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ABSTRACT. To increase our understanding of the physiology
of sexual maturation in the primate, we have studied various
endocrine correlates of reproductive development in the male
monkey, Macaca fascicularis. In a cross-sectional study, we
examined 80 monkeys, ranging in age from 2 weeks to more than
8 yr. We weighed, measured testis size, and obtained a single
morning blood sample from all animals. Serum LH and testos-
terone (T) levels were measured by bioassay and RIA, respec-
tively. Based on the criteria of age and testis size, we classified
the monkeys into five study groups: neonates, older infants,
juveniles, peripubertals, and adults. To characterize hormone
secretory patterns and to search for evidence of episodic LH and
T secretion during development, we selected animals at random
(n = 6) from each study group and bled them at 2Q- te 30-min
intervals during evening hours (between 1900-2300 h). To assess
pituitary responsiveness to LHRH during development, we ad-
ministered LHRH (5 pg/kg, iv bolus) to groups of neonatal, older
infant, juvenile, and adult animals (n = 4). LH and T concentra-
tions were integrated over the 90-min postinfusion period. Anal-
ysis of serum LH and T levels measured in single morning blood

samples showed significantly higher levels of both LH and T in
neonatal and older infants, peripubertals, and adults compared
to juveniles (P < 0.02). The LH responses to LHRH infusions
were significantly greater in neonates and adults compared to
those in older infants and juveniles (P < 0.0006). Neither the
neonatal vs. the adult nor the older infant vs. the juvenile LH
responses differed significantly from one another (P > 0.05). All
peripubertal and adult animals showed evidence of episodic LH
and T secretion during the evening sampling interval; each T
secretory episode was either coincidental with, or preceded by,
a LH increment with a lag time of 30 min or less. Six of six
infants and three of eight juveniles demonstrated evidence of
episodic variation in serum LH concentrations over the sampling
interval; five of six infants and seven of eight juveniles showed
episodic variation in serum T levels. These data suggest that
episodic LH secretion occurs throughout the life cycle, and that
amplitude modulation of episodic LH secretion, caused by a
changing amplitude of episodic LHRH secretion, is an important
characteristic of the shifts between developmental stages. (En-

docrinology 109: 914, 1981)

HE DEVELOPMENTAL patterns of gonadotropin

and gonadal steroid levels have been described for
several species, as have various changes in body charac-
teristics, such as testicular size, hair growth, and breast
development (1, 2). Pubertal development in human
beings is more similar to that in other primate species
than to that in rats, sheep, and other nonprimates (2-5).
Because nonhuman primates appear to offer an impor-
tant experimental model for human puberty, we have
initiated studies of one species of these animals, the crab-
eating macaque, Macaca fascicularis. To gain an under-
standing of the endocrine correlates of sexual develop-
ment in this monkey, we measured LH and testosterone
(T) levels from birth to adulthood in normal males. We
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report evidence for greater secretory activity of the pi-

tuitary-gonadal axis of neonatal, older infant, peripuber-
tal, and adult monkeys compared to that of juvenile
animals. In addition, we found evidence for the episodic
release of LH and T in neonatal, older infant, and juvenile
as well as in peripubertal and adult animals.

Materials and Methods
Monkeys

We studied 80 male monkeys of the species Macaca fas:
cicularis. The animals ranged in age from 2 weeks to greater
than 8 yr (weight range, 0.3-9.6 kg) and were housed at constant
temperatures (23 # -2 C) in cages sealed from outside light-
either individually or with their mothers in the case of infants
less than 4 months of age. All animals were maintained on a 13
h light, 12-h dark cycle (lights on at 0600 hi, and all studies
were performed between February and June, We captured_‘h"
animals by hand after inducing light anesthesia with ketamin®
HCl (10 mg/kg, im; Parke-Davis Co., Detroit, MI). Blood
samples were obtained either through acutely placed iv cathe:
ters or by venipuncture. During all experimental blood-sam”
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pling intervals, overhead fluorescent lights were turned on to
facilitate blood sampling. Blood samples were permitted to clot
overnight at 6 C and then were centrifuged at 1500 X g for 30
min at 4 C. Serum was separated, then stored at —20 C. We
gauged testis size by measuring the length (1) and width (w) of
the left testis with a pair of fine calipers and used the formula
for an ellipsoid [volume = (7w?l/6)] to estimate testis volume.

