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Urinary Steroid and Gonadotropin Excretion Across the 
Reproductive Cycle in Female Wied's Black Tufted-Ear 
Marmosets (Callithrix kuhli] 

JEFFREY A. FRENCH. KEVIN J. BREWER. COLLEEN M. SCHAFFNER. 
JEFFREY SCHALLEY,' DENISE HIGHTOW~R-MERRITT, TESSA E. SMITH, 
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Details of the endocrinology of reproduction in the genus Callithrix are 
known only for the common marmoset, C. jucchus. This paper presents the 
patterns of urinary pregnandiol-3-glucuronide (PdG), urinary estrone con- 
jugates (EIC), and gonadotropin excretion throughout the reproductive 
cycle of Wied's black tufted-ear marmoset (C. Izuhli) as determined via 
steroid conjugate enzyme immunoassays (EIA) and gonadotropin radioim- 
munoassays (RIA). Postpartum ovulation occurred at  13.6 f 1.2 days after 
parturition (n = 12) and was characterized by low PdG and EIC concen- 
trations accompanied by a spike in luteinizing hormone (LH)/chorionic 
gonadotropin (CG) concentration. After conception, PdG concentrations 
increased dramatically until they dropped to periovulatory concentrations 
in the third trimester of pregnancy. Mean PdG concentrations in the first 
and second trimesters (33.7 * 8.4 and 39.0 f 10.9 pg/mg creatinine, re- 
spectively) were three times that of third trimester concentrations (11.7 ? 
1.4 p,g/mg Cr; n = 8). Urinary concentrations of E,C rose more gradually 
during pregnancy and remained higher prepartum than urinary concen- 
trations of PdG. Urinary gonadotropin concentrations also increased after 
conception (first trimester concentrations = 24.5 f 4.5 ng/mg Cr) and 
continued to increase in the second trimester (51.4 ? 7.6 ng/mg Cr), until 
they finally decreased in the third trimester (mean = 7.9 f 1.4 ng/mg Cr; 
n = 8). The interbirth interval was 156.3 f 2.9 days (n = 6), with a 
gestation of 143.1 f 1.6 days (n = 8). Nonconceptive cycle length was 24.9 
* 0.6 days (n = 4). The results of this study suggest strong similarities in 
reproductive parameters in the genus Callithrix. o 1996 Wiley-Liss, Inc. 
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INTRODUCTION 

Primates of the New World family Callitrichidae (marmosets and tamarins) 
have become extremely important models of reproductive biology. Interest in these 
species stems from several aspects of their reproductive life history, including 
social regulation of reproductive function (see, e.g., Abbott et al., 1993; Ziegler et 
al., 199Ob); the regular occurrence of twinning, with multiple ovulations and im- 
plantation (Hearn, 1983); and a sensitivity of reproductive function to nutritional 
manipulations (Tardif & Jaquish, 1994). In spite of similarities in many of these 
parameters across the family, investigators have recently documented consider- 
able taxonomic variation in reproductive function, including differences in the 
mechanisms of social regulation of fertility (French, in press), gestation length 
(Ziegler et al., 1987), and steroid hormone metabolism (Hodges & Eastman, 1984; 
Heger & Neubert, 1987). This variability among species suggests that it may be 
inappropriate to generalize widely across the taxa in the family Callitrichidae. 
Furthermore, because there is also widespread variability in body size and ecology 
across the group (see reviews in Rylands, 19931, it might be instructive to explore 
links between reproductive variables and variations in these and other life history 
characteristics. 

