manipulat-
ed. The sexual behavior of adult OM
(N = 20) and 2M (N = 20) males was
compared during tests with ovariecto-
mized 1M females that had been made
sexually receptive by injections of estra-
diol benzoate and progesterone. A fe-
male was placed into a male’s cage for 30
minutes. The OM males showed signifi-
cantly more mounts and intromissions
than did the 2M males (Fig. IB). In a
related experiment, intact OM male
Sprague-Dawley rats showed significant-
ly more ejaculations to satiety (30 min-
utes without a mount) when paired with
a IM female than did 2M males (8).

That sexual performance was en-
hanced in OM males compared with 2M
males is interesting given that OM female
mice exhibit higher levels of sexual re-
ceptivity (higher lordosis quotients)
when paired with a male and are more
sexually attractive to males than are 2M
females (3, 9). Thus 2M female mice are
more defeminized than OM females. In
addition, 2M female mice are highly ag-
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Fig. 1 (left). (A) Mean concentrations (+ standard error of the mean)
of estradiol in the amniotic fluid (expressed as picograms per fetus) of
female (N = 10 pools) and OM (N = 5 pools) and 2M (N = 5 pools)

2M OM
Male

2M OM
Male

male fetuses on day 17 of gestation. (B) The total number of mounts
and intromissions (thrusting movements) made by 90-day-old OM and 2M male mice during a 30-minute test with a sexually receptive female
(mean = standard error of the mean; 20 animals per group). (C) The percentage of neonatally castrated, 90-day-old OM and 2M males (20 per
group) that showed a 5-second sustained biting attack toward a 1M male intruder. The mice were tested for 10 minutes on alternate days for 16
days after a 10-mm Silastic capsule (Dow 602-285) containing 5 mg of testosterone in 0.02 ml of oil was implanted in the neck region. Significance

Fig. 2 (right). (A) The percentage of neonatally castrated, 90-day-old OM and 2M male

mice that elicited mounting by a stud 1M male during a 30-minute test during the third and fourth weeks of hormone treatment. All males received
weekly injections of 25 pg of estradiol benzoate in oil 48 hours before being tested. One-half of the OM and 2M males were injected with 200 wg of
progesterone in oil 4 hours before being tested, while the other males received only oil (15 males per treatment condition). (N.S., not statistically
significant). (B) The percentage of neonatally castrated, 200-day-old OM and 2M males (30 per group), previously tested for female sexual
behavior, that showed a 5-second sustained biting attack toward a 1M male intruder. The mice were tested for 16 days after a Silastic capsule con-
taining testosterone was implanted in the neck region. After the OM and 2M males had been exposed to testosterone for 35 days, all the animals
were weighed and the seminal vesicles were weighed after the fluid was removed by blotting. Seminal vesicle weights (mean =+ standard error of
the mean) are expressed as milligrams of tissue per gram of body weight. Significance levels are for x? or t-test comparisons.
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gressive toward other females compared
with OM female mice (4). Since male
mouse fetuses have higher blood concen-
trations of testosterone than females,
and since 2M female fetuses have higher
concentrations of testosterone in their
amniotic fluid and blood than OM fe-
males (3), we hypothesized that 2M male
fetuses would have higher concentra-
tions of testosterone in their blood and
amniotic fluid than OM males.

Female mice were killed by cervical
dislocation on day 17 of pregnancy (in-
semination on day 0), and amniotic fluid
and blood were collected from each fe-
tus. The fluids from fetuses in equivalent
intrauterine positions were pooled. The
concentrations of testosterone, 17B-es-
tradiol, and progesterone in the amniotic
fluid and of testosterone in the blood
were determined by radioimmunoassay
as described (3). Female fetuses had
significantly higher concentrations of es-
tradiol than any of the males, and 0M
males had significantly higher concentra-
tions of estradiol than 2M males (Fig.
1A). In previous experiments, OM fe-
males had higher concentrations of estra-
diol in the amniotic fluid than 2M fe-
males, although the difference was not
statistically significant (3). The amniotic
fluid circulates through the gut of fetus-
es, and estradiol in the amniotic fluid is
presumed to be in equilibrium with estra-
diol in the fetal blood (7). There were no
significant differences between male and
female mouse fetuses or between OM and
2M males in the concentrations of either
testosterone or progesterone in the amni-
otic fluid. Also, OM and 2M males did
not differ in the concentrations of testos-
terone in their blood (10).

