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ARTICLE INFO ABSTRACT

Keywords: Objective: Lactation involves significant neuroendocrine changes. The elevated prolactin (PRL) release from the
Lactation pituitary, induced markedly by suckling, is the most relevant example. Suckling also causes a significant and
Prolactin rapid elevation in growth hormone (GH) levels. GH is necessary for milk synthesis as milk yield is stopped
IGF-1 completely in the absence of PRL and GH, while the absence of PRL alone causes only a 50% reduction. Insulin-
I(;GI;BPS like growth factor-1 (IGF-1) plays an important role in the GH axis. GH exerts its effects through IGF-1 in the
Neuropeptides periphery, for example in the mammary gland. In addition, IGF-1 is responsible for the long-loop feedback

control of GH secretion.

Design: IGF-1 secretion has not been established yet in mothers. Therefore, in the present study, we investigated
the effect of suckling on serum IGF-1 level in rat mothers and correlated it with serum PRL levels. We examined a
potential mechanism of the regulation of IGF-1 level during suckling by administering IGF-1 into the lateral
ventricle of rat mothers continuously for 12 days, or acutely, right before the start of suckling.

Results: We described that suckling affected IGF-1 release based on one-way repeated measures ANOVA
(F = 10.8 and p < 0.001) and caused a marked increase of IGF-1 level 30 min after the start of suckling
(p < 0.001). We demonstrated a significant (p < 0.05; the correlation coefficient was 0.29) correlation to PRL
level during suckling which supports that PRL could induce IGF-1 release. The prolonged central IGF-1 ad-
ministration diminished the suckling-induced IGF-1 surge (F = 9.19 and p < 0.001) while the acute treatment
did not have any effect compared to artificial cerebrospinal fluid injection, analysed with two-way repeated
measures ANOVA.

Conclusions: In conclusion, suckling induces IGF-1 release either by elevating PRL or GH. Long-loop feedback via
IGF-1 in the GH axis can diminish this action.

or naloxone can suppress the suckling-induced increase in GH plasma
level [7], although the regulation of this process remains to be de-
termined.

1. Introduction

Lactation is a physiological state characterized by hormonal

changes, such as marked alterations in prolactin (PRL), gonadal steroid
and growth hormone (GH) levels. GH is suggested to play an important
role in the maintenance of lactation in the rat: milk yield is reduced by
approximately 50% in the absence of PRL while milk yield is totally
stopped in the absence of PRL and GH [1]. GH is necessary for the
synthesis of milk with normal composition including its effect on the
uptake of nutrients used for milk synthesis and secretory cell activity
[2]. It is also known that GH treatment enhances milk production in
human, too [3]. These lactation-promoting effects of GH are in line with
the suckling-induced GH release: plasma GH significantly increases
after the return of the pups in rats and pigs [4-6]. Inhibition of GHRH

GH released from the pituitary stimulates the expression of insulin-
like growth factor-I (IGF-1) in the liver and other peripheral tissues, as
IGF-1 is the main mediator of the actions of GH. GH is ineffective by
acting directly on mammary tissue, whereas IGF-1 stimulates milk
yield, supporting the important impact of IGF-1 on lactation. IGF-1
increased blood flow to the mammary gland as well as milk synthesis
[8,9]. IGF-1 is as an important survival signal for the lobular-alveolar
mammary epithelial cells. Its expression, together with that of Insulin-
like growth factor binding protein-3 (IGFBP-3), is elevated during lac-
tation in these cells [10,11]. Furthermore, they can modify the in-
volution process in late lactation by promoting the survival of the cells
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in a transgenic overexpression model [10,11]. IGF-1 can also act in the
mammary gland as a paracrine factor, because GH affects stroma cells
to produce IGF-1 which can promote the survival of epithelial cells
[12]. Nevertheless, the IGF-1 plasma level during suckling remained to
be determined. Not only pituitary GH but also PRL can increase cir-
culating IGF-1 levels, acting directly within the liver. In hypophy-
sectomised rat, single injection of PRL resulted in a moderate increase
in serum IGF-1 level and a 15-fold increase in hepatic IGF-1 mRNA
expression [13]. Correlation between IGF-1 and PRL levels during
suckling has not been investigated, although suckling induces PRL re-
lease from the pituitary, and can in turn affect circulating IGF-1 levels.

