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Abstract

A decline in circulating progesterone concentration plays an important role in the ethiopathogenesis of pseudopregnancy in the

bitch. Because growth hormone (GH) and prolactin (PRL) are essential for normal mammogenesis and the secretion of these

hormones is influenced by changes in the circulating progesterone concentration, the purpose of this study was to investigate the

effects of mid-luteal phase ovariectomy on the 6-h pulsatile plasma profiles of GH and PRL and the basal plasma concentrations of

GH, PRL, and insulin-like growth factor-I (IGF-I) in six beagle bitches.

Ovariectomy was followed by only mild or covert signs of pseudopregnancy. The sharp decrease of the plasma progesterone

concentration was accompanied by decreased basal plasma concentrations of GH and IGF-I and a rise in basal plasma PRL

concentration. GH and PRL were secreted in a pulsatile fashion both prior to and after ovariectomy. The mean basal plasma GH

concentration was significantly higher before ovariectomy than on days 1 and 7 after ovariectomy. The mean area under the curve

above the zero level (AUC0) for GH was significantly higher before than at 7 days after ovariectomy. The mean area under the curve

above basal level (AUCb) and the frequency of GH pulses at 7 days after ovariectomy were significantly higher than before and 1 day

after ovariectomy. Both the mean basal plasma PRL concentration and the mean AUC0 for PRL increased after ovariectomy.

In conclusion, ovariectomy of bitches in the mid-luteal phase stops progesterone-induced GH release from the mammary gland,

as evidenced by the lowering of basal plasma GH levels, the recurrence of GH pulsatility, and the lowering of circulating IGF-I

levels. The sudden lowering of plasma progesterone concentration is probably a primary cause of a prolonged increase in PRL

secretion. These observations underscore the importance of similar, albeit less abrupt, hormonal changes in the cyclical

physiological alterations in the mammary gland and in the development of pseudopregnancy.
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1. Introduction

The oestrous cycle of the Canidae differs consider-

ably from that of other species. In the domestic bitch the

oestrous cycle is characterized by a follicular phase with

spontaneous ovulation, followed by a luteal phase of

about 75 days and a non-seasonal anoestrus of 2–10

months [1]. In contrast to most other mammalian
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species, the bitch has a luteal phase that is comparable

in duration to pregnancy [2,3].

The decline in plasma progesterone concentration in

the second half of the luteal phase may be associated

with the development of overt pseudopregnancy. A mild

or covert form of pseudopregnancy is present in almost

all non-pregnant dogs during this part of the oestrous

cycle [1,4]. Consistent with the concept that a rapid

lowering of plasma progesterone concentration plays a

pivotal role, overt pseudopregnancy often occurs after

ovariectomy performed during the luteal phase. On the

other hand, Gobello et al. [5] found that the abrupt

decrease in progesterone concentration does not

automatically lead to overt pseudopregnancy. In their

study only bitches predisposed to pseudopregnancy

exhibited the typical signs of pseudopregnancy. The

typical signs of overt pseudopregnancy are character-

ized by changes in behaviour, such as nest building,

mothering of objects, reluctance to leave the home, and

aggression. In addition, pseudopregnancy is associated

with proliferation and differentiation of mammary

gland tissue. The mammary glands may develop to such

an extent that the body contour closely resembles that in

late pregnancy or lactation. The mammary secretion

varies from only a few drops of a clear or brownish fluid

to considerable amounts of true milk [6].

It has been suggested that an elevation in plasma

prolactin (PRL) concentration is responsible for the

development and maintenance of pseudopregnancy

symptoms [5–8]. Indeed, the decline in plasma proges-

terone concentration during the second half of the luteal

phase is associated with an increase in the plasma PRL

concentration [9–12]. Furthermore, overt pseudopreg-

nancy can be treated effectively by PRL-lowering drugs.

Because dopamine has been recognised as the main

inhibitory neural signal for PRL release, while several

other substances are known to have PRL-releasing

activity, such as serotonin and oxytocin [13–15],

especially dopamine agonists and serotonin antagonists

are used in the treatment for overt pseudopregnancy [7,8].

PRL plays an essential role in normal mammogen-

esis. Studies in knockout mice lacking the PRL receptor

have revealed that lobuloalveolar development in the

mammary gland is strictly dependent on the presence of

PRL [16]. As alveolar growth and development mainly

occur during advanced stages of mammary develop-

ment, which is during the second part of the luteal phase

in the bitch, the lobuloalveolar development coincides

with the highest plasma PRL concentrations.

