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Intravaginal instillation of gonadotropin-releasing hormone
analogues with an absorption enhancer induced a surge
of luteinizing hormone in lactating dairy cows
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ABSTRACT

Our objectives were to evaluate circulating LH concentrations after intravaginal (IVG) instillation of GnRH
analogs in lactating dairy cows. In 2 experiments, lactating Holstein cows (experiment 1: n = 32; experiment
2: n = 47) received the experimental treatments 48 h
after the first of 2 PGF2α treatments given 12 h apart
and 7 d after a modified Ovsynch protocol (GnRH at
−7 d, PGF2α at −24 h, PGF2α at −56 h, GnRH at 0
h). In experiment 1, cows were stratified by parity and
randomly allocated to receive the following treatments:
2 mL of saline IVG (SAL, n = 6), 100 µg of gonadorelin
(Gon) i.m. (G100-IM, n = 5), and 100 (G100, n = 7),
500 (G500, n = 8), or 1,000 µg of Gon IVG (G1000, n
= 7). In experiment 2, treatments were SAL (n = 8),
G100-IM (n = 8), G1000 (n = 7), 1,000 µg of Gon plus
10% citric acid (CA) IVG (G1000CA, n = 8), 80 µg of
buserelin IVG (B80, n = 8), and 80 µg of buserelin plus
10% CA IVG (B80CA, n = 8). In both experiments,
blood was collected every 15 min from −15 min to 4 h,
and every 30 min from 4 to 6 h after treatment. Data for
area under the curve (AUC), mean LH concentrations,
and time to maximum LH concentration were analyzed
by ANOVA with (mean LH only) or without repeated
measures using PROC MIXED of SAS (version 9.4,
SAS Institute Inc., Cary, NC). The proportion of cows
with a surge of LH was evaluated with Fisher’s exact
test using PROC FREQ of SAS. In both experiments,
LH concentrations were affected by treatment, time,
and the treatment by time interaction. In experiment 1,
the AUC for LH and maximum LH concentration were
greatest for the G100-IM treatment and were greater
for the G1000 than for the SAL and G500 treatments.
The proportion of cows with an observed surge of LH
was 100 and 0% for cows that received Gon i.m. and
IVG, respectively. In experiment 2, the AUC and maxiReceived December 24, 2016.
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mum LH concentrations were greater for the G100-IM,
G1000CA, and B80CA treatments than for the other
IVG treatments. The proportion of cows with a surge
of LH differed by treatment (SAL = 0%, G100-IM =
100%, G1000 = 14%, G1000CA = 88%, B80 = 13%,
and B80CA = 100%). For the treatments with a surge
of LH, time to maximum concentration of LH was the
shortest for the G100-IM treatment, intermediate for
the G1000CA treatment, and the longest for cows in
the B80CA treatment. In conclusion, Gon (up to 1,000
µg) absorption through intact vaginal epithelium after
a single IVG instillation was insufficient to elicit a surge
of LH of normal magnitude. Conversely, IVG instillation of 1,000 µg of Gon and 80 µg of buserelin with the
addition of citric acid as absorption enhancer resulted
in a surge of LH of similar characteristics than that
induced after i.m. injection of 100 µg of Gon.
Key words: intravaginal, gonadotropin-releasing
hormone analogue, citric acid, luteinizing hormone
surge
INTRODUCTION