The development of urinary hormone analyses has revolutionized the study of 
reproductive function in small-bodied primates, such as the marmosets and tam- 
arins. These methods minimize the disruption associated with handling and re- 
straint and the attendant activation of the adrenocortical system (Jurke et al., 
1995) and also reduce the health risks associated with repeated blood sampling 
(e.g., lowered hematocrit: French et al., 1992). Information on normative repro- 
ductive parameters is now available for at least one representative of each of the 
four genera of callitrichid primates (or five, depending on whether Callimico is 
included in the list). This includes Saguinus (Brand, 1981; French et al., 1983; 
Ziegler et al., 1987; Epple & Katz, 1984; Heistermann and Hodges, 1995), Cebuella 
(Ziegler et al., 1990a), Leontopithecus (French & Stribley, 1985,1987; French et al., 
1992), Callithrix (Eastman et al., 1984; Hodges & Eastman, 1984; Heger & Neu- 
bert, 19871, and Callimico (Carroll et al., 1990; Ziegler et al., 1990a; Pryce et al., 
1993b). For each genus, however, information is limited to one or two species. For 
Callithrix, the most widely used marmoset in biomedical and behavioral research 
(Hearn, 1983), data on reproductive profiles are available for only a single species, 
the common marmoset, C. jacchus. The genus consists of 10 species, with a wide 
distribution across a diversity of ecological habitats in Brasil (Rylands et al., 1993), 
and there may be important species-level differences in reproductive function. 

We report here on the temporal and endocrine dynamics of ovarian cyclicity in 
a species for which no information on the endocrinology of reproduction currently 
exists: Wied's black tufted-ear marmoset, Callithrix kuhli. As with many callitri- 
chids, the taxonomic status of this species is a subject of contention. Hershkovitz 
(1977) considers this species to be a hybrid form between Callithrix jacchus peni- 
cillata and C .  j .  geoffroyi. However, experimental hybrids between these species 
produced in captivity (summarized in Coimbra-Filho et al., 1993) yields progeny 
that are morphologically distinct from the phenotype of Callithrix kuhli. Vivo 
(1991) argued that the form should be considered a subspecies of C .  penicillata 
(= C .  p .  kuhli), because continuous clinal variation in pelage characteristics ren- 
dered decisions about species boundaries problematic. Several recent taxonomies, 
however, have provided strong arguments for species status for C. kuhli (Mitter- 
meier et al., 1988; Coimbra-Filho, 1990; Rylands et al., 1993). Coimbra-Filho and 
colleagues (Coimbra-Filho, 1990; Coimbra-Filho et al., 1993) argued for species 
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status for C .  kuhli, because there was no evidence for clinal variation in pelage 
characteristics throughout its 200 km north-south range and because the pelage of 
both immature and mature specimens of C. kuhli were distinct from those of C. 
penicillata. Natori (1990) compared the postcanine dental morphology of C. Kuhli 
with that of C. penicillata and C. geofioyi. There were sufficient differences in this 
measure to justify species status for C. kuhli. More recently, examination of cra- 
niometric data in eastern Brazilian marmosets yielded results consistent with 
species status for C. kuhli. The data suggested that C. kuhli showed a stronger 
resemblance to C .  geofioyi, which is markedly distinct from C. kuhli in pelage, 
than to C. penicillata, with whom C. kuhli shares greater pelage similarities (Na- 
tori, 1994). 

In this paper, we characterize the reproductive profile of Wied's black tufted- 
ear marmoset. These data represent the first information on the endocrinology of 
reproduction in a species in the genus Callithrix other than C. jacchus. We present 
quantitative data on concentrations of excreted progesterone and estrogen metab- 
olites and gonadotropin surrounding 15 pregnancies in four female marmosets and 
qualitatively evaluate the resulting hormonal profiles. Our results provide useful 
comparative data for assessing intra- and intergeneric variation in reproductive 
function in the family Callitrichidae. 

MATERIALS AND METHODS 
AnimalS 

Five female Wied's black tufted-ear marmosets (Callithrix kuhli) provided 
samples for this experiment. The colony at  the University of Nebraska at Omaha 
was established with the cooperation of both the Brasilian government (Instituto 
Brasileiro de Ambiente; IBAMA) and the US. government (US. Fish and Wildlife 
Service). Founder animals were captive-born individuals from the Centro de Pri- 
matologia do Rio de Janeiro (CPRJ) and were legally imported under CITES, 
U.S.D.A., and CDC supervision. Founders were descendants of wild-born animals 
collected in the south of the state of Bahia, Brasil, between the rivers Rio de Contas 
and Rio Jequitinhonha. 