IGF-1 plays an important role in the long-loop feedback control of
GH release, too. Intracerebroventricular (icv.) administration of IGF-1
results in a decrease in GH pulse amplitude, in hypothalamic GHRH
synthesis and secretion, and an increase in hypothalamic somatostatin
expression [14,15]. In humans, sustained IGF-1 infusion causes a re-
duction in GH pulse frequency [16]. In addition, we showed in our
previous study that prolonged icv. IGF-1 treatment induced tyrosine-
hydroxylase expression and phosphorylation in the tuberoinfundibular
dopaminerg neurons of the arcuate nucleus [17]. The enhanced dopa-
mine release from these neurons suppressed suckling-induced PRL re-
lease from the pituitary, and pup weight gain, suggesting reduced lac-
tation [17]. We addressed the effect of centrally administered IGF-1 on
IGF-1 serum level during suckling in the present study, to test if IGF-1
can act as a feedback signal.

In the present study, we measured IGF-1 plasma levels in response
to suckling and also correlated it with PRL levels. In addition, we in-
jected icv. IGF-1 acutely via cannulas and also used prolonged icv.
Administration via osmotic minipumps connected to brain infusion Kkits,
to examine its effect on plasma IGF-1 level during suckling in mother
rats.

2. Materials and methods
2.1. Animals

All animal experimentations were approved by the Animal
Examination Ethical Council of the Animal Protection Advisory Board
at the Semmelweis University, Budapest, and met the guidelines of the
Animal Hygiene and Food Control Department, Ministry of Agriculture,
Hungary. A total of 41 female Wistar rats (250-300 g adult body
weight; Charles Rivers Laboratories, Budapest, Hungary) were used in
this study. Animals were kept on standard laboratory conditions at a
temperature of 22 * 1 °C, with 12-h light, 12-h dark periods (lights on
at 06:30), and supplied with dry rat food and drinking water ad libitum.
For mating, two female and a male rat were kept in a cage for 7 days.
After that, potentially pregnant female rats as well as lactating rat dams
with litters were kept in cages individually. Rats were anesthetized
between 9 and 10 AM with an intramuscular injection of anaesthetic
mix containing 0.3 ml/300 g body weight ketamine (67 mg/kg) and
0.2 ml/300 g body weight xylazine (13 mg/kg) before implantation of
osmotic minipumps, icv. cannula or jugular cannula.

2.2. Implantation of jugular cannula

On the 13th postpartum day, rat dams received 25-mm-long sterile
polyethylene jugular cannulas (Plastics One) under ketamine-xylazine
anaesthesia as described above [18]. The cannulas were filled with
heparinized saline to prevent clotting of the blood.

2.3. Blood sampling before and during suckling

On the following day, we obtained blood — 0.3 ml each time - via
jugular cannulas to measure serum PRL and IGF-1 levels in response to
suckling: first before taking away the pups for 4 h, second before re-
turning the pups (baseline control) and also at 15, 30, 60 min after the
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return of the pups. The volume of blood taken was 0.3 ml each time,
and the same amount of heparinized saline was injected back into the
circulation. Blood was centrifuged at 4 °C for 10 min at 12.000 g and
the supernatant was stored at — 20 °C for hormone assays.

2.4. Measurement of PRL and IGF-1 levels with hormone assays

Serum PRL level was measured with RIA, which was processed as
described previously [18]. IGF-1 level was measured by ELISA with the
Thermo Scientific™ Pierce™ Rat IGF-1 ELISA Kit (Thermo Scientific,
Frederick, MD, USA) according to the protocol suggested by the man-
ufacturer.