Experimental design

Based on the criteria of age and testis size, we classified the
monkeys into five study groups: neonate (age, <3.5 months),
older infant (age, 3.5-8 months; testis volume, <0.3 cm?), juve-
nile (age, 8-36 months; testis volume, 0.3-3.0 cm®), peripubertal
(age, 36-52 months; testis volume, 3.0-20.0 cm®), and adult (age,
>52 months; testis volume, >20.0 em®). To describe the rela-
tionship among the developmental factors of age, body weight,
testis size, and basal serum LH and T concentrations, we
obtained single blood samples from all animals during the
morning (0800-1200 h). To characterize hormone secretory
patterns and to search for evidence of episodic LH and T
secretion during sexual development, we selected animals at
random (n = 6) from each developmental stage and bled them
at 20- to 30-min intervals during the evening (1900-2300 h). We
deduced from our previous work in adults that sampling during
the evening would maximize our chances of seeing episodic
hormone patterns if they occurred (6). To assess pituitary and
testicular responsiveness to LHRH during development, we
administered LHRH (5 pg/kg, iv bolus) between 0800-1000 h
to neonatal (n = 4), older infant (n = 4), juvenile (n = 8), and
adult animals (n = 4), selected at random. We obtained blood
samples at —30, 0, 15, 30, 40, and 90 min relative to LHRH
injection.

Hormone assays

We measured T by RIA using reagents supplied by the WHO
Matched Reagent Programme. The antiserum was raised
against T linked at the 3 position by carboxymethyl-oxime to
bovine serum albumin. This antiserum exhibited cross-reactiv-
ity of 14% with 5a-dihydrotestosterone and 6% with 5a-andros-
tanediol. Cross-reactivity was 2% or less with the range of other
steroids tested. We extracted all serum samples with ether and
used dextran-coated charcoal to separate bound from free hor-
mone. All samples were run in duplicate. The assay sensitivity
was less than 10 pg/tube (0.1 ng/ml). The intra- and interassay
coefficients of variation were 5.1% and 9.8%, respectively.

We measured serum LH concentrations by bioassay (6),
using a modification of the procedures described by Van
Damme et al. (7) and Dufau et al. (8). This assay is based on
the measurement of T production by dispersed immature
mouse Leydig cells. Serial dilutions of serum samples containing
high LH levels were shown to be parallel to the standard, LER
1909-2 (relative potency, 0.0032 x NIH-LH-S1). The minimally
detectable amount of LH was 3.0 ng/incubation tube (0.15 pg/
ml; n = 19). This represents the LH value read from the Leydig
cell blank plus 5% of the maximum T produced with excess
standard. All samples were run in triplicate in 20-ul volumes.
The mean intra- and interassay coefficients of variation for

pooled serum from male Macaca fascicularis were 14.4% and
24.3%, respectively (n = 12).

Data analysis

Differences in basal serum hormone values among the de-
velopmental groups were assessed by analysis of variance on
log-normalized transforms of raw data; specific comparisons
were made with a Duncan’s multiple range test (P < 0.05).
Determination of significant variations in serum hormone con-
centrations, within individuals over time, was assessed by one-
way analysis of variance with repeated measures (assay repli-
cates). If the variability across time was statistically significant
by the test, we termed the pattern episodic. Using a trapezoid
area approximation, we integrated (over 0-90 min) the serum
LH and T responses to LHRH and subtracted the integrated
baseline value. All data are presented as the sample mean + SE.

Results
Body weight, testis size and position, genitals, and age

The increases in body weight.and testis size that oc-
curred with aging are shown in Fig. 1. The rate of increase
in body weight (Fig. 1, top panel) was essentially linear
until approximately 36 months of age, when the variabil-
ity increased markedly. The rate of increase in testis size

~ (Fig. 1, middle panel) was low and stable until approxi-

mately 36 months, when a marked increase in the rate of
testis growth occurred. The percentage increase in testis
size exceeded that of body weight for these animals, when
their weights were between approximately 3.0-5.5 kg
(Fig. 1, bottom panel). Using these data, we classified the
animals into four groups, as described in Materials and
Methods and as shown in the middle panel of Fig. 1.

In animals less than 3 months of age (<0.6 kg), the
testes were located in a position low in tbe inguinal canal
near the upper border of the scrotum. The scrotum of
these neonatal animals was swollen and exhibited con-
spicuous folds of darkened skin; the penis was also mildly
pigmented. In animals between 6-15 months of age (be-
tween 1.2-1.5 kg), the testes were located high in the
inguinal canal. The scrotum showed less folding, and the
penis and scrotum were less pigmented than those in the
neonates. By approximately 22 months of age (~2.0 kg),
the testes had again descended down toward the lower
reaches of the inguinal canal, and by 28 months (~2.8
kg), the testes approximated the scrotal border. Begin-
ning at approximately 44 months of age, the testes of
most animals had descended into the scrotum, which
again had developed a pigmented appearance and
showed conspicuous rugae, reminiscent of the neonates.

