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Abstract
Gonadotropin-releasing hormone is intermittently released from the hypothalamus in consistent patterns from before birth to
final maturation of the hypothalamic-pituitary-gonadal axis at puberty. Disruption of this signaling via GnRH vaccination during
the neonatal period can alter reproduction at maturity. The objective of this study was to investigate the long-term effects of
GnRH-antibody exposure on reproductive maturation and function in elk calves passively exposed to high concentrations of
GnRH antibodies immediately after birth. Fifteen elk calves (eight males and seven females) born to females treated with GnRH
vaccine or sham vaccine during midgestation were divided into two groups based on the concentration of serum GnRH antibodies
measured during the neonatal period. Those with robust (⬎15 pmol 125I-GnRH bound per mL of serum) titers (N ⫽ 10; four
females and six males) were designated as the exposed group, whereas those with undetectable titers (N ⫽ 5; three females and
two males) were the unexposed group. Onset of puberty, reproductive development, and endocrine function in antibody-exposed
and unexposed male and female elk calves were compared. Neonatal exposure to high concentrations of GnRH antibodies had no
effect on body weight (P ⫽ 0.968), endocrine profiles (P ⬎ 0.05), or gametogenesis in either sex. Likewise, there were no
differences between groups in gross or histologic structure of the hypothalamus, pituitary, testes, or ovaries. Pituitary stimulation
with a GnRH analog before the second potential reproductive season induced substantial LH secretion in all experimental elk. All
females became pregnant during their second reproductive season and all males exhibited similar mature secondary sexual
characteristics. There were no differences between exposure groups in hypothalamic GnRH content (P ⫽ 0.979), pituitary
gonadotropin content (P ⬎ 0.05) or gonadal structure. We concluded that suppressing GnRH signaling through immunoneutralization during the neonatal period likely does not alter long-term reproductive function in this species.
Published by Elsevier Inc.
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Episodic secretion of GnRH from the hypothalamus
and signaling at gonadotropic cells of the anterior pituitary gland is required for normal steroidogenesis and
gametogenesis in reproductively mature mammals [1].
Increases in pulse frequency mark the shift from reproductive quiescence to activity during puberty and tran-
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sition from anestrus to breeding condition in seasonal
breeders [2]. The hypothalamic-pituitary-gonadal
(HPG) axis is functional and active during the neonatal
period in domestic ruminants [3,4], but is not fully
mature until the prepubertal period [5– 8]. There is a
biphasic increase in gonadotropins during prepubertal
maturation in female sheep and cattle [9]. Similar to
females, prepubertal males have a critical period of
HPG axis maturation during the neonatal period
[10,11]. Attainment of reproductive maturity can be
hastened by administration of GnRH during early postnatal life [12]. Alternatively, puberty can be delayed by
inhibiting GnRH secretion during this early period of
development [13,14]. Gonadotropin-releasing hormone
signaling during the postnatal/prepubertal time period
is important for final maturation of the HPG axis in
domestic ruminants.
Vaccination against GnRH is one method of functionally removing the hormone and its effects in vivo. The
effects of GnRH exclusion on reproductive system function have been investigated using active and passive
GnRH vaccination in mature [15,16] and juvenile [17,18]
ruminants. In adults, reproductive function generally returns as antibody titers wane [19,20]. In contrast, immunization of neonatal or prepubertal animals can have a
prolonged effect on reproductive function, despite progressive decline in GnRH-antibodies [21–25]. In fact,
Brown and colleagues [22,23] reported that active vaccination against GnRH during the neonatal period caused
permanent suppression of reproductive function in a subset of mature domestic sheep of both sexes, despite a lack
of measurable GnRH antibodies after the prepubertal period. Few studies have investigated the long-term (⬎1 yr)
reproductive effects of GnRH vaccination during the neonatal or prepubertal period.
Gonadotropin-releasing hormone vaccination has
been proposed as a method of wildlife contraception
[26]. In a previous study, we actively vaccinated midgestation female elk to evaluate the safety, efficacy, and
duration of a recently registered GnRH vaccine (GonaCon, National Wildlife Research Center, United States
Department of Agriculture, Fort Collins, CO, USA)
intended for use in wild ungulates as a contraceptive
[27]. Calves born to these females experienced neonatal
passive transfer of GnRH antibodies. Before management application of this vaccine, it is imperative to
understand the first-generational effects of vaccination
in pregnant females to prevent unintended populationlevel consequences [28].