Growth hormone (GH) also plays a role in the

development of mammary tissue. During the first stages

of mammary gland formation GH, in concert with GH-
induced insulin-like growth factor-I (IGF-I) and some

of the IGF-binding proteins, contributes to proliferation

of mammary gland epithelium [17]. The secretion of

GH is influenced by progesterone [18]. The high plasma

progesterone concentrations during the first half of the

luteal phase induce elevated plasma GH concentrations

in the bitch [19]. The long exposure to high circulating

progesterone levels during each oestrous cycle may

even result in GH excess [20]. The progesterone-

induced GH production in this species occurs in foci of

hyperplastic ductular epithelium of the mammary gland

[21].

It is now generally accepted that GH and PRL are

secreted in a pulsatile fashion and that analysis of this

pattern of secretion is more sensitive to identify changes

in hormone release than basal hormone concentrations.

Data concerning the effects of ovariectomy during the

mid-luteal phase on the pulsatile plasma GH and PRL

profiles and the basal plasma GH and IGF-1 concentra-

tions are lacking in the bitch. Therefore, the purpose of

this study was to investigate the influence of mid-luteal

phase ovariectomy, i.e., a sudden decrease in plasma

progesterone concentration, on the basal levels and 6-h

pulsatile plasma profiles of these hormones in six beagle

bitches. In addition, the development of pseudopreg-

nancy in these bitches was investigated.

2. Materials and methods

2.1. Animals

Six healthy beagle bitches, 7–9 years of age and

having no history of overt pseudopregnancy, were used

in this study. They were accustomed to the laboratory

environment and procedures such as collection of blood

samples. They were housed in pairs in indoor–outdoor

runs, fed a standard commercial dog food once daily,

and given water ad libitum.

All dogs were examined three times per week for the

presence of swelling of the vulva and serosanguinous

vaginal discharge, which were considered to signify the

onset of pro-oestrus. From the onset of pro-oestrus,

plasma progesterone concentration was measured three

times per week until it exceeded 16 nmol l�1, which is

when ovulation is assumed to occur [22–24].

Each bitch was ovariectomized at 25–40 days after

ovulation. After premedication with 0.05 mg atropine

kg�1 body mass i.m. and 2 mg carprofen kg�1 body

mass i.v. anaesthesia was induced with 5 mg propofol

kg�1 body mass i.v. and 15 mg fentanyl kg�1 body mass

i.v. After endotracheal intubation, anaesthesia was

maintained with 50% O2 and 50% N2O at 1 l/min,
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together with 20 mg propofol kg�1 body mass and 10–

20 mg fentanyl kg�1 body mass per hour (constant

infusion). The surgery was performed as described

previously [25].

2.2. Sample collection

The study protocol was approved by the Ethics

Committee of the Faculty of Veterinary Medicine,

Utrecht University, The Netherlands.

Blood samples were collected at 15-min intervals

between 08:00 and 14:00 h, 6 days before, 1 day after,

and 7 days after ovariectomy. Blood samples taken at

15-min interval are sufficient to recognize pulses of

PRL and GH in this stage of the luteal phase [12]. In

addition, blood samples for measurement of the plasma

concentrations of GH and PRL were collected daily

from 4 days before until 7 days after ovariectomy. Blood

samples for measurement of the plasma concentrations

of progesterone and IGF-I were collected on alternate

days from 4 days before until 7 days after ovariectomy.

Blood samples were collected by jugular venipuncture

in chilled EDTA-coated tubes and the plasma was stored

at �20 8C until assayed.

2.3. Hormone measurements

Plasma GH concentrations were measured by a

homologous radioimmunoassay (RIA) as described by

Eigenmann and Eigenmann [20]. The intra-assay and

interassay coefficients of variation were 3.8% and 7.2%,

respectively. The sensitivity of the assay was 0.3 mg l�1.

Plasma IGF-I concentrations were measured by a

heterologous RIA as described previously [26]. The

intra-assay and interassay coefficients of variation were

4.7% and 15.6%, respectively, at an IGF-I concentration

of 175 mg l�1. The sensitivity of the assay was 6 mg l�1.