2.5. Implantation of icv. cannulas, osmotic minipumps and brain infusion
kits

Osmotic minipumps injecting continuously for 14 days (ALZET
Micro-Osmotic Pump Model 2002, Durect™, Cupertino, CA, USA),
loaded with IGF-1 (4 pug/ul; 48 pg IGF-1/day, PeptideSciences™) or ar-
tificial cerebrospinal fluid (ACSF; 147 mM NaCl, 3.5 mM KCl, 2 mM
CaCl2, 1mM MgCl2, pH=7.2) and connected to in-
tracerebroventricular cannulas were used in rat dams (n = 7-7). For
icv. implantation of the cannulas, rats were anesthetized as described
above, and fixed in a stereotaxic apparatus. The skin was cut over the
skull and a hole of about 1 mm diameter was drilled into the left side of
the skull above the lateral ventricle positioned at the following co-
ordinates: anteroposterior, — 0.5; lateral, 1.4; ventral, 3.6 mm from the
bregma. Cannulas (ALZET Brain Infusion Kit 2, Durect™) were inserted
into the lateral ventricle and fixed to the skull with cranioplastic ce-
ment on the 2nd postpartum day. The pumps were placed sub-
cutaneously (s.c.) at the back of the animal. After the operation,
Tardomyocel® comp. III antibiotics (0.1 ml/kg body weight) was given
s.c. to the animals for 5 days to prevent infections. On the 4th post-
partum day, icv. cannulas were implanted in 13 additional rat dams to
investigate acute effects as described previously [19]. On the day of
blood sampling during suckling, IGF-1 (0.2 pg/pl, a total of 5 ul injected
for 5 min) or ACSF was administered icv. Starting at 5 min before the
return of the pups.

2.6. Statistical analysis

Statistical analysis was performed with Statistica 13.2 Software
(Dell Inc., Round Rock, TX, USA). Normality was tested with Shapiro-
Wilk's test. We used one-way repeated measures ANOVA and Dunnett's
post-hoc analysis to describe the effect of suckling on serum IGF-levels.
Spearman's rank correlation was used to detect the correlation between
serum PRL and IGF-1 levels during suckling. We performed two-way
repeated measures ANOVA and Newman-Keuls post-hoc analysis to test
whether the acute or chronic icv. IGF-1 administration affects serum
IGF-1 levels. Levene's test was used to examine the homology of var-
iances before the two-way repeated measures ANOVA.

3. Results
3.1. Suckling-induced IGF-1 elevation

IGF-1 and PRL levels were measured on the 14th day postpartum in
lactating rat dams (n = 14) (Fig. 1). At 8 AM, that is 4 h before the
removal of the pups, serum IGF-1 concentration was 69.38 = 8.10 ng/
ml while PRL level was 142.86 = 14.30 ng/ml. Separation of the pups
did not cause any significant effect on IGF-1 concentration as it was
72.63 = 4.39 ng/ml at the end of isolation, whilst PRL level decreased
to a basal 12.46 = 2.30 ng/ml level in the serum. After the return of
the pups, suckling started immediately. Suckling induced PRL release as
its serum level started to rise significantly after 15 min and reached a
peak at 30 min: 138.16 = 22.33ng/ml  (after 15 min),
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Fig. 1. Suckling-induced IGF-1 and PRL elevation

The diagram shows serum IGF-1 and PRL levels during the isolation-suckling protocol.
The x-axis shows time in a nonlinear fashion. Below the x-axis, the periods of pup se-
paration and suckling are indicated with gray arrows. IGF-1 serum concentration did not
change during the isolation of pups, whilst PRL decreased to a minimal level. Suckling
induced a significant elevation of the IGF-1 level at 30 min and of the PRL level at 15 and
30 min after the return of the pups compared to the level right before the return, analysed
with Dunnett post-hoc test (*** = p < 0.001).