The purpose of this study was to investigate the
long-term reproductive effects of maternal passive
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transfer of GnRH antibodies to male and female elk
calves after birth. Passive vaccination during the neonatal period may delay the onset of puberty and could
permanently suppress function of the HPG axis, leading
to decreased fertility during adulthood.
2. Materials and methods
2.1. Animals and experimental approach
This study was reviewed and approved by Colorado
State University (#07–146A– 01) and the Colorado Division of Wildlife (#09 –2007) Institutional Animal
Care and Use Committees. All animals were housed at
the Colorado Division of Wildlife, Foothills Wildlife Research Facility in Fort Collins, CO, USA (40°352046“ N,
105°92029”W). This work builds upon a previous study
investigating the effects of active vaccination against
GnRH in mature female elk during midgestation [27]. The
current study used calves born during the previous
work. Fifteen elk calves (N ⫽ 8 male; N ⫽ 7 female)
born to females immunized with GnRH vaccine or a
sham vaccine (carrier and adjuvant but no GnRH) during midgestation (approximately 100 days of 255 ⫾ 7
days gestational period [29]) were divided into two
groups, based on the presence of serum GnRH antibodies measured during the neonatal period (1–30 days).
Dam vaccination status was not necessarily indicative
of calf GnRH antibody exposure status, due to nursing
from multiple females early in the neonatal period.
Calves with robust (⬎15 pmol 125I-GnRH bound per
mL of serum) neonatal titers (N ⫽ 10; six males and
four females) were designated as the exposed group,
whereas those with undetectable titers (N ⫽ 5; two
males and three females) the unexposed group. Calves
were dam-raised in mixed exposure groups until 3 to 4
mo of age when they were weaned (September 1,
2006). One male calf exposed to GnRH antibodies was
⬍30 days at weaning and was euthanized due to welfare concerns. At weaning, calves were separated into
same sex groups, maintained in fenced paddocks (approximately 5 hectares), and fed a diet of ad libitum
alfalfa-grass hay mix, limited supplement, trace mineral
blocks, and water. Before experiments, calves were
trained to repeated handling, blood sampling, isolation
pens, alleyways, and a handling chute. All biological
samples, with the exception of semen collection which
required complete immobilization, were collected
while elk were standing and lightly sedated using xylazine hydrochloride (30 –150 mg per animal im; TranquiVed; Vedco, Inc., St. Joseph, MO, USA) in a
nonsqueeze handling chute. Tranquilizer effects were
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reversed after each sampling session with either yohimbine hydrochloride (30 mg per animal iv; Wildlife
Pharmaceuticals, Fort Collins, CO, USA) or tolazoline
hydrochloride (600 mg/animal im; Tolazine; Akorn,
Inc., Decatur, IL, USA). During the experiment (May
2007), one male calf in the GnRH antibody-exposed
group died because of a venomous snake bite. The
study was conducted from birth (May to August 2006)
to approximately 3 yr of age (March and April 2009).
2.2. Antibodies and growth rates
To measure maternal antibody transfer to calves,
blood was opportunistically collected from calves before first nursing (N ⫽ 2; one from each exposure
group) and from every calf 24 h after birth, then at
approximately 2-wk intervals for the first 2 mo and
monthly until 6 mo. Calves were weighed (kg) at the
same time points. Thereafter, similar measurements
were made sporadically, but not less than once every 6
mo. Final antibody concentration measurements were
made before the 2008 reproductive season (mid September to mid November). Blood samples (10 to 30
mL) were collected via jugular venipuncture using a
20-gauge blood collection needle, tube holder, and
10-mL blood tubes without anticoagulant (BD Vacutainer SST; Becton, Dickinson, and Co., Franklin
Lakes, NJ, USA). Blood was allowed to clot at room
temperature, centrifuged for 10 min at 1500 ⫻ g, and
serum was decanted to polypropylene tubes and stored
at ⫺80 °C until assays were performed. Peripheral
GnRH antibody concentrations (pmol of 125I-GnRH
bound per mL serum at 1:1000 dilution) were measured
using a modified radioligand binding assay, as described previously [27].
2.3. Puberty and fertility
2.3.1. Males
We measured and compared mean monthly serum
concentrations of testosterone (ng/mL) between exposure groups from 14 to 21 mo [30]. Blood was collected
as described above at single time points at the beginning of each month between August 2007 and March
2008. In addition, we measured secondary sexual characteristics, including antler length (cm), scrotal circumference (cm), and neck girth (cm) at monthly intervals
from 9 to 21 mo (March 2007 to March 2008) as well
as before the 2008 reproductive season (August 2008).
Finally, we measured antler complexity (number of
branch points), and weight (g) before the first and
second potential breeding seasons (August 2007, 2008)
when hardened antlers were removed for herd manage-