Timed AI is one of the most widely used biotechnologies in cattle operations around the world (Lamb et
al., 2010; Wiltbank and Pursley, 2014). In dairy farms,
systematic implementation of synchronization of ovulation protocols ensures timely insemination (Pursley
et al., 1997; Fricke et al., 2003) and improves fertility outcomes (Moreira et al., 2001; Souza et al., 2008;
Giordano et al., 2012b). Synchronization of ovulation
protocols are continuously evolving to optimize follicle
development, luteal regression, timing of ovulation,
and the endocrine environment before and after timed
AI. As a result, groups of cows must receive hormonal
treatments on multiple days of the week and different
times of the day, which may reduce protocol compliance
and success in farms without appropriate facilities, frequent access to animals, and availability of qualified
labor. Frequent cow manipulation also disrupts time
budgets and normal behavior. Thus, fully automated
hormone delivery systems may be an alternative to in-
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dividual injections for facilitating implementation and
improving compliance with synchronization of ovulation protocols. Automating hormone delivery may also
allow designing more effective treatments or treatments
tailored to individual or subgroups of cows based on
their physiological or health status.
Ideally, the body cavity to insert and hold an automated hormone delivery system should allow holding
the device for prolonged periods of time and easy access
to the device for removal after use. Because the vagina
meets these criteria, fully automated electronically controlled intravaginal (IVG) drug delivery devices have
been described (Rathbone et al., 1998; Cross et al.,
2004; Künnemeyer et al., 2004) and could be developed
for use in cattle. Another important attribute of a body
cavity to insert an automated hormone delivery device
is to allow proper absorption of hormones to elicit the
desired physiological response. Although sustained
release of progesterone (P4) through nonautomated
delivery devices has been extensively studied and is currently used in synchronization of estrus and ovulation
protocols (Macmillan et al., 1991; Macmillan and Peterson, 1993; Chebel et al., 2006), the feasibility of IVG
administration of important reproductive hormones,
such as GnRH and PGF2α, has rarely been studied and
IVG administration is not currently used in cattle. Beyond potential differences in molecular structure that
may affect IVG absorption, a fundamental difference
between IVG treatments with P4 and hormones such
as GnRH and PGF2α is that the former can effectively
exert its biological function through sustained release
because an acute effect is not necessary. Conversely,
administration of exogenous GnRH is only effective to
induce a surge of LH and PGF2α to trigger luteolysis
through immediate absorption and an acute effect on
their target tissues (i.e., pituitary gland for GnRH and
corpus luteum for PGF2α).
The feasibility of inducing a surge of LH of similar
magnitude after IVG than i.m. administration of GnRH
or its analogs has been previously studied in other species, such as the sow (Stewart et al., 2010), the rat
(Okada et al., 1982, 1983), and the rabbit (Viudes-deCastro et al., 2007), but not in cattle. Although GnRH
absorption through epithelial walls can occur through
transmembrane diffusion, vesicle receptor-mediated
transport, or paracellular diffusion (Richardson and
Illum, 1992), vaginal absorption may be challenging.
Transmembrane transport is probably limited due to
the hydrophilic nature of GnRH, and a receptor-mediated transport mechanism in the vaginal epithelium
seems unlikely. Further, paracellular transport may be
limited by intercellular apical junction complexes (Hus-
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sain and Ahsan, 2005) formed by tight junctions and
adherens junctions (Ivanov et al., 2005).
To overcome challenges associated with absorption
efficiency of molecules through intact tissues, absorption enhancers can be included to disrupt the integrity
of intercellular junctions so that paracellular transport
increases (Okada et al., 1982, 1983; Fatakdawala and
Uhland, 2011). For example, using a rat model, Okada
et al. (1982, 1983) observed an increase in absorption
and vaginal permeability to leuprolide (i.e., a GnRH
analog) when including citric acid in the vehicle. Carboxylic acids, such as citric acid, chelate calcium, which
has been shown to loosen intercellular tight junctions,
thus facilitating intercellular transport of molecules
(Cho et al., 1989). In addition to absorption enhancers,
a potential strategy to increase the efficacy of hormones
administered through the IVG route may be the use
of more potent hormone analogs. Although absorption
of all analogs may be equally compromised, more potent analogs could be more effective because smaller
amounts are needed to elicit a satisfactory physiological response. In the case of GnRH, multiple analogs of
varying potency are available. For example, buserelin
has been shown to be up to 50 times more potent than
gonadorelin (Chenault et al., 1990; Picard-Hagen et
al., 2015), thereby buserelin may be an alternative to
gonadorelin for IVG administration.
We performed 2 experiments to evaluate the feasibility of inducing a surge of LH after IVG instillation
of GnRH analogs in lactating dairy cows. We aimed
to determine if it was possible to induce a surge of
LH of similar magnitude, timing, and duration after
IVG instillation of GnRH analogs as after i.m. injection
of the labeled dose of gonadorelin to induce ovulation
in cattle (i.e., 100 µg). Specifically, the objective of
experiment 1 was to compare circulating LH concentrations after IVG instillation of different doses of the
GnRH analog gonadorelin. We hypothesized that IVG
instillation of gonadorelin would induce a surge of LH
similar to that observed after i.m. injection of 100 µg
of gonadorelin. Also, we hypothesized that instillation
of greater doses of gonadorelin would result in greater
circulating LH concentrations. Based on the results of
experiment 1, we conducted a second experiment to
evaluate LH concentrations after IVG instillation of gonadorelin or buserelin with or without the inclusion of
citric acid as an absorption enhancer. We hypothesized
that the inclusion of citric acid to the GnRH solution
and the use of a GnRH analog of greater potency than
gonadorelin (i.e., buserelin) would result in a surge of
LH similar to that observed after i.m. injection of 100
µg of gonadorelin.
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Figure 1. Graphical depiction of experimental procedures for experiments 1 and 2. Cows were synchronized using a modified Ovsynch protocol with 2 PGF2α injections (GnRH at −7 d, PGF2α at −1 d, PGF2α at −32 h, GnRH at 0 h). Cows with at least 1 corpus luteum ≥15 mm
and 1 follicle ≥15 mm 7 d after the second GnRH injection of Ovsynch remained in the study to receive the treatments. In experiment 1, cows
(n = 32) stratified by parity received 2 mL of saline solution intravaginally (SAL, n = 6), an i.m. injection of 100 µg of gonadorelin (G100-IM,
n = 5), 100 µg of gonadorelin intravaginally (G100, n = 6), 500 µg of gonadorelin intravaginally (G500, n = 8), and 1,000 µg of gonadorelin
intravaginally (G1000, n = 7). In experiment 2, cows (n = 47) stratified by parity received 2 mL of saline solution intravaginally (SAL, n =
8), an i.m. injection of 100 µg of gonadorelin (G100-IM, n = 8), 1,000 µg of gonadorelin intravaginally (G1000, n = 7), 1,000 µg of gonadorelin
plus 10% citric acid intravaginal (G1000CA, n = 8), 80 µg of buserelin intravaginally (B80, n = 8,) and 80 µg of buserelin plus 10% citric acid
intravaginally (B80CA, n = 8). Blood was collected every 15 min from 15 min pretreatment up to 4 h, and then every 30 min up to 6 h after
treatment. PGF = PGF2α, TUS = transrectal ultrasonography, BC = blood collection.

MATERIALS AND METHODS
Animals

All procedures were approved by the Animal Care
and Use Committee of Cornell University. Lactating
Holstein cows from the dairy unit of the Cornell University Ruminant Center (Harford, NY) were used for
these experiments, conducted from October 2014 to
March 2016. Cows were housed in freestall barns up to
the day before intensive blood sample collection, when
they were moved to a tiestall barn. Freestall barns
were equipped with deep-bedded sand stalls, cooling
fans placed above the feeding lane and freestalls, and
sprinklers above the feed bunk. The tiestall barn was
equipped with deep-bedded wood dust stalls, individual
waterers, feed bins, and tunnel ventilation. All cows
were fed a TMR diet once daily and had ad libitum
access to feed and water. The diet was formulated to
meet or exceed nutritional requirements for lactating
Holstein cows producing 45 kg of milk based on the
Cornell Net Carbohydrate and Protein System version
6.5 (Department of Animal Science, Cornell University,
Ithaca, NY). Cows were milked thrice daily at ~8-h intervals and received bovine somatotropin (Posilac, 500
mg; Elanco Animal Health, Indianapolis, IN) at 14-d
intervals beginning 60 ± 3 DIM until dried off.
Treatments