Each female was housed with an unrelated adult male pairmate. Breeding 
pairs were housed in large home cages constructed of PVC-pipe frames and epoxy- 
coated wire walls (1  X 2 x 2.2 m). Cages contained a rich environment of natural 
branches, artificial vines, movable feeding stations, and sleeping sites. Animals 
were fed a mixed diet of prepared marmoset diet (ZuPreme Marmoset Lite) and 
fresh fruit and vegetables twice daily. Fresh water was freely available. In some 
cases, animals received apple juice in the late afternoon to increase fluid consump- 
tion and hence urine volume upon first void the following morning. 

Sample Collection 
Urine samples were collected from unrestrained animals five or six times per 

week. All samples were collected between 0600 and 0800 h. Initially, marmosets 
were trained with food reward to approach the side of the wire mesh cage upon 
being awakened. When females urinated outside the cage, they received an addi- 
tional food reward (mealworm or marshmallow). Subsequently, food reward was 
withheld until the urine sample was provided by the female. Urine was centrifuged 
briefly at 1,200g and separated into two aliquots. Glycerol (20 pl, diluted 1:8 in 
distilled water) was added to one aliquot (200 p1) destined for gonadotropin deter- 
mination to protect against cryodegradation (Liversey et al., 1983). Both aliquots 
were stored frozen at  -20°C until assay. 
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Pregnanediol-3-Glucuronide EIA 
Urinary pregnanediol-3-glucuronide (PdG) concentrations were assessed by a 

PdG EIA previously characterized (Munro et al., 1991; antisera and conjugate 
provided by Dr. Bill L. Lasley, University of California, Davis). Microtiter plates 
(Nunc-Immuno Plate MaxiSorp F96) were coated with rabbit anti-PdG:BSA 
(P1126) diluted 1:20,000 in EIA coating buffer. PdG standards (prenanediol-3- 
glucuronide; Sigma Chemical Co., St. Louis, MO) were diluted in distilled water 
and ranged from 10,000 to 78 pg/well (n = 8). Samples (diluted 1:25-1:200 in 
distilled water) were assayed in duplicate. PdG-horseradish peroxidase (HRP) 
conjugate (batch No. 6/92) was diluted 1:20,000 in EIA phosphate-buffered saline 
(PBS). Absorbance was measured at  410 nm (reference 570 nm) in the Dynatech 
MR5000 microplate reader. 

The assay sensitivity at 90% binding was 156 pg. Displacement curves of 
halving dilutions of a pregnant female urine pool and PdG standards were parallel 
in the 10-90% binding range. Urine samples were diluted appropriately to fall in 
this range. The precision of the assay was determined by assaying high- and 
low-concentration quality controls of a midpregnancy female urine sample in each 
assay run. Intra- and interassay coefficients of variations were 7.3% and 14.1% 
(high; n = 37) and 6.1% and 18.2% (low; n = 37), respectively. Recovery of stan- 
dards (5,000, 1,250, and 156 pg) added to the low quality control pool was 110.7% 
5 12.8% (n = 18). 

Estrone Conjugates EIA 
Urinary estrone conjugate (E,C) concentrations were measured by an EIC EIA 

previously characterized (Shideler et al., 1990; Munro et al., 1991; antisera and 
conjugate provided by Dr. Bill L. Lasley, University of California, Davis). Micro- 
titer plates (Nunc-Immuno Plate MaxiSorp F96) were coated with rabbit anti-E,G: 
BSA (R-522) diluted 1:5,000 in EIA coating buffer. EIG standards (estrone-3-glu- 
curonide; Sigma Chemical Co.) were diluted in distilled water and ranged from 400 
to 6.25 pg/well (n = 7). Samples (diluted 1:300-1:12,000 in distilled water) were 
assayed in duplicate. E,G-HRP conjugate (batch No. 10/28/93) was diluted 
1:10,000 in EIA PBS. 