ment purposes. Antlers were consistently removed (using a Giglis wire saw) 1 cm above the ridge of bone
where the antler and pedicle meet.
To estimate fertility and confirm pubertal maturation, we collected semen samples at monthly intervals
from August 2007 to March 2008 (14 to 21 mo). Semen
samples were collected via electroejaculation [31] using a 60-mm diameter rectal probe (Pulsator III, Lane
Manufacturing, Inc., Denver, CO, USA) while elk were
chemically immobilized (18 to 23 mg butorphanol tartrate, 15 to 19 mg azaparone tartrate, and 6 to 8 mg
medetomidine hydrochloride im; Wildlife Pharmaceuticals). An endotracheal tube (20 mm internal diameter)
was placed during the procedure to prevent laryngeal
collapse and hypoxemia. No supplemental oxygen was
administered. Sedative effects were reversed when procedures were completed (10 mg atipamazole hydrochloride im; Pfizer Animal Health, Exton, PA, USA;
and 500 mg tolazoline hydrochloride im). Total and
progressive sperm motility (%), as well as components
of velocity (straight line [VSL], curvilinear [VCL], and
average path [VAP]; m/sec), were evaluated immediately using computer assisted sperm analysis (IVOS,
Hamilton, Thorne Biosciences, Beverly, MA, USA)
[32,33]. If necessary, samples were diluted with semen
extender (E-Z Mixin “BF”, Animal Reproduction Systems, Chino, CA, USA) before motility analysis. Undiluted semen was smeared, stained with eosin-nigrosin
(Hancock Stain; Animal Reproduction Systems), and
slides were stored at room temperature for future evaluation. Sperm morphology (% normal) was evaluated
by a single technician according to standards used for
bovine semen [34].
2.3.2. Females
Onset of puberty was estimated in females by measuring peripheral serum progesterone concentrations
(ng/mL) every 10 days (estrous cycle length ⫽ 21 to 22
days, luteal phase ⫽ 13 to 17 days [35–38]) from
August 2007 to April 2008. Serum concentrations of
progesterone ⱖ1.0 ng/mL were considered indicative
of a functional CL and signified females were postpubertal [35,39]. Female fertility was evaluated by assessing pregnancy after exposure to proven herd sire males
for 63 days during their second potential breeding season (September to November 2008) at 2.5 yr. Pregnancy status was determined using pregnancy specific
protein B assay [40], transrectal palpation [41], and
transrectal ultrasound [42] 45 days after bulls were
removed from paddocks. For management purposes,
when pregnancy was confirmed, abortion was induced
using two doses of prostaglandin F2␣ 6 h apart (25 mg
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im; lutalyse, Pharmacia & Upjohn, Kalamazoo, MI,
USA) [43,44].
2.4. Hypothalamic-pituitary-gonadal axis
Pituitary responsiveness to GnRH was measured before the second breeding season (August 2008). All elk
were fitted with nonsurgical indwelling jugular catheters (14-gauge 14 cm Abbocath; Abbott Laboratories,
Abbott Park, IL, USA) and administered the GnRH
analog d-Ala6-GnRH-Pro9-ethylamide (1 g/50 kg
body weight iv; Sigma, Chemical Co., St. Louis, MO,
USA). Blood samples were collected before treatment
then at hourly intervals for 8 h [36,45]. Blood was
handled as described above and serum was stored at
⫺20 °C for subsequent analysis of LH [46]. All blood
samples collected from males were also analyzed for
testosterone [30]. Progesterone was measured in pretreatment serum samples collected from females [47].
Gonadotrope response to GnRH analog challenge was
assessed in two ways: (1) mean maximum concentration of LH over all time points (ng/mL); and (2) total
amount of LH secreted (ng/mL per min), estimated by
calculating the area under the curve for LH response
[36]. To avoid confounding female pregnancy estimates, stimulation with GnRH analog was repeated in
males but not females during the breeding season (early
November 2008).
In addition to challenge with GnRH, we evaluated
potential changes to the HPG axis by collecting hypothalamus along with the median eminence, pituitary,
and gonads on March 25 (males) and April 14, 2009
(females). We assessed morphologic and morphometric
differences in gonads between exposure groups. Gonad
mass (g) was determined for each animal. Transverse
sections of testes were cut, weighed, and frozen until
sperm per gram of testes was measured [48]. Remaining testes tissue and all ovarian tissue was preserved in
Bouin’s fixative (Polysciences, Inc., Warrington, PA,
USA). Pituitary and hypothalamus were hemisectioned
through the midsagittal plane. One half of each brain
was preserved in 4% paraformaldehyde and the other
half wrapped in aluminum foil and frozen at ⫺80 °C.
Frozen sections of hypothalamus were assayed for total
GnRH content (ng) [49]. Frozen pituitary sections were
processed as described by Hart and colleagues [49], and
analyzed for LH and FSH content (mg/g tissue) [46,50].
Fixed tissues were trimmed, placed in cassettes, maintained in 10% neutral buffered formalin, and sectioned
using standard histology techniques at the Colorado
State University Veterinary Diagnostic Laboratory. Hematoxylin and eosin stains were used for histologic