Experiment 1. Lactating nonpregnant primiparous
(n = 8) and multiparous (n = 31) Holstein cows at
various DIM were synchronized using the Ovsynch
Journal of Dairy Science Vol. 100 No. 9, 2017

protocol (Pursley et al., 1995) with 2 PGF2α (25 mg of
Lutalyse, Zoetis Animal Health, New York, NY) injections (GnRH at −7 d, PGF2α at −1 d, PGF2α at −32 h,
GnRH at 0 h; Figure 1). At the time of and 48 h after
the second GnRH treatment of Ovsynch, transrectal
ultrasonography (TUS) of the ovaries was performed
to confirm ovulation, which was defined as the disappearance of at least 1 follicle ≥10 mm and the presence
of a putative corpus luteum (CL) on the same ovary.
Six cows were excluded because they failed to ovulate
after the GnRH treatment. Average (±SD) DIM and
BCS (scale 1 to 5; Edmonson et al., 1989) for the 6
primiparous and 27 multiparous cows that responded
to the synchronization treatment and ovulated were
340 ± 244 d and 3.3 ± 0.7, respectively.
Seven days after induction of ovulation with the
second GnRH treatment of Ovsynch, cows received 2
PGF2α treatments 12 h apart to induce luteal regression. Forty-eight h after the first PGF2α treatment (day
= 0), cows were stratified by parity (primiparous vs.
multiparous) and DIM and randomly assigned to 1 of 5
treatments: (1) 2 mL of saline solution IVG (SAL; n =
6), (2) 100 μg (2 mL) of gonadorelin i.m. in the semimembranosus or semitendinosus muscle (G100-IM; n
= 5), (3) 100 μg (2 mL) of gonadorelin IVG (G100; n
= 7), (4) 500 μg (10 mL) of gonadorelin IVG (G500;
n = 8), and (5) 1,000 μg (20 mL) of gonadorelin IVG
(G1000; n = 7; Figure 1).
Before application of the IVG treatments, the vulva
and perineal area were washed and disinfected with
chlorhexidine solution and dried off with paper towels.
Thereafter, vulvar labia were manually opened by one
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technician while another technician inserted a uterine
infusion catheter (44.5 cm long by 0.5 cm of external
diameter) attached to a plastic syringe into the vaginal
opening. The catheter was moved cranially until the
cervix or vaginal fornix was reached. Once in the cranial
portion of the vagina the catheter was pulled backward
1 to 2 cm and the volume of saline solution or GnRH
analog for the specific treatment was instilled. After
treatment, cows remained standing for a minimum of
45 min to record urination activity and any significant
amount of fluid backflow from the vagina.
On d −2, d 0 (<30 min before treatment), and every 8 h for up to 48 h after treatment, the position
and size of all antral follicles ≥8 mm in diameter was
determined by TUS and recorded for subsequent determination of the occurrence and timing of ovulation
after treatment. Timing of ovulation was defined as the
midpoint between the last examination in which the
putative ovulatory follicle was visualized and the first
examination in which the putative ovulatory follicle
was not visualized through TUS.
Experiment 2. Lactating nonpregnant multiparous
(parity 2 to 5) Holstein cows (n = 59) were enrolled and
received the synchronization of ovulation protocol described for experiment 1, except that a different PGF2α
product was used (Estrumate, Merck Animal Health,
Summit, NJ). Average (±SD) DIM, BW, and BCS
for the 48 cows that responded to the synchronization
treatment and ovulated were 83 ± 48 d, 721 ± 54 kg,
and 3.3 ± 0.5 respectively.
At the time of treatment (d = 0; 48 h after first
PGF2α treatment following the Ovsynch protocol) cows
were randomly assigned to receive 1 of 6 treatments: (1)
2 mL of saline solution IVG (SAL, n = 8), (2) 100 μg
(2 mL) of gonadorelin i.m. in the semimembranosus or
semitendinosus muscle (G100-IM, n = 8), (3) 1,000 μg
(20 mL) of gonadorelin IVG (G1000, n = 8), (4) 1,000
μg of Gonadorelin plus 10% citric acid (20 mL) IVG
(G1000CA, n = 8), (5) 80 μg (20 mL) of buserelin
IVG (B80, n = 8), and (6) 80 μg of buserelin plus 10%
citric acid (20 mL) IVG (B80CA, n = 8; Figure 1). The
dose selected for buserelin treatment was equivalent to
10 times the recommended dose to induce ovulation in
cattle. Treatments were performed following the same
procedures described for experiment 1.
To determine if the IVG treatments caused irritation
of the vaginal mucosa, on d −1 and 8 h after treatment the vaginal mucosa was visually inspected using a
speculum and a source of light.
GnRH Analog Solutions Used for Treatments

In experiment 1, the GnRH analog gonadorelin (50
µg/mL of gonadorelin diacetate tetrahydrate, Cystore-

lin, Merial LLC, Duluth, GA) was used for the i.m.
and IVG treatments. In experiment 2, gonadorelin was
used for the i.m. treatment and either gonadorelin or
buserelin were used for the IVG treatments. The same
commercially available gonadorelin product was used in
experiment 2, whereas buserelin solution (no commercially available product for cattle in the United States)
was prepared in our laboratory using buserelin acetate
salt (Sigma-Aldrich, Saint Louis, MO). The solution
was prepared by adding buserelin and benzyl alcohol
(Sigma-Aldrich) to reach a final concentration of 4 µg/
mL of buserelin and 9 mg/mL of benzyl alcohol. Thereafter, the pH of the solution was adjusted using NaOH
and HCl to reach a mean pH of 6.7. Solutions of gonadorelin and buserelin with citric acid were prepared
by adding citric acid (C0759–500G, Sigma-Aldrich)
10% mass/volume. The final pH was balanced using
NaOH and HCl to reach a mean of 4.01, because an
acid pH has been shown to increase GnRH absorption
by the vagina in rats (Okada et al., 1983). Citric acid
was chosen as absorption enhancer because it chelates
calcium, which has been shown to loosen intercellular
tight junctions, thus facilitating intercellular transport
(Cho et al., 1989). In addition, it has been shown that
citric acid increases absorption and vaginal permeability of the GnRH analog leuprolide in rats (Okada et al.,
1982, 1983).
Blood Sample Collection