According to the aromatization hy-
pothesis, testosterone is converted (aro-
matized) to estradiol within some andro-
gen target cells, including certain areas
of the hypothalamus (/). Testosterone
is thus thought to be a prohormone, and
estradiol the hormone that induces mas-
culinization and defeminization during
early life. It was previously thought that
circulating estrogens could not enter
cells in fetuses because of the presence
in the blood of high concentrations of an
estrogen-binding protein, a-fetoprotein.
For masculinization and defeminization
to occur, a prohormone not bound and
inactivated by a-fetoprotein (that is, tes-
tosterone) was thought to be required
(11). However, there is now evidence
that a-fetoprotein that is bound to estra-
diol (or other estrogens) may enter target
cells in the brain (/2), suggesting that
circulating estradiol might directly influ-
ence sexual differentiation and that both
circulating estradiol and estradiol de-
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rived from intracellular aromatization of
testosterone might act on cytoplasmic
estrogen receptors to regulate differenti-
ation of the neural tissues mediating
male sexual performance and aggres-
sion. According to the aromatization hy-
pothesis, fetuses exposed to increased
concentrations of estradiol should be
more aggressive and sexually active (that
is, masculinized) than fetuses exposed to
low concentrations.

The results of the sex behavior but not
the aggression experiment are consistent
with the aromatization hypothesis. We
propose that the increased estradiol in
OM male fetuses may lead to a greater
intracellular pool of estradiol within de-
veloping brain areas that mediate sexual
behavior and thus enhance the adult sex-
ual performance of OM males. In con-
trast, that OM males were less aggressive
than 2M males in response to testoster-
one suggests that in the neural areas
mediating aggression (and in the seminal
vesicles), increased estrogen in OM male
fetuses may interfere with the action of
testosterone, perhaps by estradiol com-
petitively binding to androgen receptors
which are found in some hypothalamic
neurons as well as in the seminal vesicles
of mice and rats (/, 13). The suggestion
that estrogen acts directly during perina-
tal life to facilitate the organization of
female sexual behavior in rodents (/4)
leads to the hypothesis that adult sexual
performance (whether masculine in re-
sponse to circulating testosterone or
feminine in response to circulating estra-
diol and progesterone) might be en-
hanced in OM males because of their
exposure to high concentrations of estra-
diol.

Most of the estrogens in the fetal and
maternal circulation in humans and ro-
dents appear to be of fetal origin (15). In
humans, female fetuses have higher con-
centrations of estradiol in their amniotic
fluid than male fetuses (7), and both fetal
and maternal estrogens are derived from
androgens secreted from the fetal, and to
a lesser degree maternal, adrenals; these
androgens are aromatized to estrogens in
the placenta. Our findings suggest that
circulating estrogens influence sexual
differentiation in mice and, in humans,
sex differences in fetal adrenal secretions
lead to sex differences in circulating es-
trogen titers. We propose, therefore,
that during intrauterine development,
sex differences in fetal adrenal secretions
interact with sex differences in gonadal
secretions in regulating sexual differenti-
ation.

Our data indicate that a male or a
female mouse that develops in utero be-
tween two male fetuses (2M phenotype)

is more aggressive and less sexually ac-
tive than animals with the OM pheno-
type. [Male and female mice that devel-
op between a male and a female fetus
(IM phenotype) are intermediate be-
tween OM and 2M animals in phenotype
4, 16)]. If OM and 2M males had been
tested only with females for their sexual
behavior, OM males would have been
labeled as more masculinized than 2M
males. However, if aggression only to-
ward a male opponent had been exam-
ined, 2M males would have been labeled
as more masculinized than OM males.
Even though OM males are less likely
than 2M males to be aggressive toward
another adult male, OM males are signifi-
cantly more likely than 2M males to be
aggressive toward the newborn young of
another male [that is, to commit infanti-
cide (16)]. Comparing OM and 2M male
mice on a scale of masculinization is
therefore meaningless. Our data suggest
that conclusions concerning the general
process of masculinization drawn from
previous studies in which only one be-
havior was studied should be reexam-
ined.
FREDERICK S. vOM SAAL
Division of Biological Sciences and
Department of Psychology, University
of Missouri—-Columbia, Columbia 65211
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CaroL W. MCMULLEN
KURrT S. LAVES
Division of Biological Sciences,
University of Missouri-Columbia

References and Notes

1. C. W. Bardin and J. F. Catterall, Science 211,
1285 (1981); J. D. Wilson, F. W. George, J. E.
Griffin, ibid., p. 1278.