200.98 + 27.28 ng/ml (after 30 min), 133.83 + 21.08 ng/ml (after
60 min). IGF-1 serum concentration also showed a significant increase
in response to suckling, with a maximum after 30 min:
79.98 + 5.56 ng/ml (after 15min), 121.18 *= 8.53ng/ml (after
30 min), and 97.65 *= 10.08 ng/ml (after 60 min). Suckling had a
significant effect on the serum IGH-1 level as established with one-way
repeated measures ANOVA (F = 10.8,p < 0.001). The increases in the
serum levels of both hormones were significant after return of the pups
as compared to the levels before the return of the pups (p < 0.001 at
15 and 30 min in PRL level, and p < 0.001 at 30 min in IGF-1 level) as
established with Dunnett post-hoc analysis.

3.2. Serum IGF-1 level correlates with PRL during suckling

We examined the correlation between the IGF-1 and PRL levels
during suckling (Fig. 2.). We found a significant (p < 0.05) correlation
between suckling-induced serum IGF-1 and PRL levels with Spearman
rank correlation. The correlation coefficient was 0.29.
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Fig. 2. Serum IGF-1 correlates with PRL during suckling

The scatterplot shows IGF-1 and PRL serum concentrations from measurements during
the suckling period at 15, 30, 60 min after the return of the pups. Each plot represents a
single blood sample, in which both IGF-1 and PRL levels were measured. We established a
significant positive correlation between IGF-1 and PRL levels during suckling.
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3.3. Prolonged icv. IGF-1 administration diminishes suckling-induced IGF-1
surge

We examined the effects of continuous icv. IGF-1 administration on
the suckling-induced IGF-1 surge (Fig. 3). Rat mothers (n = 7) received
IGF-1 icv. (4 pg/ul; 48 ug IGF-1/day) or ACSF (n = 7) via osmotic
minipumps connected to brain infusion kits continuously for 12 days.
We examined the suckling-induced IGF-1 surge on the 14th day post-
partum in the above described isolation-suckling protocol. Serum IGF-1
concentrations were as follows in ng/ml: 88.31 *+ 9.46 (before isola-
tion), 91.32 + 8.72 (before the return of pups), 78.5 = 9.14 (15 min
after the return of the pups), 149.74 + 9.97 (after 30 min), and
77.51 * 6.05 (after 60min) in the control group, while
100.33 = 9.49 (before isolation), 95.34 + 9.53 (before return of
pups), 104.3 + 7.57 (after 15 min), 110.13 * 9.03 (after 30 min) and
128.07 = 10.16 (after 60 min) in the IGF-1-treated group. Analysis of
the results with two-way repeated measures ANOVA revealed that both
suckling (p < 0.001) and treatment (p < 0.001) had significant effect
on the serum IGF-1 levels. Using post-hoc analysis, we could also es-
tablish that suckling caused a marked surge at 30 min in the control
group: it was significant compared to the level before suckling
(p < 0.001) and to the level of IGF-treated group in the same time
(p < 0.01). There was a delay in the IGF-treated group and a less
significant surge at 60 min. Serum IGF-1 concentration of the treated
group at 60 min was significantly higher compared to the level before
suckling (p < 0.05) and to the level of control group at the same time
point (p < 0.01). Post-hoc analyses were conducted with Newman-
Keuls test.

3.4. Acute IGF-1 icv. administration has no effect on suckling-induced IGF-
1 increase

We also addressed the possible rapid effect of icv. IGF-1 on suckling-
induced IGF-1 and PRL increases. We administered icv. IGF-1 (0.2 pg/
ul, total of 5 pul/animal) or ACSF as control to rat mothers (n = 7 and 6,
respectively) 5 min before the return of the pups in the same experi-
mental protocol of isolation and suckling as described above (Fig. 4).
The treatment did not have any effect on the suckling-induced elevation
of IGF-1 and PRL levels, which were both significant (p < 0.05) at
15 min after the return of the pups as compared to the levels at the end
of isolation based on Newman-Keuls post-hoc analyses. Serum IGF-1
concentrations in ng/ml were 51.4 7.79, 53.54 + 5.25,
83.82 + 8.44, 86.66 = 10.14 and 97.12 10.82 in IGF-1 treated
mothers, and 54.09 * 10.21, 48.2 *= 4.65, 78.16 * 7.55,
93.16 = 12.47 and 96.06 + 8.33 in the control group. Serum PRL
levels in ng/ml were as follows: 108.16 + 17.2, 15.25 + 3.92,
102.87 = 36.92, 146.4 * 33.53, 115.2 = 29.98 in IGF-1 treated
mothers, and 124.68 *+ 6.33, 19.48 = 6.03, 118.42 + 31.97,
139.15 = 49.55, 135.48 = 23.84 in the control mothers, respec-
tively.