On d −7, −2, and 0 (time of treatment), blood
samples were collected from the coccygeal vein or artery using evacuated tubes containing sodium heparin
(Vacutainer, BD, Franklin Lakes, NJ) for P4 and estradiol (E2; d 0 only) analysis to confirm response to the
synchronization of ovulation protocol, and circulating
concentrations of P4 and E2 before treatment.
To determine circulating LH concentrations, samples
(4 mL) were obtained from the jugular vein using a
syringe attached to an indwelling jugular catheter.
Samples were collected every 15 min from −15 min to 4
h after treatment, and every 30 min from 4 to 6 h after
treatment. Immediately after collection, samples were
poured into tubes containing sodium heparin (10 µL of
6.7 IU/mL of heparin solution) and placed in crushed
ice until centrifugation (within 2 h of collection) for 20
min at 2,000 × g in a refrigerated centrifuge set at 4°C.
After centrifugation, plasma samples were harvested
and stored at −20°C until assayed.
Jugular catheters were placed 24 h before treatment.
Briefly, cows were restrained in an individual cow chute
and a halter was used to immobilize the head and neck.
The area of the neck where the catheter was inserted
was shaved using clippers, followed by a first wash with
Journal of Dairy Science Vol. 100 No. 9, 2017
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povidone iodine solution and a second wash with 70%
ethanol. A 13 gauge × 13 cm long polyurethane catheter over needle (Mila International, France, KY) was
inserted into the jugular vein, the needle was removed,
and the catheter secured in place using a temporary
suture. A 53-cm extension tubing set (Baxter Healthcare Corporation, Deerfield, IL) was attached to the
catheter to facilitate sample collection. Sterile saline
solution containing 20 IU/mL of heparin was used to
prevent clotting and keep the catheter permeable until
sampling began.
Determination of Circulating Concentrations of P4

Progesterone concentrations were estimated in duplicate using a commercial solid-phase, no-extraction
RIA (experiment 1: Coat-a-count, Diagnostic Products
Corp., Los Angeles, CA; experiment 2: ImmuChem
Coated Tube, MP Biomedicals, Costa Mesa, CA). To
assess the precision of the assay, control samples with
a high (7.5 and 6.0 ng/mL for experiments 1 and 2,
respectively) and low (0.5 and 0.3 ng/mL for experiments 1 and 2, respectively) concentrations of P4 were
assayed. Average sensitivity for the P4 assay was 0.03
ng/mL for experiment 1 and 0.1 ng/mL for experiment
2. The intra-assay coefficient of variation for the highconcentration sample was 10.6% in experiment 1 and
7.9% in experiment 2. The coefficient of variation for
the low-concentration sample was 4.9% in experiment 1
and 13.9% in experiment 2.
Determination of Circulating Concentrations of E2

Circulating concentrations of E2 were only determined for samples from experiment 1 because the assay
used for experiment 1 was no longer available and no
other assay with adequate sensitivity was available to
run samples from experiment 2 (collected at a later
time). Samples were assayed in duplicate for estimation
of E2 concentrations using a double antibody RIA after
benzene:toluene extraction. Analysis was performed as
described in Beam and Butler (1997) using a commercially available kit (MaiaZen Estradiol R-FA-120, Zen
Tech SA, Liege, Belgium). Average sensitivity for the
assay was 0.3 pg/mL. A quality control sample (6.5
pg/mL) was added in quadruplicate (2 × 100 μL and
2 × 200 μL) at the beginning and end of each assay to
assess the precision of the assay; intra-assay coefficient
of variation was 16%.
Determination of Circulating Concentrations of LH

Concentrations of LH in plasma samples (200 µL)
from both experiments were determined using 2 difJournal of Dairy Science Vol. 100 No. 9, 2017

ferent double antibody RIA. In experiment 1, assays
(n = 2) were conducted as in Price et al. (1987) with
the modifications described in Butler et al. (2004).
Samples containing known amounts of LH (2.5 ng/mL)
were included at 3 different dilutions at the beginning
and end of each assay. These control samples showed
parallelism with the standard curve. Mean limit of detection, defined as 95% binding, was 0.2 ng/mL; intraand interassay coefficient of variation were 10 and 8%,
respectively.
For LH assays used in experiment 2 (n = 4), bovine
LH (bLH AFP-11118B; National Hormone and Peptide
Program, Harbor-UCLA Medical Center, Torrance,
CA) was used to make iodinated tracer and standards.
Rabbit anti-bovine LH antiserum was used as first antibody (AFP-192279; National Hormone and Peptide
Program, Harbor-UCLA Medical Center). On d 1,
buffer, sample (200 µL) or standards, tracer, and first
antibody were added to assay tubes and incubated at
room temperature for 24 h. On d 2, the secondary antibody was added and incubated at room temperature
for 24 h. Thereafter, tubes were incubated at 4°C for an
additional 24 h. Samples containing high (4.5 ng/mL)
and low (2.5 ng/mL) LH concentrations were included
at the beginning and end of each assay at 3 different dilutions. Control samples showed parallelism with
the standard curve. Mean limit of detection, defined
as 95% binding, was 0.7 ng/mL for the 4 assays. The
intra-assay coefficient of variation was 9 and 13% and
the interassay coefficient of variation was 9 and 26%
for the high and low control sample, respectively. In
both systems the standard curve range was 0.1 to 4 ng,
which is equivalent to 0.5 to 20 ng/mL.
Statistical Analysis