2. M. Baum, Neurosci. Biobehav. Rev. 3, 265
(1979).

3. F. S. vom Saal and F. H. Bronson, Science 208,
597 (1980).

4. L. Clemens, B. Gladue, L. Coniglio, Horm.
Behav. 10, 40 (1978); F. vom Saal and F. Bron-
son, Biol. Reprod. 19, 842 (1978); ibid. 22, 777
(1980); F. vom Saal, J. Reprod. Fertil. 62, 633
(1981).

5. A classification scheme based on the direction
of uterine blood flow [as suggested by R. L.
Meisel and 1. L. Ward, Science 213, 239 (1981)]
does not appear feasible, since blood flow in the
uterine arteries and veins (which each form a
continuous loop in mice and rats) is bidirectional
[A. McLaren and D. Michie, Nature (London)
187, 363 (1960)]. Meisel and Ward did not report
data on the direction of uterine blood flow, and
their premise that blood flows in one direction in
the uterine arteries and veins in rats does not
appear to be supported by the anatomical study
[C. Del Campo and O. Ginther, Am. J. Vet. Res.
33, 2561 (1972)] that they cited.

6. No aggression was observed in the test given
before the administration of hormones. The ol-
factory bulbs of the stimulus 1M male mice were
removed. The number of days of testosterone
exposure to induce aggression (but not the laten-
¢y to attack, number of attacks, or duration of
attacks) is a measure that is sensitive to hormon-
al manipulations of fetuses in mice [F. vom Saal,
Horm. Behav. 12, 1 (1979)].

7. S. Belisle and D. Tulchinsky, in Maternal-Fetal
Endocrinology, D. Tulchinsky and K. J. Ryan,
Eds. (Saunders, Philadelphia, 1980), p. 169.

8. F. vom Saal and W. Grant, paper presented at
the Conference on Reproductive Behavior,
Nashville, Tenn., 1981

9. F. vom Saal, C. Moyer, J. Rines, paper present-

SCIENCE, VOL. 220



ed at the Society for the Study of Reproduction
meeting, Madison, Wis., 1982

10. Fluids from 25 fetuses were pooled for radio-
immunoassay. Group means (* standard error
of the mean) are based on ten pools for females
and five pools each for OM and 2M males. The
data for females were reported previously (3).
Concentrations in the amniotic fluid (picograms
per fetus) were, for testosterone: all females,
115.1 = 4.8; OM males, 115.1 £ 8.5; 2M males,

10.2 + 6.5; for progesterone: all females, 259.3

14.0; OM males, 253.4 + 6.2; 2M males, 253.1
+ 18.9; concentrations of testosterone in the
blood were, for all females (nanograms per
milliter), 0.98 + .05; OM males, 2.89 * .15; 2M
males, 3.13 = .20.

11. N. J. MacLusky and F. Naftolin, Science 211,
1294 (1981).

12. B. McEwen, L. Plapinger, C. Chaptal, J. Ger-
lach, G. Wallach, Brain Res. 96, 400 (1975); R.
Benno and T. Williams, ibid. 142, 182 (1978); C.
;rl%gaon-Allerand, Nature (London) 286, 733

).

13. 1. Lieberburg, N. MacLusky, B. McEwen,
Brain Res. 196, 125 (1980); T. Fox, Proc. Natl.
Acad. Sci. U.S.A. 72, 4303 (1975); T. Fox, K.
Olsen, C. Vito, S. Wieland, in Molecular Genet-

—_—

I+

ics and Neuroscience, F. O. Schmitt, F. Bloom,
S. Bird, Eds. (Raven, New York, 1982), p. 289;
C. Vito and T. Fox, Dev. Brain Res. 254, 97
(1982).

14. S. Hendricks and J. Duffy, Dev. Psychobiol. 1,
297 (1974); J. Hancke and K. Dohler, Acta
b;z(égt):rinol. (Copenhagen) Suppl. 234, 102
( .

15. J. Winter, K. Fujieda, C. Faiman, F. Reyes, J.
Thliveris, in Adrenal Androgens, A. R. Genaz-
zani, J. Thijssen, P. Siiteri, Eds. (Raven, New
York, 1980), p. 55; D. Tulchinsky, in Maternal-
Fetal Endocrinology, D. Tulchinsky and K. J.
Ryan, Eds. (Saunders, Philadelphia, 1980), p.
189; G. Gibori and R. Sridaran, Biol. Reprod.
24, 249 (1981).

16. F. vom Saal, Physiol. Behav., in press.

17. We thank C. Desjardins for help with the radio-
immunoassays, R. E. Whalen and T. O. Fox for
suggestions, and J. Broich for technical assist-
ance. Supported by grant MH35079 from the
National Institute of Mental Health and by Uni-
versity of Missouri Biomedical Research Sup-
port grant RR07053 from the National Institutes
of Health.