Plasma progesterone concentrations were measured

by a previously validated RIA [27,28]. The intra-assay

and interassay coefficients of variation were 11% and

14%, respectively. The sensitivity of the assay was

0.13 nmol l�1.

Plasma concentrations of PRL were measured by a

previously validated heterologous RIA [28]. The intra-

assay and interassay coefficients of variation were 3.5%

and 11.5%, respectively. The sensitivity of the assay

was 0.8 mg l�1.

2.4. Data analysis

The 6-h plasma profiles of PRL and GH were

analysed using the Pulsar programme developed by
Merriam and Wachter [28]. The programme identifies

pulses by height and duration from a smoothed baseline,

using the assay S.D. as a scale factor. The cut-off

parameters G1–G5 of the Pulsar programme were set at

3.98, 2.4, 1.68, 1.24, and 0.93 times the assay S.D., as

criteria for accepting pulses 1, 2, 3, 4, and 5 points wide,

respectively, resulting in a false-positive error rate of

less than 5%. The smoothing time, a window used to

calculate a running mean value, was set at 5 h. The

weight assigned to peaks was 0.05 for the plasma

profiles of GH and 0.1 for the plasma profiles of PRL.

The A, B, and C values of the Pulsar programme, used to

calculate the variance of the assay, were set at A = 0,

B = 7.2, and C = 5 for the plasma profile of GH, and

A = 0.29, B = 3.56, and C = 28.9 for the plasma profile

of PRL. The values extracted from the Pulsar analyses

included the overall mean of the smoothed baseline

(basal plasma hormone concentration), the number of

peaks, the area under the curve above the baseline

(AUCb) and the area under the curve above the zero

level (AUC0).

Differences in the AUCs and the basal plasma

hormone concentrations were evaluated by analysis of

variance (ANOVA) for repeated measures and differ-

ences in pulse frequency were evaluated by the

Friedman test. Subsequently, multiple comparisons

were performed using the Student–Newman–Keuls

test. The average of the mean plasma concentrations

before and that after ovariectomy was compared with

Student’s t-test for paired samples. Data are expressed

as mean � S.E.M. or as median and/or range. P < 0.05

was considered significant.

3. Results

There were mild signs of covert pseudopregnancy

after ovariectomy: the mammary glands were slightly

swollen and drops of fluid could be milked from them.

The average of the mean plasma progesterone

concentrations before ovariectomy (41 � 9 nmol l�1)

was significantly higher (P = 0.009) than that after

ovariectomy (0.9 � 0.3 nmol l�1). One day after ovar-

iectomy the mean plasma progesterone had already

decreased to 2.9 � 0.7 nmol l�1. The average of the

mean plasma GH concentrations before ovariectomy

(2.6 � 0.3 mg l�1) was significantly higher (P = 0.005)

than that after ovariectomy (1.2 � 0.3 mg l�1) (Fig. 1).

Similarly, the average of the mean plasma IGF-I

concentrations before ovariectomy (180 � 15 mg l�1)

was significantly higher (P = 0.02) than that after

ovariectomy (117 � 7 mg l�1). The average of the mean

plasma PRL concentrations before ovariectomy
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Fig. 1. Mean (�S.E.M.) plasma concentrations of PRL (*) and GH

(*). Blood samples were collected daily, from 4 days prior to until 7

days after ovariectomy. The day on which ovariectomy (OVX) was

performed is indicated by an arrow.
(3.4 � 0.4 mg l�1) was significantly lower (P < 0.05)

than that after ovariectomy (6.0 � 1.2 mg l�1) (Fig. 1).

Analysis of the plasma profiles of GH and PRL by

the Pulsar programme revealed that both hormones

were secreted in a pulsatile fashion, both prior to and

after ovariectomy (Fig. 2). The mean basal plasma GH

concentration before ovariectomy was significantly

higher (P = 0.004) than at 1 and 7 days after

ovariectomy. The mean AUC0 for GH before ovar-

iectomy was significantly higher (P = 0.04) than at 7

days after ovariectomy. In contrast, the mean AUCb for
Fig. 2. The 6-h plasma profiles of GH and PRL 6 days before, 1 day after, an

samples were collected at 15-min intervals between 08:00 and 14:00 h. Signi

asterisk.
GH at 7 days after ovariectomy was significantly higher

(P = 0.003) than before and 1 day after ovariectomy.