Data from experiments 1 and 2 were analyzed using the same methodology unless stated otherwise. A
surge of LH after treatment (time 0) was defined as an
increase in mean LH concentrations from basal levels
(i.e., mean for −15 and 0 min after treatment) equal or
greater to the mean increase to maximum concentration in nanograms per milliliter of LH observed for cows
in the G100-IM treatment minus 2 standard deviations.
This calculation was conducted separately for experiments 1 and 2. Area under the curve (AUC) for LH
concentration from −15 to 360 min after treatment
was approximated through the trapezoidal method, as
described in Giordano et al. (2012a). For continuous
variables (concentrations of P4, E2, and LH, AUC,
maximum LH concentration, time to maximum LH
concentration, time to ovulation, DIM, BCS, and BW),
normality of residuals and homoscedasticity of variance were verified using graphical methods (Q-Q plot
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and conditional studentized residual plot) generated
with the residual option of the MIXED procedure of
SAS (version 9.4, SAS Institute Inc., Cary, NC). In
both experiments, mean LH concentrations had a nonnormal distribution and studentized residuals showed
heteroscedasticity of variance. Because none of the
data transformation methods used (natural logarithm,
square root, and inverse transformation) eliminated the
heteroscedasticity of variance, the natural logarithm
of LH concentration was used for experiment 1 and
the inverse of LH concentration was used for experiment 2. The final models were selected based on the
lowest value for the Akaike information criterion and
Bayesian information criterion (Littell et al., 2006).
Transformed mean LH concentration values were analyzed using ANOVA with repeated measures using the
MIXED procedure of SAS including the Satterthwaite
approximation. To adjust for varying intervals in blood
sample collection, a spatial power covariance structure
was used. Treatment, time, and the treatment by time
interaction were included as fixed effects. Cow nested
within treatment was included as a random effect in
the models.
Data for P4 concentration at time 0, AUC, maximum LH concentration, and time to maximum LH
concentration had a non-normal distribution and were
transformed to natural logarithm for analysis. The
aforementioned variables and BCS, DIM, BW, size of
the largest follicle at the time of treatment, and E2
concentration at time 0 were analyzed using ANOVA
with the MIXED procedure of SAS with a model that
included treatment as fixed effect. The Tukey post-hoc
mean separation test was used to determine differences
between least squares means. Due to lack of normality
and heteroscedasticity of the data, time to ovulation
was analyzed using the Kruskal-Wallis test with the
NPAR1WAY procedure of SAS, using a model that
included treatment as the classification variable.
Binomial outcomes (proportion of cows with a surge
of LH and ovulatory response after treatment) were
analyzed using Fisher’s exact test with the FREQ procedure of SAS because some treatments had either 0
or 100% of the cows with a positive outcome. Mean
separation analysis was not conducted for binomial
outcomes because we had an insufficient number of
observations for a meaningful comparison.
All values for continuous variables are presented as
arithmetical means and SE generated with the MEANS
procedure of SAS. All proportions were generated using
the FREQ procedure of SAS. All explanatory variables
included as fixed effects in models were considered
significant if P < 0.05, whereas 0.05 ≤ P ≤ 0.10 were
considered a tendency.

RESULTS
Experiment 1

No signs of discomfort were observed after treatment
in any of the cows. No urination or backflow of fluid from
the vagina was observed for up to 45 min after treatment. One cow from the G100 treatment was removed
from the data analysis because it presented elevated P4
(2.1 ng/mL) concentration at the time of treatment. No
statistical difference was observed between treatments
for DIM (P = 0.94) and BCS (P = 0.46).
Size of the Largest Follicle at the Time of
Treatment. Size of the largest follicle was not different
(P = 0.63) among treatments (SAL = 17.5 ± 0.6 mm,
G100-IM = 16.1 ± 1.9 mm, G100 = 17.8 ± 0.3 mm,
G500 = 18.3 ± 0.7 mm, and G1000 = 19.1 ± 2.0 mm).
Circulating Concentrations of P4 and E2 at
Time 0. Mean P4 and E2 concentrations at the time
of treatment were not different (P > 0.1) among treatments (Table 1). All cows had P4 concentrations below
0.5 ng/mL at time 0 except 1 cow from the SAL and 1
cow from the G100 treatment, which had P4 concentrations of 0.8 and 0.9 ng/mL, respectively.
Circulating Concentrations of LH. Treatment
affected (P < 0.001) AUC for LH. Cows in the G100IM treatment had the greatest AUC, whereas cows in
the G1000 treatment had greater AUC than cows in
the SAL and G500 treatments (Table 1). We noted an
effect of treatment (P < 0.001), time (P < 0.001), and
treatment by time interaction (P < 0.001) for mean
circulating LH concentrations (Figure 2).
Treatment affected (P < 0.001) the maximum LH
concentration reached during the sampling period.
Cows in the G100-IM treatment had the greatest maximum LH concentration, whereas cows in the G1000
treatment had greater maximum LH concentration
than cows in the SAL and G500 treatments (Table 1).
Treatment affected (P < 0.001) the proportion of cows
with a surge of LH within 6 h of treatment. None of
the cows in the IVG treatments had an increase in LH
concentrations consistent with a surge of LH as defined
for this experiment (Table 1). Time to maximum LH
concentration was not compared between treatments
because only cows in the G100-IM treatment had a
surge of LH.
Ovulatory Response to Treatment. Although our
study was not designed to validate treatment effects
on binomial outcomes such as ovulatory response, this
outcome was recorded and analyzed. Treatment did
not affect the proportion of cows that ovulated within
48 h of treatment (P = 0.28) or mean time to ovulation
(P = 0.17; Table 1).
Journal of Dairy Science Vol. 100 No. 9, 2017
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Figure 2. Mean (±SE) circulating LH concentrations from −15 min to 6 h after treatment for experiment 1. Seven days after the second
GnRH injection of a modified Ovsynch protocol, cows received 2 PGF2α treatments 12 h apart. Forty-eight hours after the first PGF2α treatment,
cows were randomly assigned to the following treatments: SAL = 2 mL of saline intravaginally (IVG), G100-IM = 100 µg of gonadorelin i.m.,
G100 = 100 µg of gonadorelin IVG, G500 = 500 µg of gonadorelin IVG, G1000 = 1,000 µg of gonadorelin IVG. Blood was collected every 15
min from 15 min pretreatment up to 4 h, and then every 30 min up to 6 h after treatment. There was an effect of treatment (P < 0.001), time
(P < 0.001), and an interaction between treatment and time (P < 0.001) on circulating concentration of LH.

Table 1. Steroid hormone concentration (progesterone and estradiol) at the time of treatment, LH secretion dynamics, and ovulation after
treatment in experiment 1

Treatment

P42 time 0
(ng/mL)

E23 time 0
(pg/mL)

AUC

SAL (n = 6)
G100-IM (n = 5)
G100 (n = 6)8
G500 (n = 8)
G1000 (n = 7)
P-value

0.3 ± 0.1
0.1 ± 0.1
0.2 ± 0.1
0.2 ± 0.1
0.1 ± 0.1
0.25

4.2 ± 0.9
4.6 ± 0.8
4.2 ± 0.4
4.7 ± 0.8
5.4 ± 1.0
0.82

242 ± 63c
1,149 ± 69a
286 ± 36bc
247 ± 55c
546 ± 58b
<0.001

1

a–c

4

Maximum
LH (ng/mL)

LH surge
(%; no.)