833

examination. A veterinary pathologist (Spraker) qualitatively examined sections of gonad, pituitary, and hypothalamus (magnification ⫻ 2 to ⫻ 40) for pathologic
changes and evidence of differences in morphology.
2.5. Hormone assays
Concentrations of progesterone [47], testosterone
[30], LH [46], FSH [50], and GnRH [49] were measured using RIA. Samples were assayed in duplicate in
single batches for each hormone at each time point.
Intra-assay coefficients of variation for the upper and
lower reference standards (20% and 80% ligand-labeled hormone-bound, respectively) were 4% to 15%
for progesterone, 3% to 17% for testosterone, 3% to
11% for LH, 3% and 6% for FSH, and 5% and 10% for
GnRH. Interassay coefficients of variation were 2% for
progesterone, and ⬍20% for testosterone and LH. Both
FSH and GnRH were measured in single assays. Mean
limits of detection for each hormone (1 SD of the assay)
are as follows: progesterone, 5 pg; testosterone, 2.5 pg;
LH 30 pg; FSH 0.2 ng; and GnRH 0.5 pg.
2.6. Statistical analysis
Dependent response variables, including body weight,
concentrations of progesterone, testosterone, and LH measured at multiple time points, sperm parameters measured
after electroejaculation, and secondary sexual characteristics were analyzed using one-way ANOVA models for a
nonrandomized design with a repeated measures structure
(SAS 9.2, Proc MIXED; SAS Institute, Cary, NC, USA).
The independent variables exposure status, sire, date,
and time, were included as fixed effects. Sex was also
treated as a fixed effect if a response variable was
measured in both sexes. Individual animal was included
as a random effect. We first modeled the variancecovariance structure for each dependent variable using
the restricted maximum-likelihood method, with the
most global model of fixed effects (response variable ⫽
exposure status ⫹ sire ⫹ date or time as categorical
variables ⫾ sex). We modeled the following variancecovariance structures appropriate for unequal time intervals; variance components (VC), compound symmetric (CS), and spatial power [SP(POW)]. We
selected the most appropriate variance-covariance
structure using Akaike’s Information Criterion with
correction for small sample sizes (AICc) and then used
the top-ranked structure for subsequent modeling of
fixed effects. The best structure for all models had
constant variance within an exposure group; some models allowed heterogeneous variance between exposure
groups, whereas others were homogeneous for all study
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animals. The best covariance structure for all variables
except body weight was variance components, which
implies no covariance between repeated measurements.
The best covariance structure for body weight was
spatial power. Because date and time were the only
significant fixed effects in the model describing total
LH released after GnRH analog stimulation, a Student
t test was used to compare differences between sexes
and between months for males.
Single time point concentrations of LH, FSH, and
GnRH at necropsy, as well as gonad mass, and sperm
per gram of testis were analyzed using generalized
linear ANOVA models (Proc GLM), with exposure
status, sire, and sex (if appropriate) as classification
variables. Arcsine transformation was performed for all
data expressed as percent. Means and standard errors
were estimated using least squares analysis and tests for
differences between GnRH antibody-exposed and unexposed groups were based on type III generalized
estimating equations. Descriptive statistics were used to
explain concentrations of GnRH antibody.
3. Results
3.1. Antibody concentrations and growth
Antibodies to GnRH were measured in exposed calf
serum between 1 and 200 days after birth (Fig. 1).
Antibodies were undetectable before nursing in blood
samples taken from two calves, one with a GnRH
vaccinated dam and the other with a sham-vaccinated
dam. Maximum antibody concentrations (⫾ SEM) in
exposed calves were often higher (37.7 ⫾ 4.1 pmol/

Fig. 1. Persistence of maternal antibody from birth to 1 yr in elk
calves (N ⫽ six to eight males, two died August 2006 and May 2007;
N ⫽ 4 females) exposed to colostral transfer of GnRH antibodies
during the first 24 h of life. Calves unexposed to GnRH antibodies
had undetectable antibody titers (data not shown).