The frequency of GH pulses at 7 days after ovariectomy

was also significantly higher (P = 0.01) than before and

1 day after ovariectomy (Table 1). The mean basal

plasma PRL concentration before ovariectomy was

significantly lower (P = 0.03) than at 1 and 7 days after

ovariectomy. Similarly, the mean AUC0 for PRL before

ovariectomy was significantly lower (P = 0.002) than at

1 and 7 days after ovariectomy. The differences in the

AUCb for PRL pulses before and at 1 and 7 days after

ovariectomy were not significant (Table 1).

4. Discussion

Ovariectomy of the beagle dogs during the mid-

luteal phase resulted in significant changes in the

secretion of progesterone, GH, IGF-I, and PRL. The

sharp decrease in plasma progesterone concentration

was accompanied by a decrease in basal plasma GH

concentration and the AUC0 for GH. These observations

are in agreement with previous findings by Kooistra

et al. [19], who found basal GH secretion to be higher

during stages in which plasma progesterone concentra-

tion was high. Also, Selman et al. [18] reported that

plasma GH concentration was higher during the luteal

phase than during anoestrus. This phenomenon can be

explained by the fact that canine mammary gland

expresses the gene encoding GH and that its expression
d 7 days after ovariectomy (OVX) in a 9-year-old beagle bitch. Blood

ficant pulses, calculated by the Pulsar programme, are indicated by an



W.M. Lee et al. / Theriogenology 66 (2006) 484–490488

Table 1

Characteristics of the 6-h plasma profiles of GH and PRL in six beagle bitches

6 days before OVX 1 day after OVX 7 days after OVX

GH

Basal GH (mg l�1) 1.9 � 0.4 a,b 1.2 � 0.4 a 0.3 � 0.1 b

AUC0 (mg l�1 � 6 h) 12.5 � 2.6 a 8.0 � 2.4 5.6 � 0.9 a

AUCb (mg l�1 � 6 h) 1.4 � 0.9 a 1.0 � 0.4 b 4.6 � 0.9 a,b

Freq (pulses/6 h) 0–3 a 0–4 b 4–6 a,b

PRL

Basal GH (mg l�1) 3.2 � 0.2 a,b 5.0 � 0.4 a 4.4 � 0.3 b

AUC0 (mg l�1 � 6 h) 20.6 � 1.3 a,b 33.1 � 3.4 a 33.7 � 5.4 b

AUCb (mg l�1 � 6 h) 1.3 � 0.3 3.6 � 1.8 7.4 � 5.0

Freq (pulses/6 h) 0–2 0–4 0–3

The values are expressed as mean (�S.E.M.) or range. The plasma profiles were measured 6 days before, 1 day after, and 7 days after ovariectomy

(OVX). Basal, basal plasma hormone concentration; AUC0, area under the curve above the zero level; AUCb, area under the curve above the baseline;

Freq, number of pulses per 6 h. A letter indicates a significant difference from the observation with the same letter.
is highly stimulated by progesterone [21,29]. This

progesterone-induced mammary GH production

leads to production of IGFs, whereby their growth-

promoting effect is modulated by IGF-binding

proteins [17]. In the progesterone-dominated phase

of the oestrous cycle these hormonal changes

promote the physiological proliferation and differ-

entiation of mammary gland tissue. The GH produced

in the canine mammary gland also reaches the

systemic circulation, which explains the increased

plasma GH level during the luteal phase. The long

lasting exposure to high circulating levels of

progesterone during each oestrous cycle may even

result in GH excess, leading to acromegaly and/or

diabetes mellitus [30].

Progesterone-induced, non-episodic GH secretion

from the mammary gland may result in partial

suppression of the pulsatile release of GH by the

pituitary. Indeed, loss of GH pulsatility has also been

reported in the bitch during progestagen-induced GH

excess [31]. The cessation of suppression of pituitary

GH secretion by progesterone-induced mammary GH

may explain the significant increase in both the AUCb

and the pulse frequency for GH at 7 days after

ovariectomy.

Mean plasma IGF-I concentration before ovar-

iectomy was significantly higher than that after

ovariectomy. This can be ascribed to the elevated

plasma GH levels during the luteal phase. The effects

of GH can be divided into rapid metabolic effects and

slow hypertrophic effects. The latter effects are

mediated by IGF-I. The elevated circulating GH levels

during the luteal phase most likely resulted in increased

IGF-I secretion from the liver and the kidneys [32]. The

elevated plasma IGF-I levels may have contributed to

the loss of GH pulsatility before ovariectomy, via a
feedback effect on hypothalamic somatostatin secretion

[33].