The assay sensitivity a t  90% binding was 6.25 pg. Displacement curves of 
halving dilutions of a pregnant female urine pool and E,G standards were parallel 
in the 10-90% binding range. Urine samples were diluted appropriately to fall in 
this range. The precision of the assay was determined by using high, medium, and 
low concentration quality controls of a midpregnancy female urine pool diluted 
along with assay samples for each assay run. Intra- and interassay coefficients of 
variations were 6.9% and 12.5% (high; n = 22), 8.7% and 12.4% (medium; n = 16), 
and 3.4% and 14.1% (low; n = 22), respectively. Recovery of standards (200, 50, 
and 12.5 pg) added to the low quality control pool was 101.2% 2 12.3% (n = 9). 

Gonadotropin (LWCG) RIA 
Urinary gonadotropin concentrations were assessed by a luteinizing hormone 

(LH)/chorionic gonadotropin (CG) RIA previously characterized (Matteri et al., 
1987), which has proved useful in measuring urinary LH and CG excretion in other 
callitrichid primates (Ziegler et al., 1993). The assay utilizes a monoclonal anti- 
body raised against bovine LH as the primary antibody (Clone No. 518B7; devel- 
oped initially by Quidel Corporation, San Diego, CA; characterized, prepared, and 
distributed by Dr. Jan F. Roser, Department of Animal Science, University of 
California, Davis). Standards (human chorionic gonadotropin, hCG CR-127; Na- 
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tional Hormone and Pituitary Program, Rockville, MD) ranging from 10.0 to 0.08 
ng/tube (n = 8) and quality controls (early pregnancy female urine pool) were 
assayed in triplicate (100 pl/tube), and urine samples were assayed in duplicate 
(25-100 p.l/tube). The primary antibody was diluted 1:750,000 in PBS buffer with 
5% normal mouse serum. The radioligand (1251-hCG; ICN Biomedicals, Costa 
Mesa, CA) was diluted to 40,000 cpm/lOO pl in PBS. The second antibody (goat 
antimouse gammaglobulins, P3 titer; Antibodies, Inc., Davis, CA) was diluted 
1:lOO in PBS with 5% polyethylene glycol. 

Serial dilutions of a pool of urine collected from adult females in the early 
stages (first month) of pregnancy and hCG standards gave parallel displacement 
curves. Intra- and interassay coefficients of variations for two different early- 
pregnancy female urine pools were 9.9% and 15.7% (high; n = 6) and 15.3% and 
19.9% (low; n = 111, respectively. 

Creatinine Assay 
Hormone concentrations were corrected for the creatinine concentration of 

each sample. Creatinine concentration was measured by a modified JafE endpoint 
assay (Tietz, 1976). Urine was diluted 1:80 in distilled water, and duplicate 200 pl 
aliquots were added to 96 well microtiter plates. Picric acid/NaOH solution (100 p1 
of equal volumes of 0.04 M picric acid and 0.75 M NaOH) was added to each 
sample, and the plates were shaken briefly. After 15 min, the absorbance was 
measured at 500 nm in the Dynatech MR5000 microplate reader. Intra- and in- 
terassay coefficients of variations for a single female urine pool assayed in tripli- 
cate on each plate were 2.5% and 13.0% (n = 701, respectively. 

Analysis 
Gonadotropin and PdG assays were conducted for all samples collected from 

the females in the study. EIC concentrations were determined for a subset of 
samples from the females, which included a series of nonconceptive ovarian cycles 
over a 110 day period from a single female and five sampling periods across suc- 
cessive conception-pregnancy-conception cycles in three different females. As with 
other callitrichids, ovulation was estimated with reference to the day of the peak 
of gonadotropin excretion. Estimates of cycle length and gestation were thus made 
with reference to the LH peak. Supplemental information on interbirth intervals 
and pregnancy outcomes in C. kuhli was acquired from colony breeding records. All 
values are presented as mean f s.e.m. unless otherwise noted. 

RESULTS 
Pregnanediol-glucuronide, estrone conjugates, and gonadotropins were detect- 

able in samples from all adult females, and the resulting profiles provide land- 
marks for three major reproductive events: ovulatory cyclicity, postpartum con- 
ception, and pregnancy. 