Time to
maximum
LH5 (min)

Ovulation6
(%; no.)

Time to
ovulation7 (h)

1.1 ± 0.2c
6.9 ± 0.4a
1.4 ± 0.2bc
1.2 ± 0.1c
2.8 ± 0.6b
<0.001

0 (0)
100 (5)
0 (0)
0 (0)
0 (0)
<0.001

—
81 ± 4
—
—
—
—

67 (4)
100 (5)
50 (3)
75 (6)
86 (6)
0.45

34 ± 5
28
38 ± 3
36 ± 5
37 ± 3
0.17

Different superscripts within a column differ statistically based on Tukey’s mean separation test.
Forty-eight hours after the first of 2 PGF2α treatments given 12 h apart, cows were randomly assigned to receive the following treatments: 2
mL of saline intravaginally (SAL), 100 µg of gonadorelin i.m. (G100-IM), 100 µg of gonadorelin intravaginally (G100), 500 µg of gonadorelin
intravaginally (G500), or 1,000 µg of gonadorelin intravaginally (G1000). Blood samples were collected every 15 min from −15 min to 4 h after
treatment and every 30 min from 4 until 6 h after treatment.
2
P4 = progesterone.
3
E2 = estradiol.
4
AUC = area under the curve.
5
Only for cows that had a surge of LH.
6
Transrectal ultrasonography of the ovaries was performed every 8 h from time 0 until 48 h after treatment to detect ovulation.
7
Standard error of the mean not reported for G100-IM because it was zero.
8
One cow was removed from the data analysis because it presented elevated P4 (2.1 ng/mL) concentration at the time of treatment.
1
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Experiment 2

No signs of discomfort or alteration of the vaginal
mucosa detectable through visual inspection were observed after treatment in any of the cows. One cow
from to the G1000 treatment was removed from the
data analysis because LH concentration at 15 min before treatment were 889% greater than the mean of
the other cows in the G1000 treatment (6.67 vs 0.75
ng/mL). No statistical difference was observed between
treatments for DIM (P = 0.72), BW (P = 0.85), and
BCS (P = 0.98).
Circulating Concentrations of P4 at Time of
Treatment. No statistical analysis was performed for
P4 concentration at time 0 because mean P4 concentrations were at or below the assay detection limit (0.1 ng/
mL) in all treatments (Table 2). None of the cows had
P4 concentrations above 0.2 ng/mL.
Size of the Largest Follicle at the Time of
Treatment. Size of the largest follicle was not different
(P = 0.86) among treatments (SAL = 20.5 ± 1.5 mm,
G100-IM = 18.5 ± 0.5 mm, G1000 = 18.6 ± 0.9 mm,
G1000CA = 19.1 ± 1.0 mm, B80 = 18.9 ± 0.6 mm, and
B80CA = 18.9 ± 1.9 mm).
Circulating LH Concentrations. Treatment affected (P < 0.001) the AUC for LH concentrations. The
AUC was greater for cows in the G100-IM, G1000CA,
and B80CA treatments than for the other IVG treatments (Table 2). Mean circulating LH concentrations
during the experimental period were affected by treatment (P < 0.001), time (P < 0.001), and the treatment
by time interaction (P < 0.001; Figure 3).

Treatment affected (P < 0.001) the proportion of
cows that had a surge of LH within the sampling period
(Table 2). Treatment affected (P < 0.001) maximum
LH concentration during the experimental period because it was greater for the G100-IM, G1000CA, and
B80CA treatments than for the rest of the IVG treatments (Table 2).
Because no cows in the SAL treatment and only 1
cow in the G1000 and B80 treatments had a surge of
LH, these treatments were not included in the analysis
of time to maximum LH concentration. Only cows in
the G100-IM, G1000CA, and B80CA treatments with
an evident LH surge were included in the analysis for
time to maximum LH concentration. Treatment affected (P < 0.001) time to maximum LH concentration
because the G100-IM treatment had the shortest interval from treatment to maximum LH concentration,
and the G1000CA had shorter time to maximum LH
concentration than the B80CA treatment (Table 2).
Ovulatory Response to Treatment. Although our
study was not designed to validly evaluate treatment effects on binomial outcomes, such as ovulatory response,
this outcome was recorded and analyzed. Treatment
did not affect (P = 0.11) the proportion of cows that
ovulated within 48 h of treatment and tended (P =
0.07) to affect mean time to ovulation (Table 2).
DISCUSSION

The main objective of the current research was to
test the feasibility of using intravaginal instillation of
GnRH analogs for inducing a surge of LH in cattle. We

Table 2. Concentration of progesterone at the time of treatment, LH secretion dynamics, and ovulation after treatment in experiment 2

Treatment1
SAL (n = 8)
G100-IM (n = 8)
G1000 (n = 7)7
G1000CA (n = 8)
B80 (n = 8)
B80CA (n = 8)
P-value

P42 time 0
(ng/mL)
0.1
0.1
0.1
0.1
0.1
0.1
—

AUC3

LH surge
(%; no.)

Maximum LH
(ng/mL)

Time to
maximum LH4
(min)

Ovulation5
(%; no.)