Basal serum LH and T levels

Serum LH and T concentrations, measured in single
morning blood samples from each of the developmental
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stages, are shown in Fig. 2 (top panel). The neonatal and
older infants, peripubertals, and adults all showed sig-
nificantly higher mean serum LH levels than juveniles
(P = 0.02). Analysis of T concentrations among groups
required the exclusion of the peripubertals because they
apparently did not represent a homogeneous population,
as indicated by the variance for that gfoup. For mean
serum T concentrations, each group (excluding peripu-
bertals) differed significantly from all others (P < 0.0001).
Individual serum T values from 9 of 16 infants fell into
the adult range (>1.5 mg/ml), whereas only 1 of the 45
values for juveniles were in the adult range. Basal serum
LH concentrations were significantly higher in adults
than in all other groups, which did not differ from one
another. -

Pituitary responsiveness to LHRH

Integrated LH and T responses to LHRH injections
are shown in Fig. 2 (bottom panel) for groups of neonatal
and older infant, juvenile, and adult animals. The LH
and T responses of the neonatal and adult groups were
significantly greater than those of the older infant and
juvenile groups (P < 0.0001). The T response of the adult
group was significantly greater than those of all other
groups (P = 0.006). No other differences were demon-
strable.

Patterns of circulating LH and T secretion

Examples of the evening pattern of LH and T in serum
from infant, juvenile, peripubertal, and adult animals are
shown in Fig. 3. Hormone concentrations are presented
on a logarithmic scale which diminishes the apparent
amplitude of changes, but allows comparison of wide-
ranging values among' gi'oups. In this format, the range
of the vertical excursion of each line graph delineates the
same relative change, regardless of the baseline value.

All peripubertal and adult animals demonstrated evi-
dence of episodic LH and T secretion over the 3- to 4-h
sampling interval. In these groups, each T secretory
episode was preceded by or coincident with an unequiv-
ocal LH increment, with a lag time of 30 min or less
between the first recognizable increase in LH and that of
T. Six of six infants and three of eight juvenile animals
demonstrated significant variation in serum LH concen-
trations over the sampling interval; five of six infants énd
seven of eight juvenile animals showed episodic variatio?
in serum T levels.

F1G. 1. Top panel, Increase in body weight with age in normal male
Macaca fascicularis. Middle panel, Increase in volume of left tes!®
with age. Bottom panel, Increase in volume of left testis with weight-
Each point depicts the value for one monkey.



SEXUAL DEVELOPMENT IN THE MALE MONKEY 917

o] . . -7
9~ - 16
.
84 15
; =
o : =
- -7
g 7 T3
i N B (=]
e i Lig 6 £
g e T ey
- } | TN o
- ! I Y =
E e
& 54 p:d"'\ 5 ;
o M4 o
z s @
R :
T 44 —— ‘5‘,!_4 F4 W
- . . L
M AT )
3] S A
125y Ty |
. FCOB O
2 iova T e sy | 2
) | 1 B
der  wn o e el
WY R e e L
1+ o M e I3 HE e T
poCkS AR RETTEY ) Aigr
< YRR N S RS Y
S P v-,':« ® en
Neonates Older Juveniles Peri- Adults
<3 .mo. Infants >8 to pubertals 252 mo.
>3 to <36 mo. 236 to
<8 ma. <52 mo.
1700~ - ~1400 <
N ! T | E
: P | £
. 6004 . -loo &
] o
! £
- 5004 | ~1000- o
: | F4
L nIA) <
400 - ';{"‘.‘ 00 ]
v";,‘ -8 =
a .95'.'/" , 8
: T | &
o 300 - } i 600
- [ : =
i ; | x5
" B rd, . 7S i Q
i 200~ 53}".':’ Bes L 400 E
: . S
J ! '0"»."/:; §
i} 100 - A - w
: SE - W z
34 AN A i)
Neonates Older Juveniles / Aduits
=3 mo. Infants >8 to 252 mo.
>3 to <36 mo.
=8 mo.

1G. 2. Top panel, Mean (£SE) serum LH and T levels measured in
ngle morning blood samples in groups of neonates (n = 12 and 9 for
H and T, respectively), older infants (n = 11 and 7), juveniles (n = 45
ad 40), peripubertals (n = 9 and 7), and adult animals (n = 16 and 20).
', Range of values observed. Bottom panel, Integrated (0-90 min) LH
nd T responses to LHRH (5 ug/kg, iv bolus; n = 4 in all cases except
iveniles, where n = 8). The vertical lines above the bars show the SE.