Ovarian Cycles 
One female (Tal) in the study failed to conceive offspring both during and after 

the sampling period (total of 3 years). However, endocrine profiles associated with 
this female suggested adequate ovarian function (Fig. 1). Short-term elevations in 
gonadotropin excretion (LH peaks) occurred with regularity throughout the sam- 
pling period. Nonconceptive cycle length, based on the duration in days from suc- 
cessive LH peaks or estimates from patterns of steroid excretion, was 24.9 f 0.6 
days (n = 4 interpeak intervals). PdG concentrations rose following the LH peak 
and remained elevated for approximately 15 -18 days. Excreted PdG concentra- 
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tions fell 5-7 days prior to the next LH peak. There was more variability in the 
excretion patterns of E,C than of PdG, with concentrations rising more slowly in 
the luteal phase after the LH peak and falling more rapidly prior to the next 
ovulatory LH peak. Overall, PdG and E,C excretion profiles tended to track to- 
gether, although the correlation between PdG and E,C concentrations throughout 
the nonconceptive cycles was only moderately high (T = 0.58; n = 52 samples). All 
other aspects of the endocrine profiles in this female, in terms of both concentration 
of steroid and gonadotropin excretion and the timing of LH peaks and elevations of 
PdG were similar to those seen in females with conceptive ovulatory cycles. 

Postpartum Ovulation 
In all females sampled, there was an immediate postpartum ovulation (n = 12 

postpartum episodes). Eleven of the twelve ovulations represented conceptive cy- 
cles, yielding a postpartum conception rate on first ovulation of 91.7%. The one 
failed pregnancy was associated with a female (Bev) who failed to produce any 
litters subsequent to the litter produced during the sampling period reported here. 
Figure 2a-c displays representative samples of postpartum endocrine profiles. In 
all females, immediate postpartum concentrations of both steroid and gonadotro- 
pin excretion were low. An identifiable LH peak, with concentrations rising to a t  
least 10 nglmg Cr, was accompanied by, or was immediately followed by, eleva- 
tions in PdG concentrations confirming luteal phase. In the case of nonconceptive 
cycles, PdG concentrations returned to preovulatory follicular concentrations. In 
the case of the conceptive cycles, PdG excretion remained high. The interval from 
parturition to the postpartum LH peak was 13.6 * 1.2 days (median = 12.5 days, 
maximum = 24 days, minimum = 9 days). 

Pregnancy 
We monitored reproductive and endocrine parameters throughout 8 complete 

conception-to-conception cycles in four females. Gestation length in C .  kuhli, cal- 
culated with reference to the time between the ovulatory LH peak and parturition, 
was 143.1 * 1.6 days (median = 145 days, maximum = 147 days, minimum = 135 
days). Interbirth intervals (IBI) for the six of eight monitored pregnancies that 
were preceded by a term birth was 156.3 f. 2.9 days, which agrees well with the 
data on interbirth intervals for the entire colony since its inception in Omaha 
(mean IBI = 157.9 + 2.6 days, median IBI = 154 days, maximum = 227 days, 
minimum = 136 d; n = 9 females, n = 33 measurable IBIS not associated with 
long-term reproductive quiescence). 

Representative endocrine cycles from two females are depicted in Figure 3a,b, 
and means for hormonal concentrations during each trimester of pregnancy are 
described in Table I. Although there was some individual variability in concen- 
trations of excreted steroid metabolites and gonadotropin, the qualitative nature of 
the profiles was similar among females. Following the ovulatory LH peak, there 
were distinct changes in excretion patterns of gonadotropin, PdG, and E,C. Go- 
nadotropin concentrations typically fell following the LH peak and tended to rise 
slowly during the first trimester, especially after 30 days post-LH peak. Excretion 
of gonadotropin peaked during the second trimester (51.4 * 7.6 nglmg Cr) at 
concentrations markedly higher than ovulatory gonadotropin concentrations 
(10-20 nglmg Cr). Concentrations of PdG rose rapidly during the first 30 days of 
pregnancy and remained high for the first two trimesters. For all females, concen- 
trations of PdG fell about 110-120 days into pregnancy, or just after the onset of 
the third trimester. Concentrations during the third trimester (11.7 * 1.4 Fglmg 
Cr resembled typical postpartum concentrations and concentrations typical of most 
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Fig. 1. Nonconceptive ovarian cycles, as indexed by excretion of WG, E,C, and LWCG concentrations in a 
single female black tufted-ear marmoset. Solid lines indicate the perionlatory phase as indicated by gonado- 
tropin peaks; dashed lines are estimates of the perionlatory phase based on changes in PdG and E,C levels. 