The average of the mean plasma prolactin concen-

trations determined in these six bitches before surgery

(3.4 � 0.4 mg l�1) were similar to the concentrations

determined in Beagle bitches with the same housing

facilities using the same RIA method as used in an

earlier study in a comparable stage of the luteal phase

(3.0 � 0.4 mg l�1) [12].

Stress of surgery and anaesthesia may cause a sharp

increase of PRL, which can last for 30 h [24]. It is

however, likely that the increased PRL secretion 1 day

after ovariectomy at least partially, and at 7 days after

ovariectomy totally was due to the decline in plasma

progesterone concentration. Galac et al. [34] demon-

strated a sharp increase in plasma PRL concentration in

pregnant bitches after the administration of a proges-

terone receptor blocker. Also, in pregnant and overtly

pseudopregnant bitches plasma PRL concentration

begins to rise 4 weeks after ovulation, which coincides

with the initial decline in plasma progesterone

concentration [4,9,10]. Even in bitches that are not

overtly pseudopregnant and have relatively low plasma

PRL concentrations, the gradual decrease in plasma

progesterone concentration during the second half of

the luteal phase is associated with an increase in PRL

release [12].

Ovariectomy in the mid-luteal phase in our bitches,

without a history of pseudopregnancy, only resulted in

some mammary enlargement and some milk secretion

(covert pseudopregnancy). Gobello et al. [5] also

reported that bitches having no history of pseudopreg-

nancy do not develop overt pseudopregnancy after

ovariectomy during the luteal phase.

Overt pseudopregnancy is a common problem in

Afghan hounds [7]. The mean plasma PRL concentration
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in the second half of the luteal phase in the

pseudopregnant bitches is significantly higher than that

in non-pseudopregnant bitches of this breed during the

first part of the luteal phase. The latter PRL values are

similar to the mean plasma PRL level during the entire

luteal phase in beagle bitches having no history of overt

pseudopregnancy [7]. Although the plasma PRL con-

centration in the beagle bitches in the present study

increased significantly after ovariectomy, the mean basal

plasma PRL concentration was much lower than that

observed in the pseudopregnant Afghan hounds. This

suggests that high plasma PRL concentrations are

required for the development of overt pseudopregnancy.

It may therefore be expected that in bitches regularly

developing overt pseudopregnancy the increase in PRL

after ovariectomy will be greater and more sustained than

in bitches having no history of pseudopregnancy,

although levels of circulating prolactin do not necessarily

determine the development of pseudopregnancy. An

universal circulating prolactin threshold for triggering

pseudopregnancy in the bitch is unlikely to exist. In

addition, research in women has uncovered a degree of

molecular heterogeneity for prolactin with different

biopotencies associated with varying molecular forms of

the hormone [35]. In dogs, the presence of molecular

heterogeneity for PRL was recently reported in

metoestrous bitches. Therefore, differences in the

bioactivity versus immunoreactivity ratios of canine

PRL in some bitches could account, at least partly, for the

lack of consistency between immunoassayable circulat-

ing levels of canine PRL and the presence of a biological

response, namely pseudopregnancy [36]. However, it is

likely that by measuring prolactin levels in the same bitch

a significant rise will be observed at the start of overt

pseudopregnancy [7]. This may be a reason to avoid

ovariectomy in the luteal phase in bitches which regularly

have shown symptoms of overt pseudopregnancy.

In conclusion, ovariectomy of bitches in the mid-

luteal phase stops progesterone-induced GH release

from the mammary gland, evidenced by lowering of the

basal plasma GH concentration, the recurrence of GH

pulsatility, and lowering of the circulating IGF-I

concentration. In addition, ovariectomy also causes

plasma PRL concentration to rise, probably due to the

sudden decline in plasma progesterone concentration.

Because GH, in concert with IGF-I and some of the

IGF-binding proteins, contributes to proliferation of

mammary gland epithelium and because PRL promotes

lobuloalveolar development, the transition from pro-

gesterone-induced elevated GH levels to a PRL-

dominated phase may facilitate the development of

pseudopregnancy. However, in bitches with no history
of overt pseudopregnancy, only minor signs of

pseudopregnancy may be expected.
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