Discussion

Our results document the changes in body weight,
sstis size, and serum LH and T levels that occur between
irth and adulthood in the Macaca fascicularis. Testis
ze increases gradually with age and body weight until
pproximately 36 months and 3 kg, when a phase of
wich more rapid growth begins. This rapid growth phase
sts until the animals are approximately 52 months old
ad weigh about 5.5 kg. We have used these changes in
:stis size and age to define stages of development and to
ascribe basal and LHRH-stimulated LH and T levels at
te varicus stages. Our observations on the position of
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F1c. 3. Examples of the evening patterns of serum LH and T levels in
infant, juvenile, peripubertal, and adult animals. ©, Serum values that
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the testes show that in the neonatal Macaca fascicularis,
concomitant with the neonatal activation of the pitui-
tary-testicular axis, the testes are located very near the
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scrotal border. Within a few months of birth, the testes
ascend into the upper reaches of the inguinal canal.
Then, concomitant with increasing plasma LH and T
levels, the testes descend permanently into the scrotum.
In the early postnatal period, the penis and scrotum
appear mildly pigmented, and the scrotum shows con-
spicuous rugae. Within a few months, the scrotal folds
become flattened and the pigmentation disappears until
gonadal reactivation at the time of puberty, when the
pigmentation reappears, and the scrotum again develops
conspicuous rugae. These findings are similar to the early
descriptions by Wislocki (9) of genital development of an
unidentified species of macaque.

Our findings suggest that during the neonatal period,
the testis exhibits a phase of augmented secretory activ-
ity. This early postnatal activation of the gonad is also
characteristic of human development (10, 11). Similar
data have been reported by Robinson and Bridson (12)
in the pigtail monkey Macaca nemestrina, by Frawley
and Neill (13) in the rhesus monkey, Macaca mulatta,
and by Winter et al. (11) in the chimpanzee, Pan trog-
lodytes. Plant (14) demonstrated that castration of neo-
natal rhesus monkeys results in an abrupt.increase of
circulating LH levels, which subsequently decline by the
fifth postnatal month to near-nondetectable values. To-
gether, these reports document the similarity among
primate species in the increased activity of the pituitary-
testicular axis during the neonatal period and in the
marked decline of this secretory activity within the first
several months of postnatal life.

Neonatal animals exhibited large LH and T responses
to LHRH. These responses in the youngest animals were
greater than those in older prepubertal animals, and for
LH, were as great as those found in adults. A possible
explanation of these data is that there may be a relatively
high production of endogenous LHRH in neonatal ani-
mals, which leads to an increase in th# acutely releasable
pool of LH (15, 16). Animals of all ages exhibited un-
equivocal LH secretory episodes in response to exogenous
LHRH administration. These data demonstrate that the
pituitary, even in the juvenile animals, is capable of
responding to LHRH. The fact that juvenile animals
exhibit lower LH levels and lack discrete LH secretory
episodes of the type seen in adults is consistent with the
possibility that the amplitude of episodic LHRH secre-
tion is lower in juvenile than in adult animals.

We (6) and Plant (17) have demonstrated previously
that normal adult male monkeys show clearly episodic
LH and T secretion, with each LH increment eliciting a
T secretory episode. In the present work, we have per-
formed frequent sampling over several hours in animals
at each developmental stage. We found clear evidence
for episodic LH secretion in peripubertal as well as adult
animals, with increases in blood T levels after the LH
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secretory episodes. In the neonatal, older infant, and
juvenile animals, statistically significant variations in
plasma LH and T levels cccurred over the sampling
interval. The fact that only three of eight juvenile animals
demonstrated significant variability in plasma LH levels
may have been due to the fact that their LH levels were
frequently near or below the sensitivity of the assay. This
time course of LH and T levels in the infant and juvenile
animals suggests that endogenous LHRH stimulation of
the pituitary may be occurring in an episodic fashion in
the prepubertal state, as is generally accepted to be the
case in older animals. If this were true, it would suggest
that amplitude modulation of episodic LHRH secretion
is an important characteristic of the shifts between de-
velopmental stages. For example, although pituitary re-
sponsiveness to LHRH is equal in the neonatal and adult
animals, spontaneous LH pulses are of much lower am-
plitude in the neonatal animals. This implies that the
amplitude of endogenous LHRH pulses is lower in neo-
natal animals than in adults. In support of the concept of
amplitude modulation of endogenous LHRH production
are the data of Penny and coworkers (18) demonstrating
episodic LH secretion in prepubertal children at a fre-
quency similar to that in adults, and the observations of
Bourguignon and coworkers (19) showing low but mea-
sureable quantities of LHRH-like material in the urine
of prepubertal children. It is also possible, however, that
the variability we have demonstrated in LH and T levels
in prepubertal animals could reflect intrinsic pituitary

‘and gonadal variabilities and may not be a function of

episodic endogenous LHRH secretion.
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