+ o+

4. Discussion

The significant suckling-induced elevation of serum IGF-1 level,
which was established at 30 min after the beginning of suckling, was a
major novel finding of the study. Although there is no difference in the
basal IGF-1 level between lactating and non-lactating rat dams [20],
return of the pups after a 4 h long isolation caused a rapid onset of
suckling and a later a significant IGF-1 surge. The time course of in-
crease in IGF-1 level was similar to the increase in GH and in PRL levels
[7] in response to suckling. PRL concentration elevated earlier, there
was a significant change as compared to its basal level detected at the
end of isolation period even at 15 min after the onset of suckling. The
induction of IGF-1 was slower, but it reached its maximum at 30 min,
like the PRL surge did. In addition, during the suckling period, we found
a significant correlation between serum PRL and IGF-1 levels, which



A.H. Léké et al.

Growth Hormone & IGF Research 37 (2017) 7-12

Fig. 3. Continuous icv. IGF-1 diminishes the suckling-induced IGF-1

surge
The diagram shows serum IGF-1 levels during the isolation-suckling
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suggests that it might be an association between these two hormones.
We assume that the most probable source of the rapid increase of serum
IGF-1 level might be its secretion from the liver, because this organ
contributes approximately 70% of the total circulating IGF-1 [21].
Other peripheral tissues can also produce IGF-1, but mainly for auto-
crine and paracrine purposes [22]. Suckling can stimulate IGF-1 either
via GH or PRL. On the one hand, the GHRH dependent, suckling-in-
duced GH release [7] can induce IGF-1 release either from the liver or
from other peripheral tissues including the mammary gland [23]. On
the other hand, PRL can also increase circulating IGF-1 levels acting
directly within the liver [13], although these results are somewhat in-
consistent in the literature. English et al. found that hepatic portal vein
infusion of PRL stimulated the growth of the mammary lobulo-alveolar
system more than external jugular vein infusion did, but it was not
effective in elevating serum IGF-1 concentrations [24]. PRL could in-
fluence IGF-1 concentration by altering the level of IGF binding pro-
teins, too. Thus, PRL elevated IGFBP-3 and decreased IGFBP-1 and 2
levels by changing their hepatic expression [25,26]. IGFBP-3 is the
major carrier protein of IGF-1 in the circulation, which can also

IGF-ILicv. (0.2 pg/pnl)

elongatethe half-life of IGF-1. Therefore, if GH or PRL treatment of
lactating cows results in an increase of IGFBP-3 serum level [27], they
could contribute to an elevated IGF-1 level as well.

The suckling-induced IGF-1 release may have a physiological im-
portance because circulating IGF-1 promotes lactation via different
routes. First, IGF-1 can facilitate PRL release from the pituitary through
its receptors on lactotroph cells [28,29]. Second, IGF-1 increases milk
synthesis in association with mammary blood flow [8,9]. Furthermore,
overexpression of IGF-1 inhibits mammary cell apoptosis during late
lactation [10]. Histological analysis of mammary tissue from IGF-1-
overexpressing mice showed incomplete mammary involution [11],
ductile hypertrophy [30] and some enhancement of milk yield was also
observed [16]. IGF-1 may enhance the intracellular signal transduction
of PRL, too, as both rat and bovine explant cultures showed rapid sti-
mulation of Stat5 by IGF-1 at high concentrations typically used in
explant cultures as well as at levels within physiologic ranges [31].