mL; range, 15.2 to 54.1 pmol/mL) than those previously measured in the GnRH vaccinated dam cohort at
similar time points (May 2006) (28.8 ⫾ 3.8 pmol/mL;
range, 12.2 to 42.3 pmol/mL [data not shown]). Antibodies declined exponentially over time in exposed
calves with a half-life of approximately 7 days (Fig. 1).
Exponential antibody decay was represented by the
following equation: [A] ⫽67.1e-0.1(d) where A ⫽ serum
GnRH-antibody concentration and d ⫽ calf age in days
(r2 ⫽ 0.64).
There was no effect of neonatal exposure to GnRH
antibodies on body weight (P ⫽ 0.968) between birth
and 3 yr. Although males were heavier than females at
birth (P ⫽ 0.024) and at 3 yr (P ⬍ 0.001), neither sex
(P ⫽ 0.905) nor sire (P ⫽ 0.913) were significant
variables in the model. Age was the most important
variable describing body weight (P ⬍ 0.001) and there
was an age by sex interaction (P ⫽ 0.001) with males
gaining weight faster than females. Males gained approximately 0.83 kg per day during the first 100 days
and then gained more slowly at 0.2 kg per day between
200 and 800 days. Females gained an average of 0.75
kg per day during the first 100 days but decreased their
growth rate to 0.1 kg per day between 200 and 800
days.
3.2. Puberty and fertility
3.2.1. Males
There was no effect of exposure on mean monthly
concentrations of testosterone (P ⫽ 0.659) between 15
and 21 mo. Likewise, sire did not affect concentrations
of testosterone (P ⫽ 0.275); however, concentration did
vary by month (P ⫽ 0.001; Fig. 2). Highest concentrations occurred in October and November. With the
exception of one calf exposed to GnRH-antibodies,
which had a maximum concentration of 1.7 ng/mL
during November, all males had at least one testosterone measurement ⱖ2 ng/mL.
Similar to endocrine results, in male calves neither
neonatal antibody exposure nor sire had an effect on
semen parameters or most secondary sexual characteristics, including antler mass, neck girth, and scrotal
circumference (Table 1). Date was an important variable describing differences in antler length (P ⫽ 0.002),
antler mass (P ⫽ 0.007), neck girth (P ⫽ 0.0003), and
scrotal circumference (P ⬍ 0.0001), but not semen
parameters (P ⬎ 0.05). Only antler length was affected
by exposure status (P ⫽ 0.037) with a single male
exposed to GnRH antibodies contributing most of the
variance. This animal had an unusually short antler,
which may have been physically damaged, during his
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Fig. 2. Mean monthly testosterone concentrations with 95% confidence intervals, between 14 and 21 mo, in male elk exposed (N ⫽ 4;
● solid line) and unexposed (N ⫽ 2; Œ dashed line) to neonatal
GnRH antibodies. Letters denote differences between months (P ⬍
0.05); there were no differences between exposure groups within
months.

second reproductive season but had a similar number of
branch points (five) as other males (five or six per
antler). Regardless of exposure group, all males had at
least one semen sample which met criteria for adequate
progressive motility (ⱖ30%) and morphology (ⱖ70%)
of sperm in yearling male domestic cattle [34] and was
consistent with acceptable sperm parameters from red
deer (Cervus elaphus) (⬎40% motility, ⬎40% normal
morphology) [51]. Scrotal circumferences were consistent with those reported for 2-year-old elk [31].
3.2.2. Females
Monthly serum concentrations of progesterone in
females were not affected by presence of neonatal an-
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tibody titer (P ⫽ 0.727) or sire (P ⫽ 0.805); however,
concentrations varied by month (P ⫽ 0.002). All females had evidence of CL formation and regression,
based on progesterone profiles, suggesting puberty had
been reached by November 2007 (Fig. 3A). All had
cyclic changes in serum concentrations of progesterone
with multiple samples ⬎1 ng/mL until March 2008
(Fig. 3B). Females were exposed to proven herd sire
bulls between September and November 2008 at 28 to
32 mo. All seven females were pregnant when examined in January 2009. Transrectal palpation, ultrasound
examination, and pregnancy specific protein B results
were concordant.
3.3. Hypothalamic-pituitary-gonadal axis function
and structure
In August 2008, before their second potential reproductive season, both males and females responded to
GnRH analog stimulation with an acute LH release that
peaked between 2 and 5 h and approached baseline
levels within 8 h. Although mean maximum concentration of LH was not different between sexes (P ⫽
0.069), females (16.1 ⫾ 2.3 ng/mL) had nearly twice
the maximum release of LH as males (9.4 ⫾ 2.4 ng/mL;
Figs. 4 and 5). Exposure to GnRH-antibodies during the
neonatal period did not affect total secretion of LH ⫾
SEM (ng/mL per min) in either males (33.3 ⫾ 7.9
exposed, 35.3 ⫾ 4.1 unexposed; P ⫽ 0.668) or females
(69.7 ⫾ 8.5 exposed, 61.2 ⫾ 8.8 unexposed; P ⫽
0.333). Neither mean maximum concentrations of LH
nor testosterone were different between months (P ⬎
0.05) for males; however, total LH and testosterone
released amongst all males in August (42.3 ⫾ 9.2 and

Table 1
Measures of semen quality and secondary sexual characteristics in male elk between 15 and 22 mo of age.
Exposed (N ⫽ 4)

Response variable
Normal morphology (%)
Total motility (%)
Progressive motility (%)
Sperm velocities (um per sec)
VAP
VSL
VCL
Scrotal circumference (cm)
Antler length (cm)
Antler mass (g)
Neck girth (cm)

Unexposed (N ⫽ 2)