12 October 1982; revised 4 February 1983

Hypothalamic y-Aminobutyric Acid Neurons

Project to the Neocortex

Abstract. Three groups of y-aminobutyric acid—containing neurons were found in
the mammillary region of the posterior hypothalamus. The groups correspond to the
tuberal, caudal, and postmammillary caudal magnocellular nuclei. Many cells in
these nuclei were retrogradely labeled with fast blue after the injection of this
fluorescent dye into the neocortex. Immunohistochemical experiments showed that
these same neurons also contained the y-aminobutyric acid-synthesizing enzyme
glutamate decarboxylase. These results provide morphological evidence for a ~-
aminobutyric acid pathway arising in magnocellular neurons of the posterior
hypothalamus and innervating the neocortex.

For many years it was thought that the
neocortex receives its entire subcortical
input through the thalamus. However,
electrophysiological evidence has sug-
gested the existence of a “‘reticular acti-
vating system’’ arising in the brainstem
and innervating the neocortex (/). With
the demonstration of brainstem mono-
amine systems that project to the neo-
cortex, this idea was given a morphologi-
cal basis (2). In addition, recent evidence
indicates the presence of a cholinergic
input to the cortex from magnocellular
neurons of the basal forebrain (3). In this
report we present evidence from retro-
grade tracing and immunohistochemi-
cal studies that vy-aminobutyric acid
(GABA)—containing neurons of the pos-
terior hypothalamus also directly inner-
vate widespread regions of the neocor-
tex.

The synthetic enzyme glutamate de-
carboxylase (GAD) is a specific marker
for GABA neurons. We used well-char-
acterized antibodies raised against puri-
fied mouse brain GAD (4) to demon-
strate GABA neurons in the rat hypo-
thalamus by indirect immunofluores-
cence (5). Sections of Formalin-fixed
brain were cut on a cryostat to a thick-
ness of 14 pm and incubated with antise-
rum to GAD diluted 1:100 overnight at
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4°C. The sections were then rinsed and
incubated with rhodamine-conjugated
swine antiserum to rabbit immunoglob-
ulin G (IgG) (Dako), rinsed again, and

examined in a fluorescence microscope.
Serum from unimmunized rabbits served
as a control. To enhance the immunore-
activity of GAD in GABA cell bodies,
some animals received an intraventricu-
lar injection of colchicine (120 pgin 20 pl
of saline) 24 hours before perfusion.

A dense network of GABA fibers and
many GABA cell bodies were found in
many regions of the hypothalamus (6).
Of particular significance was the obser-
vation of three distinct clusters of mag-
nocellular, GAD-positive neurons in the
mammillary region of the posterior hypo-
thalamus. These cell groups correspond
to the caudal (Fig. 1, A and C), tuberal
(Fig. 1D) and postmammillary caudal
(Fig. 2G) magnocellular nuclei in the
atlas of Bleier et al. (7). Almost all of the
closely packed magnocellular neurons in
these three nuclei were GAD-positive.

To determine the projection areas of
these hypothalamic GABA neurons, nu-
merous rats were injected at various
sites with 50 to 200 nl of a 3 percent
solution of the retrogradely transported
fluorescent dye fast blue (8). Injections
were stereotaxically placed in the frontal
cortex (25 rats), motor cortex (four rats),
occipital cortex (eight rats), striatum (six
rats), amygdala (four rats), olfactory
bulb (four rats), and cerebellum (four
rats). After 2 to 5 days the rats were
injected with colchicine, and 24 hours
thereafter they were perfused. The
brains were removed and soaked over-
night in 5 percent sucrose and then sec-
tioned on a cryostat. The hypothalamus

Fig. 1. Fluorescence micrographs of magnocellular neurons of the posterior hypothalamus

immunohistochemically stained for GAD (A, C, and D) or retrogradely labeled by injections of
fast blue into the frontal cortex (B and E). The GAD-positive neurons that comprise the caudal
magnocellular nucleus lie along the ventral surface of the hypothalamus (A), and their
characteristic shape can be seen in an enlargement (C). Many cells in this particular region are
retrogradely labeled by fast blue injections into the frontal cortex (B). GAD-positive neurons
are also found in the tuberal magnocellular nucleus, which lies at the dorsal edge of the
mammillary recess (r) (D). This nucleus also contains many retrogradely labeled neurons (E).

Scale bars, 50 pm.
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