nonpregnant adult females (approximately 10 kg/mg Cr). EIC rose more slowly 
and tended to reach asymptotic concentrations earlier in the second trimester than 
did PdG. That the excretion profiles for EIC and PdG were relatively distinct 
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TABLE I. Concentrations of Urinary Steroids and Gonadotropins 
Across Trimesters of Pregnancy in Wied's Black Tufted-Ear 
Marmoset (n = 8 cycles from four females) 

Hormone 

Trimester 

First Second Third 
~~ 

F'regnanediol-gluc (pg/mg Cr) 33.7 f 8.4 39.0 f 10.9 11.7 f 1.4 
Estrone conjugates" (pg/mg Cr) 10.5 f 1.4 20.3 * 3.6 10.9 2 0.8 
GonadotroDin (ndmtz Cr) 24.5 f 4.5 51.4 * 7.6 7.9 f 1.4 
~ ~ 

"Means based on five of eight pregnancies. 

during pregnancy was confirmed by low correlations between concentrations of the 
two steroid metabolites in each of the five females (r = 0.46-0.61 for individual 
females). 

For three of the pregnancies from two females, EIC remained high relatively 
constantly throughout the last two trimesters and remained high until parturition 
(second trimester = 13.1 2 2.0 pg/mg Cr; third trimester = 10.2 2 1.2 kg/mg Cr). 
For the third female (Mar), concentrations of EIC dropped considerably during the 
third trimester in both of her pregnancies (see representative cycle depicted in Fig. 
4). The drop in EIC was coincident with the drop in PdG concentrations early in the 
third trimester (second trimester EIC = 31.1 f 0.8 pg/mg Cr; third trimester EIC 
= 11.9 k 2.4 pg/mg Cr). In the case of the three pregnancies in which EIC re- 
mained high until parturition, offspring survived past the first day of life. In the 
two cases in which EIC concentrations dropped in the third trimester, infants were 
born alive but did not survive past 1 day of life. 

DISCUSSION 
Our data illustrate the utility of the measurement of urinary steroid metab- 

olite and gonadotropin excretion to monitor reproductive profiles in female Wied's 
black tufted-ear marmosets. The endocrine dynamics underlying ovulatory cycles, 
conception, pregnancy, parturition, and the resumption of fertility postpartum 
were all evidenced in the profiles. Ovulation was detectable by a peak in LH 
excretion followed immediately by elevations in PdG excretion. In the event of a 
nonconceptive cycle, PdG returned to low concentrations 15-18 days later. In 
conceptive cycles, PdG and EIC concentrations remained high, and gonadotropin 
concentrations rose again approximately 20-30 days after the LH peak. PdG and 
gonadotropin concentrations fell during the third trimester of pregnancy, while 
E,C tended to remain high. 

Our data on C. kuhli reveal considerable similarities in reproductive param- 
eters with the common marmoset, C. jacchus, in terms of both endocrine profiles 
and the temporal dynamics of female reproduction. Nonconceptive cycle length in 
C. kuhli was 24.9 f 0.6 days, which is only slightly shorter than the 30 day cycle 
reported for C.jucchus (Harding et al., 1982) and is similar to cycle lengths in other 
callitrichids (S. oedipus, 23.6 days: French et al., 1983; Cebuella, 27 days: Ziegler 
et al., 1990a; S. fuscicollis, 25.7 days: Heistermann and Hodges, 1995). Gestation 
length in callitrichids can range from 125 to 130 days in Leontopithecus (Kleiman, 
1978; French & Stribley, 1985) to over 180 days in Saguinus (Ziegler et al., 1987). 
Previous estimates of gestation length in C. jacchus yielded a value of 144 days 
(Hearn, 19831, which agrees closely with our estimate of gestation length in C. 
kuhli of 143.1 f 1.6 days. Gestation length in Cebuella (142 days: Ziegler et al., 
1990a) is more similar to  those in Callithrix than in either Saguinus or Leontop- 
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ithecus (although a recent report [Heistermann and Hodges, 19951 with endocrine- 
based estimates of gestation length in three pregnancies in s. fuscicollis yielded a 
value similar to that for marmosets, 149.7 days). 