Time to
ovulation6
(h)

356 ± 36b
1,781 ± 191a
615 ± 200b
1,977 ± 309a
466 ± 143b
1,946 ± 278a
<0.001

0 (0)
100 (8)
14 (1)
88 (7)
13 (1)
100 (8)
<0.001

1.4 ± 0.4b
9.7 ± 0.9a
3.1 ± 1.3b
9.8 ± 1.5a
1.7 ± 0.6b
9.3 ± 1.5a
<0.001

—
101 ± 8c
—
145 ± 5b
—
185 ± 10a
<0.001

50 (4)
100 (8)
57 (4)
88 (7)
88 (7)
88 (7)
0.11

38 ± 6
28 ± 2
36 ± 5
28
37 ± 5
28
0.07

a,b

Different superscripts within a column differ statistically based on Tukey’s mean separation test.
Forty-eight hours after the first of 2 PGF2α treatments given 12 h apart, cows were randomly assigned to receive the following treatments: 2 mL
of saline intravaginally (SAL), 100 µg of gonadorelin i.m. (G100-IM), 1,000 µg of gonadorelin intravaginally (G1000), 1,000 µg of gonadorelin
plus 10% citric acid intravaginally (G1000CA), 80 µg of buserelin intravaginally (B80), 80 µg of buserelin plus 10% citric acid intravaginally
(B80CA). Blood samples were collected every 15 min from −15 min to 4 h after treatment and every 30 min from 4 until 6 h after treatment.
2
P4 = progesterone.
3
AUC = area under the curve.
4
Only for cows with a surge of LH in the G100-IM, G100CA, and B80CA treatments.
5
Transrectal ultrasonography of the ovaries was performed every 8 h from time 0 until 48 h after treatment to detect ovulation.
6
Standard error of the mean for G1000CA and B80CA not reported because it was zero.
7
One cow was removed from the data analysis because LH concentration at 15 min before treatment were 889% greater than the mean of the
other cows in the treatment (6.67 vs. 0.75 ng/mL).
1
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aimed to induce a surge of LH similar to that induced
after i.m. injection of the labeled dose of GnRH (100
µg of gonadorelin) for synchronization of ovulation in
cattle. In experiment 1, 3 different doses of gonadorelin,
equivalent to 1, 5, and 10 times the labeled i.m. dose
of gonadorelin, were inserted in the vagina of lactating
dairy cows. Results from our experiment indicated that
IVG instillation of gonadorelin did not elicit a surge of
LH of the same magnitude and timing observed after
i.m. injection of a 100 µg dose of gonadorelin. The lack
of response (i.e., no difference from basal LH concentrations up to 6 h after treatment) to the smaller doses of
gonadorelin suggests that either no gonadorelin or less
than the minimum amount required to cause a substantial increase in circulating LH concentrations reached
the pituitary gland. Conversely, the low magnitude but
detectable increase in circulating LH concentrations
observed for cows in the G1000 treatment suggests

that at least part of the gonadorelin was absorbed
and reached the pituitary gland. Although we cannot
rule out the possibility that a surge of LH occurred
after sampling concluded, the rate of absorption or the
amount absorbed was inadequate to elicit release of
large amounts of LH in a surge-like pattern up to the
end of the sampling period.
In 2 experiments, Bas et al. (2012, 2014) compared
intrauterine administration of 100 or 200 µg of gonadorelin with i.m. injection of 100 µg of gonadorelin in
lactating dairy cows. In both cases, intrauterine administration of gonadorelin failed to mimic the LH surge
elicited by i.m. administration. The LH surge observed
was of low magnitude and mean LH concentrations did
not differ from that of cows that received intrauterine
saline. Collectively, the results of our first experiment
and others (Bas et al., 2012, 2014) suggest that absorption of gonadorelin through intact vaginal or uterine