We investigated possible regulatory mechanisms in the background
of suckling-induced IGF-release. Chronic icv. IGF-administration de-
layed the IGF-surge as suckling did not cause any induction in

Fig. 4. Acute icv. IGF-1 administration does not affect suckling-in-
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The diagram shows serum IGF-1 and PRL levels during the isolation-
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circulating IGF-1 levels at 30 min after the beginning of suckling in the
presence of exogenously supplied IGF-1. Although there was a sig-
nificant increase after 60 min, our data are not sufficient to establish
firmly whether it is a surge or not, because we do not have information
on later time points. Central IGF-1 can exert this effect in the hy-
pothalamus either by acting as a long-loop negative feedback mod-
ulator of GH axis or by suppressing suckling-induced PRL release. IGF-1
is responsible for the long-loop feedback in the GH-IGF axis. IGF-1 re-
ceptor is expressed throughout the hypothalamus, including the arcuate
nucleus, dorsal and ventromedial nuclei of the hypothalamus, and the
median eminence [32], so central administration of IGF-1 can affect
neuroendocrine functions via receptors in all these brain regions. Ac-
cording to Abe et al., icv. administration of IGF-1, 2 h prior to experi-
ments, results in a decrease in GH pulse amplitude [14]. The GH-pulse
is largely dependent on hypothalamic GHRH release [33]. Therefore,
the discovery by Sato et al. that continuous icv. infusion of IGF-1 for
7 days decreased GHRH mRNA in the rat while somatostatin mRNA
levels were increased supports a GH mediated effect of IGF-1. Fur-
thermore, decrease in GHRH mRNA levels was greater in female than in
male rats [15]. Consequently, IGF-1 can act at the gene expression level
on GHRH and somatostatin, and in turn on suckling-induced GH-re-
lease. We established in our previous study that prolonged icv. ad-
ministration of IGF-1 in the postpartum period suppressed suckling-
induced PRL release [17]. IGF-1 induced the expression of tyrosine-
hydroxylase enzyme in the tuberoinfundibular dopaminergic neurons
of the arcuate nucleus. Therefore, these neurons produce more dopa-
mine, which in turn inhibits PRL release from the pituitary and con-
sequently, the IGF-1 inducing effect of PRL attenuates [17]. All these
findings are concordant with our novel results: while prolonged icv.
IGF-1 diminished suckling-induced increase in circulating IGF-1 levels,
acute injection 5 min prior to the beginning of suckling did not have
any effect. As we described above, the effects of IGF-1 on PRL release
and long-loop negative feedback of GH axis likely acts on the gene
expressional level, hence acute injection could not have any impact.
Although there was a peak at 30 min in suckling-induced IGF-release in
the continuously ACSF treated control group, following acute injec-
tions, IGF-1 level remained high at 60 min, too, possibly due to stress-
related effects. PRL serum concentration also remained high, and this
elevated PRL level could sustain the high level of IGF-1, even at 60 min
after the beginning of suckling. This difference of the pattern could be
due to the effect of stressful acute manipulations of the cerebrospinal
fluid (CSF) via icv. injection, because stress could cause an additional
induction of PRL release [34] Alternatively, other stress-induced hor-
mones, such as corticosterone could contribute to the elevated IGF-1
level. In conclusion, we can declare that continuous icv. administration
of IGF-1 diminishes suckling-induced IGF-1 release either by acting as a
negative feedback in the somatotrop axis or by suppressing the suck-
ling-induced PRL release.

5. Conclusions

In summary, we described the suckling-induced IGF-1 release,
which peaked at 30 min after the beginning of suckling. The higher IGF-
1 level in the circulation could be beneficial, because IGF-1 can induce
milk synthesis, PRL release from the pituitary, and may inhibit mam-
mary cell apoptosis in the late lactation period. IGF-1 level correlated
significantly with PRL raising the possibility that not only the suckling-
induced GH but also PRL may stimulate IGF-1 release into the circu-
lation. Continuous central administration of IGF-1 diminished the
suckling-induced surge of circulating IGF-1, suggesting that long-loop
feedback control of GH axis could play a role in the regulation of
suckling-induced IGF-1 release.
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