Mean

SEM

Range

Mean

SEM

Range

59.0
60.9
39.1

1.6
1.5
1.3

15–86
7–98
1–79

67.5
83.0
64.7

2.4
1.8
1.5

35–91
48–98
32–81

74.5
62.6
119.2
18.7
148.8
2805.5
72.7

10.0
10.0
121.2
2.4
3.1
244.4
0.5

97.6
83.1
153.8
19.4
166.3
2622.3
74.8

11.1
11.1
13.5
2.4
3.8
299.3
0.7

31–116
19–100
52–174
13.6–24.7
123–187
1040–4420
62–80

76–116
67–104
115–178
14.8–24.8
129–197
1330–4500
68–80

An arcsine transformation was performed on frequency data before analysis. The only end point that differed between groups was antler length
(P ⬍ 0.05).
VAP, average path velocity; VCL, curvilinear velocity; VSL, straight line velocity.
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Fig. 3. Top panel (A): Mean monthly progesterone concentrations with 95% confidence intervals, from August 2007 to March 2008, in female
elk calves exposed (N ⫽ 4; ● solid line) and unexposed (N ⫽ 3; Œ dashed line) to GnRH antibodies during the neonatal period. Letters denote
differences between months (P ⬍ 0.05); there were no differences between exposure groups within months. Bottom panel (B): Representative
progesterone profiles from female elk calves exposed (● solid line) and unexposed (Œ dashed line) to GnRH antibody during the neonatal period.
Sampling occurred at approximately 10-day intervals between 15 and 22 mo.

81.8 ⫾ 7.7 ng/mL per min, respectively) was greater
than in November (25.6 ⫾ 3.2 and 56.7 ⫾ 6.3 ng/mL
per min; P ⬍ 0.001). A single male with unusually high
concentrations of LH (14 –22 ng/mL) accounted for
most of the variability. Concentrations of progesterone
in all females were below the limit of detection at the
time of GnRH stimulation in August 2008 indicating
lack of luteal tissue.
Endocrine profiles in serum and tissue at the time of
necropsy were similar between exposure groups and
sexes. There was no effect of exposure to GnRH antibodies on pituitary concentrations of LH (P ⫽ 0.525) or
FSH (P ⫽ 0.349) in either sex (Table 2). Content of
GnRH in hemihypothalmi was not different between
exposure groups (P ⫽ 0.979) or sexes (P ⫽ 0.980).
Serum concentrations of testosterone in males and progesterone in females were nearly undetectable and did
not differ between exposure groups (P ⬎ 0.05). Gonad
mass (g) did not vary by exposure status or sire (P ⬎
0.05; Table 2).
There were no observed differences in gross or histologic structure of the hypothalamus, pituitary, testes, or

ovaries between antibody-exposed and unexposed elk.
There was no evidence of overt inflammation or change in
structure in the median eminence of any study animal
(data not shown). Although gonadotropes were not specifically identified, adenohypophesial structure was similar between exposure groups and was within normal limits
for ruminant pituitaries. All ovaries and testes had evidence of gametogenesis. Ovaries had primordial
through Graffian follicles, and testes had seminiferous
tubules which contained spermatocytes. The only sign
of inflammation was infiltration of atretic follicles with
eosinophils in four of seven (N ⫽ 2 from each exposure
group; approximately 60%) females.
4. Discussion
4.1. Antibody effects
Passive transfer of maternal GnRH-antibodies to elk
calves shortly after birth did not affect long-term reproductive development in our study elk. There were
no significant differences in growth, time of pubertal
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Table 2
Hormone concentrations and gonadal measurements in GnRH antibody-exposed and unexposed male (m) and female (f) elk at the
time of necropsy (March/April 2009; approximately 3 yr of age).
Response
variable

Fig. 4. Serum LH (Œ ●) and testosterone (□ ●) concentrations after
GnRH agonist treatment at time zero, in male calves (27 to 30 mo)
exposed (filled solid line, N ⫽ 4) and unexposed (open dashed line,
N ⫽ 2) to GnRH antibodies during the neonatal period. Total hormone released (ng/mL per min) represented by the area under the
curve.

onset, or structure and function of the HPG axis between exposure groups in males or females. Therefore,
we inferred that the presence of high concentrations of
passively transferred GnRH antibodies during the first
60 days of life did not permanently alter the reproductive function of elk. However, because our sample sizes
were small, particularly for the unexposed male group,
we must be somewhat circumspect about our results.
Due to small sample variation, a repeated experiment
with relatively large sample sizes (e.g., ⱖ30) would be
more likely to find differences, if they existed. Nevertheless, we consider our results relevant because there

Fig. 5. Serum LH concentrations, after GnRH agonist treatment at
time zero, in female elk calves (27 to 28 mo) exposed (● solid line,
N ⫽ 4) and unexposed (Œ dashed line, N ⫽ 3) to GnRH antibody
during the neonatal period. Total LH released (ng/mL per min)
represented by the area under the curve.