In all females who were actively breeding, there was an immediate postpartum 
ovulation within 2 weeks of delivering offspring (mean = 13.6 days). This is sim- 
ilar to the parturition-to-ovulation intervals in C. jacchus, estimated to be 10.5 
days (Hearn, 1983). All other callitrichids studied to date also exhibit a postpartum 
ovulation ranging from 15 to 19 days (French & Stribley, 1985; Ziegler et al., 1987, 
1990b; Heistermann and Hodges, 1995). In all species except for Leontopithecus 
spp. (French & Stribley, 1985), there is a high incidence of successful fertilization 
and implantation during the first ovulation (see also Konig et al., 1990, for C .  
jacchus). This was also the case for C. kuhli, with a fertility rate of 92% on first 
postpartum ovulation. This high rate of fertility, associated with the lack of evi- 
dence for a strong lactational effect on ovulation (French, 1984; Ziegler et al., 
1990b), results in a high rate of offspring production and ensures that females are 
either lactating or pregnant, and often both, throughout the tenure as a breeding 
individual. These findings therefore lend credence to the estimates of high repro- 
ductive expenditure in female callitrichids and hence the prominent role given to 
female reproductive energetics in shaping callitrichid behavioral ecology and so- 
cial systems (Abbott, 1993; French, in press). 
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Fig. 4. Urinary hormone profile in female Mar. E,C concentrations during pregnancy drop during the third 
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Overall, concentrations of PdG excretion tended to be more informative than 
EIC concentrations regarding the occurrence of ovulation and early pregnancy; 
PdG concentrations rose more rapidly than EIC following the LH peak and also 
rose more rapidly during pregnancy. It is not known whether PdG is the primary 
progesterone metabolite excreted in the urine of C. kuhli; the details of steroid 
hormone metabolism have not yet been established. In the common marmoset, 
however, other progestin metabolites, particularly hydroxypregnanolone, are ex- 
creted at  higher concentrations than PdG in both cycling and pregnant females 
(Shackleton, 1974,1975; Heger & Neubert, 1987). Nonetheless, in both C.jacchus 
(Eastman et al., 1984) and C. kuhli (present study), sufficient progesterone appears 
to be metabolized to, and excreted as, PdG to allow for accurate documentation of 
luteal and placental progestagenic activity. 

During pregnancy in the common marmoset, plasma progesterone concentra- 
tions remain high throughout the entire course of pregnancy, falling only at the 
time of parturition (Chambers & Hearn, 1979; Webley et al., 1994). In the present 
study, urinary PdG concentrations during pregnancy remained high during the 
first two trimesters but then fell rapidly during the third trimester. Similar find- 
ings have been reported for C. jacchus (Eastman et al., 1984), s. fuscicollis (Heis- 
termann and Hodges, 19951, and C. goeldi (Jurke et al., 1994). The drop occurred 
slightly earlier in C. jacchus than in C. kuhli (70-80 days postconception vs. 
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110-120 days postconception, respectively). Previous work in C .  jacchus has dem- 
onstrated that the placenta replaces the ovary as the major source of progesterone 
at around 8-9 weeks of pregnancy (Hearn & Chambers, 1980; Hodges et al., 1983). 
It has therefore been suggested that the drop in urinary PdG during midpregnancy 
reflects a change in the production and metabolism of progesterone as the placenta 
increases progesterone production. If this is the case, then our data suggest that 
the transition from ovarian to placental progesterone occurs later in C.  kuhli than 
in C .  jacchus. 