Figure 3. Mean (±SE) circulating concentration of LH from −15 min to 6 h after treatment for experiment 2. Seven days after the second
GnRH injection of a modified Ovsynch protocol, cows received 2 PGF2α treatments 12 h apart. Forty-eight hours after the first PGF2α treatment,
cows were randomly assigned to the following treatments: SAL = 2 mL of saline intravaginally (IVG), G100-IM = 100 µg of gonadorelin i.m.,
G1000 = 1,000 µg of gonadorelin IVG, G1000CA = 1,000 µg of gonadorelin plus 10% citric acid IVG, B80 = 80 µg of buserelin IVG, B80CA =
80 µg of buserelin plus 10% citric acid IVG. Blood was collected every 15 min from 15 min pretreatment up to 4 h, and then every 30 min up
to 6 h after treatment. There was an effect of treatment (P < 0.001), time (P < 0.001), and an interaction between treatment and time (P <
0.001) on circulating concentration of LH.
Journal of Dairy Science Vol. 100 No. 9, 2017
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epithelium of lactating dairy cows is limited, which, in
turn, leads to insufficient absorption of gonadorelin to
induce a surge of LH of similar magnitude and timing
than that observed after i.m. injection.
By design, the endocrine environment at the time
of treatment in cows from experiment 1 was optimal
for LH secretion (Giordano et al., 2012a; Lima et al.,
2013; Pulley et al., 2015). All cows had subluteal (<1
ng/mL) concentrations of P4 and similar circulating
concentrations of E2 to that observed during estrus
(Lucy and Stevenson, 1986) when the endogenous LH
surge responsible for triggering ovulation is elicited by
E2 (Moenter et al., 1990). It is also well known that
cattle that receive i.m. GnRH when circulating concentrations of P4 are low (<1 ng/mL) and circulating concentrations of E2 are high have greater LH release than
when circulating concentrations of P4 are high and E2
concentrations are low (Giordano et al., 2012a; Pulley
et al., 2015; Stevenson and Pulley, 2016). In spite of the
adequate endocrine environment at the time of treatment, IVG instillation of gonadorelin either did not
elicit LH release or the amount released was less than
that observed for cows in the i.m. treatment. Only cows
in the G1000 treatment had a detectable increase in circulating LH (AUC and maximum LH concentration).
Collectively, these observations support the notion that
vaginal absorption was substantially less than after
i.m. injection and the greater amount of gonadorelin
provided to cows in the G1000 treatment only partially
offset poor absorption. Because it is unlikely that the
pharmacokinetics of a GnRH analog is affected after
it reaches the blood stream when given through different routes of administration, we speculated that major
reasons for the poor response to IVG treatment with
gonadorelin were limited passage through the mucosa,
degradation before absorption, or both. Reduced passage (or absorption) may have been the result of the
physical barrier created by the intercellular tight junctions of the vaginal epithelium. Degradation of GnRH
analogs is possible because it has been shown that the
vaginal mucus from various species (i.e., human, sheep,
rat, and rabbit) contains proteolytic enzymes, which
may be able to degrade GnRH analogs (Han et al.,
1995; Acartürk et al., 2001). Although we cannot completely rule out the possibility of a poor response due
to backflow of GnRH, we did not observe backflow from
the vagina for up 45 min after treatment.
Thus, our objective for experiment 2 was to increase
absorption of GnRH analogs through the vaginal mucosa by adding citric acid to the GnRH analog solutions.
Increasing absorption of GnRH analogs was expected to
help induce a surge of LH of at least similar in magnitude
and timing to that observed after i.m. administration
of gonadorelin. In support of our hypothesis, results
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from experiment 2 provided evidence that including
citric acid as an absorption enhancer was a feasible
strategy to induce a surge of LH after IVG instillation
of GnRH analogs in lactating dairy cows. The addition
of citric acid to gonadorelin and buserelin facilitated
the induction of a surge of LH in 88 and 100% of cows
in the G1000CA and B80CA treatments, respectively.
Based on the AUC and maximum LH concentration,
the LH surge was of similar magnitude to that observed
for cows that received gonadorelin i.m. These findings
are in agreement with experiments performed in rats,
where vaginal absorption of the GnRH analog leuprolide increased after addition of citric acid (Okada et al.,
1982, 1983). Addition of this acid facilitates intercellular transport of peptides, as it loosens intercellular
tight junctions by chelating Ca2+ (Cho et al., 1989). In
addition, the reduction in pH may cause alterations to
membrane and peptide charges that facilitate absorption of hydrophilic molecules (Okada et al., 1983).
Addition of citric acid benefited absorption of the
GnRH analogs; however, the similar magnitude of the
LH surge in cows that received 100 µg of gonadorelin
i.m. and cows in the G1000CA and B80CA treatments
suggested that IVG absorption of gonadorelin and
buserelin was less efficient than after an i.m. injection
of gonadorelin. The treatments that included citric acid
also had a clear shift in the timing of LH release, which
resulted in greater intervals from treatment to maximum concentration of LH. This interval was at least 30
to 110 min longer than for cows that received gonadorelin i.m. in the present and other experiments (Giordano et al., 2012a; Picard-Hagen et al., 2015; Pulley et
al., 2015). This delay may have been the consequence of
the additional time required for citric acid to exert its
action on the vaginal epithelium. It also suggests that
the greatest limitation to absorption of GnRH analogs
was the inability to pass through the mucosa rather
than degradation by proteolytic enzymes present in the
vaginal mucus.
We also explored the possibility that the potent
GnRH analog buserelin would elicit greater LH release
than gonadorelin. Our reasoning was that, because
of its greater potency [i.e., ~50 times more potent;
(Chenault et al., 1990; Picard-Hagen et al., 2015)],
buserelin would be less dependent on absorption of
large quantities than gonadorelin. We did not observe
a substantial difference in LH concentrations between
treatments that received gonadorelin or buserelin with
or without citric acid. In fact, the greatest difference
in LH profiles between the 2 analogs was the longer
interval from treatment to maximum LH concentration
in the B80CA treatment. Although this remains speculative, our observations suggest that vaginal absorption
of buserelin might have been less efficient than that of
Journal of Dairy Science Vol. 100 No. 9, 2017
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gonadorelin. Modifications to the molecular structure
of buserelin to increase its potency (Millar, 2005) may
have been responsible for the reduced absorption or a
different response to the reduction in pH.
Our current experiments were not designed to and
were underpowered to evaluate ovulatory response to
treatment. Nevertheless, the observed incidence and
timing of ovulation were intriguing. As expected, all
cows with a surge of LH ovulated within 48 h of treatment, except for 1 cow in the B80CA treatment (data
not shown). Interestingly, 64% of cows that did not
have a surge of LH (data combined from experiments 1
and 2) during the sampling period ovulated within 48
h of treatment. Thus, it is reasonable to speculate that
we could have detected more cows with a surge of LH
if the sampling period was extended. Whether these
LH surges would have been spontaneous or induced by
the IVG treatment with the GnRH analogs would have
been difficult to determine. The fact that 57% of the
cows in the SAL treatment ovulated suggests that, at
least in some cows, a spontaneous and not an induced
LH surge occurred after the end of the sampling period.
Moreover, although it is rather unlikely, we cannot rule
out the possibility that some of these cows had an endogenous LH surge before the time of treatment.
As expected, cows that had a surge of LH during the
sampling period tended to ovulate earlier, and timing
of ovulation for cows that ovulated in the G100-IM,
G1000CA, and B80CA was within the expected time
frame after GnRH treatment (Pursley et al., 1995; Rantala et al., 2009; Giordano et al., 2012a). In spite of the
fact that cows in the G1000CA and B80CA treatments
had a longer interval until LH concentrations reached
their peak, mean time to ovulation was the same in all
treatments. Therefore, the delay in reaching maximum
concentration of LH observed in our experiment may
not substantially affect timing of ovulation in cows.
Additional research with more cows is necessary to
determine if IVG instillation of GnRH analogs leads to
differences in ovulatory response and time to ovulation
as compared with i.m. injection.
CONCLUSIONS

Based on results from experiment 1, we concluded
that gonadorelin absorption through intact vaginal
epithelium was insufficient to elicit a surge of LH of
similar magnitude and timing than that observed after
i.m. injection of gonadorelin. Based on the results of experiment 2, we concluded that citric acid can enhance
absorption of gonadorelin or buserelin through the
vaginal mucosa. A dose of gonadorelin and buserelin 10
times greater than the regularly used i.m. dose of these
GnRH analogs plus 10% citric acid induced a surge of
Journal of Dairy Science Vol. 100 No. 9, 2017

LH of similar magnitude than that induced after i.m.
injection of a 100 µg dose of gonadorelin. More research
is needed to elucidate differences in pharmacokinetics
of GnRH and its analogs after IVG administration
to establish the most appropriate dose, volume, and
vehicle to effectively induce a surge of LH capable of
triggering ovulation in cattle. Results from the current
experiments and previous research on IVG instillation
of PGF2α in lactating dairy cows (Wijma et al., 2016)
support the potential use of the vagina as a route of
administration for reproductive hormones used in synchronization of estrus or ovulation protocols. Demonstrating the feasibility of IVG hormone administration
is a necessary first step for facilitating the development
of automated IVG hormone delivery devices, which, in
turn, might help improve the value of synchronization
of estrus and ovulation protocols for cattle operations.
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