FSH (ug/g
pituitary)
LH (ug/g
pituitary)
Hypothalmic
GnRH (ng)
Serum
testosterone
(ng/mL)
Serum
progesterone
(ng/mL)
Testes mass (g)
Ovary mass (g)
Number of
sperm ⫻ 106
(per g of
testis)

Exposed
(N ⫽ 4 m, 4 f)

Unexposed
(N ⫽ 2 m, 3 f)

Mean

SEM

Mean

SEM

(m) 1368
(f) 2262
(m) 70
(f) 215
(m) 7.1
(f) 5.3
0.41

268
268
67
67
2.2
2.2
0.73

(m) 1660
(f) 1200
(m) 105
(f) 309
(m) 5.3
(f) 6.9
0.00

328
568
82
142
2.7
4.7
0.00

0.18

0.07

0.07

0.08

48.5
3.1
79.9

5.5
0.5
7.0

42.6
2.2
77.1

4.5
0.2
0.6

Gonadotropins and GnRH were measured in both sexes, testosterone
in males, and progesterone in females.

are multiple time points per elk for most response
variables, and for at least one of those time points, each
animal produced a reproductively mature response.
Our results were partially in contrast to findings in
domestic sheep actively vaccinated against GnRH at 2
wk [21–23] and male rats passively immunized 5 days
after birth [24,25]. Clarke et al. found that active vaccination against GnRH during the neonatal period
caused permanent HPG axis suppression during adulthood, in a subset of vaccinated males and females,
despite a lack of GnRH antibodies. This was caused by
decreased GnRH secretion, rather than a decrease in
GnRH content of the median eminence [21]. Vogel et
al. [24] and Bercu and Jackson [25] found permanent
suppression of rat testes development after neonatal
passive vaccination, despite normal postpubertal gonadotropin concentrations during adulthood. They suggested that there is a critical window of testes development in rodents at this time that is permanently
altered without the timely support of gonadotropins. In
our study, we investigated both the potential for passive
neonatal vaccination to permanently decrease GnRH
secretion and the potential for transient removal of
GnRH signaling to alter the structure or function of the
pituitary or gonad, even if long-term GnRH secretion
was unimpaired during adulthood. We found neither of
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these mechanisms altered reproductive function in elk
from this study.
Gonadotropin-releasing hormone is secreted from
hypothalamic neurons originating within the bloodbrain barrier, but terminating near blood vessels of the
hypothalamic-pituitary portal system outside of the
blood-brain barrier. After active GnRH vaccination in
male pigs at 10 and 18 wk and subsequent necropsy at
26 wk, Molenaar and colleagues found lesions, including fibrosis and scar tissue formation within the median
eminence which were positively correlated with GnRHantibody titer and testes atrophy [52]. They suggested
that T-cell-mediated autoimmune reactions directed at
GnRH neurons or retrograde transport of GnRH antibodies might result in destruction of the neurons or
their processes. They demonstrated inflammatory lesions of the median eminence, consistent with the speculation that anti-GnRH immunoglobulin G, in addition
to interleukin cytokines, may be responsible for permanent changes to function of GnRH neurons. Their study
was different from ours in two important ways. First,
the lesions they described were present in animals
which had concurrently high concentrations of GnRH
antibodies, which may have indicated the inflammatory
processes were in progress at the time of death, but the
lesions could have been transient. Second, pigs were
actively vaccinated with Freund’s complete and incomplete adjuvants, potent stimulants of both humoral and
cell-mediated components of the immune response
[53]. In contrast, elk in our study did not have detectable antibody concentrations by 6 mo and most response variables were measured between 9 and 30 mo.
More importantly, elk in the current study were passively immunized with maternal antibodies, rather than
stimulating in vivo humoral and cell-mediated immune
responses. Although concentrations of GnRH antibodies were certainly higher in our study 24 h after birth,
due to reporting inconsistencies, it was not possible to
compare concentrations of antibody between the two
studies at later time points. Regardless, our elk were not
exposed to a full complement of humoral and cellmediated components of the immune response, whereas
pigs exposed to Freund’s complete adjuvant along with
GnRH conjugated to keyhole limpet hemocyanin
(KLH) likely had robust stimulation of the entire immune system. Although we did not examine the histologic structure of the median eminence to the same
degree of Molenaar et al. [52], there was no apparent
evidence of inflammation or fibrosis in hypothalmi and
there was no clinical evidence of HPG axis dysfunction
in our elk. Therefore, we inferred that elevated antibody