Concentrations of E,C tended to provide less information regarding the timing 
of ovulation and early pregnancy than concentrations of PdG. The association 
between the periovulatory LH peak and E,C was temporally distinct, and there 
was higher intra- and interindividual variation in E,C concentrations than in PdG 
concentrations. In Saguinus and Leontopithecus, estrone conjugates are the pre- 
dominant form of estrogen excreted in the urine (French et al., 1983; Hodges & 
Eastman 1984; French & Stribley, 1985). In contrast, estradiol conjugates predom- 
inate in C .  jacchus (Eastman et al., 1984) and Cebuella (Ziegler et al., 1990a). 
Although we have not evaluated relative concentrations of estrone vs. estradiol 
conjugates in the urine of C .  kuhli, we suspect that, as in C .  jacchus, estradiol 
conjugates may predominate and provide more useful information than estrone 
conjugates regarding these periovulatory and early pregnancy events. 

In contrast to the relative lack of resolution provided by E,C measures during 
early reproductive events he., ovulation, implantation, early pregnancy), it ap- 
pears that E,C is a useful measure for monitoring fetal-placental function in late 
pregnancy. In three of the five pregnancies evaluated in this study, concentrations 
of EIC remained high throughout pregnancy. This is similar to the profiles ob- 
served in a variety of other callitrichids, including C. jacchus (Eastman et al., 
1984), S .  fuscicollis (Heisterman and Hodges, 19951, S. oedipus (concentrations of 
hydrolyzed estrone; Ziegler et al., 19871, and Cebuella (Ziegler et al., 1990a). How- 
ever, in two of the pregnancies, concentrations of E,C fell coincident with the fall 
in PdG concentrations at  the onset of the third trimester. In both cases, the repro- 
ductive outcome was the same-production of term infants, but the infants did not 
survive past day 1 of life. In the other three pregnancies monitored here (i.e., those 
with high EIC concentrations until parturition), all infants survived past day 1 of 
life. Pryce et al. (1988) have previously identified a link between late-term estro- 
gen concentrations and infant survivorship. In a study of 12 breeding pairs of S. 
labiutus, early postnatal infant death was associated with low and falling third 
trimester concentrations of excreted estradiol in the breeding female. In females 
that successfully reared offspring, estradiol concentrations remained high during 
the 6 weeks preceding parturition. In S. fuscicollis, there also may be a link be- 
tween prenatal maternal estrogen concentrations and reproductive outcomes. Con- 
centrations of EIC fell precipitously in a female that experienced a midterm abor- 
tion, whereas in full-term pregnancies E,C concentrations remained high until 
parturition (Heistermann and Hodges, 1995). Insofar as EIC excretion reflects 
fetal-placental adequacy (Ziegler et al., 199Ob; Heistermann and Hodges, 1995), it 
may be that infants born to mothers with low third trimester estrogen concentra- 
tions are a t  risk physically at the time of birth. In addition, given the important 
role of estrogen in priming maternal responsivity in mammals, including callitri- 
chids (Rosenblatt, 1990; Pryce et al., 1993a1, these compromised infants may be at  
further risk because of inadequate maternal care. In any event, our data argue for 
the utility of measuring both PdG and E,C excretion in marmosets; they provide 
independent information regarding the early and late stages of pregnancy, respec- 
tively. 
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CONCLUSIONS 
1. Assay of steroid conjugates (pregnanediol glucuronide and estrone conju- 

gates) and gonadotropin (luteinizing hormone) in the urine of black tufted-ear 
marmosets has demonstrated utility in monitoring female reproductive events, 
including ovulation, conception, and gestation. 

2. Breeding in this species is characterized by an ovulation 13.6 2 1.2 days 
after parturition, with a high postpartum fertility rate (91.7% conception on first 
ovulation). 

3. Interbirth interval is 156.3 k 2.9 days, with a gestation length of 143.1 5 
1.6 days. 

4. Levels of EIC in late pregnancy were lower in females who eventually had 
poor infant survivorship than in females with better infant survivorship, suggest- 
ing a link between steroid concentrations and maternal behavior. 
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