titer alone was not sufficient to induce a permanent
decrease in GnRH secretion.
In altricial species, such as the rat, maturation of the
HPG axis is incomplete at birth [54]. In precocious
species, such as sheep and likely elk, the fetal HPG axis
is functional by midgestation [3]; however, hypothalamic signaling is required for development of gonadotrophic cells during the last month of gestation and
puberty is reliant on an adequate gonadotrope population [55]. It is unknown exactly when the permanent
structure or function of the HPG axis is complete in elk,
but we inferred that elimination or at least a decrease in
GnRH signaling during the first 60 to 180 days after
birth does not delay the process. Because we did not
measure gonadotropin secretion during the neonatal
period, we do not know if there were adequate concentrations of GnRH antibodies to completely remove
GnRH signaling. In our previous study in adult female
elk with similar or lower concentrations of GnRH antibodies, there was suppression of fertility, but not complete inhibition of final stages of follicular development, indicating a partially intact HPG axis [27].
Alternatively, ewes with lower concentrations of GnRH
antibodies, but with a more aggressive active vaccination schedule, had complete cessation of follicular
wave development [56]. It is likely that antibody concentrations were sufficient to influence GnRH signaling
in the current study. This finding added strength to our
speculation that antibodies alone do not account for
long-term suppression of the HPG axis documented in
previous studies.
4.2. Comparative reproductive ecology
Our investigation of endocrine changes, direct and
indirect measures of fertility, and development of secondary sexual characteristics through puberty in male
elk provided results similar to those in untreated and
closely related red deer. For male red deer, the highest
mean testosterone concentrations occur in late summer
and early fall when antlers are hard and velvet has been
shed [57–59]. Conversely, in the spring, at the time of
antler casting, testosterone is nearly undetectable and
testes are at their smallest [58,59]. Male elk in this and
other studies [31] appeared to follow a similar seasonal
pattern, with testosterone concentrations increasing to a
peak in late summer/fall (September to October) then
gradually declining through the winter period (December through March). Scrotal circumference mirrored
testosterone concentrations, being minimal in late
spring and attaining maximum size in late summer.
However, as expected, scrotal circumference did not
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regress to prepubertal dimensions. Male elk pituitary
response to stimulation with GnRH analog before and
during the second reproductive season was similar to
that reported in red deer stags [57,58]. Maximum concentrations of both LH and testosterone, induced by
GnRH stimulation, were higher in August than in November. Interestingly, the single outlier male with an
unusually large maximum concentration of LH had a
relatively modest corresponding maximum concentration of testosterone. This pattern of large LH release
with little secretion of testosterone, was characteristic
of the nonreproductive season in red deer [57]. It was
our observation that this individual was socially the
least dominant male and did not produce a satisfactory
semen sample until December 2007.
In elk populations that are not nutrient-limited,
males are generally reproductively competent at 14 to
16 mo [31] with similar fertility rates as those seen in
older more mature bulls [60]. Although we did not
directly measure fertility of males in this experiment,
there were no significant differences in semen quality
or secondary sexual characteristics associated with fertility between exposure groups. Sperm motility, velocity, and morphology parameters met or exceeded standards for domestic bulls [34] and were similar to
findings in red deer [33]. Semen evaluation and sperm
analysis have remained elusive as a reliable indicator of
fertility in domestic animals [61,62]; however, these
assays may be more useful in wild species where strong
artificial selection pressures for increased fertility are
not in effect [63]. Swimming velocity and sperm morphology account for differences in fertility rates of
Iberian red deer (Cervus elaphus hispanicus) [33]. Additionally, antler size and complexity are associated
with testes size and sperm velocity [64]. Finally, despite seasonal testicular atrophy, all males in our study
had maturing spermatocytes within the seminiferous
tubules during the early spring at approximately 33 mo.
Therefore, we inferred that all males were reproductively mature and likely fertile by the end of their first
reproductive season at 15 to 21 mo.
Puberty and ultimately fertility in female elk is a
function of body condition. In that regard, 50% of
yearling females are fertile at 16 to 18 mo if a minimum
body mass (approximately 220 kg, 10% body fat) is
achieved [65– 67]. The first estrous cycle of the reproductive season often has a short interovulatory interval
[68], followed by regular ovulations every 20 to 24
days [38]. In our study, every female had regular increases in serum progesterone concentrations at approximately 20-day intervals. Most females had evi-
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dence of functional CL by mid-October and all were
cycling by early November. This is later than that
reported for mature female elk in North America [68],
but is within the range observed in other studies with
2-yr-old females [66]. Three of seven females continued to display elevated concentrations of progesterone
into late March when sampling was terminated. This
was in accordance with previous research which demonstrated estrous cycling in mature females can occur
as late as March but typically ends in late February
[68]. Pituitary stimulation with GnRH analog before
the breeding season induced an LH release similar to
that in nonpregnant mature female elk during the reproductive season [36]. In our confirmatory test of
fertility, all females became pregnant. These results
provided further evidence for the lack of an effect of
GnRH antibody exposure on maturation of the HPG
axis or fertility in female elk calves in this study.
4.3. Conclusion
There was no apparent effect of exposure to high
concentrations of maternally transferred GnRH-antibodies on the long-term structure or function of the
hypothalmo-pituitary-gonadal axis of male or female
elk. The elk HPG axis is likely structurally mature at
birth and transient disruption in GnRH signaling
through antibody neutralization was not sufficient to
permanently change function in our study elk. Our
findings provide important knowledge to inform wildlife management decisions regarding the application of
fertility control in free-ranging populations of elk. Additionally, we have advanced the understanding of the
mechanism(s) of how GnRH vaccination may affect
long-term fertility in ruminant species. The presence of
neonatal antibodies alone did not appear to account for
changes in fertility later in life.
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