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Abstract Centrally acting prolactin has been shown to
have anti-stress effects by modulating the activity of the
hypothalamic—pituitary—adrenal axis. We tested the hypoth-
esis that prolactin directly targets hypothalamic cortico-
tropin-releasing hormone (CRH) neurons. In situ hybridi-
sation confirmed expression of mRNA encoding the long,
but not the short, isoform of the prolactin receptor (PRLR)
within the paraventricular nucleus (PVN) of the virgin rat;
however, only 6% of CRH neurons expressed long-form
Prir mRNA. Examination of the functional response of
CRH neurons to intracerebroventricular prolactin (500 ng)
showed that these neurons did not respond with activation
of phosphorylated signal transducer and activator of tran-
scription 5 (pSTATS), a marker of long-form PRLR activa-
tion. However, as only a subset of neurons expressing Crh
mRNA could be detected using immunohistochemistry, we
utilised a transgenic mouse model to label CRH neurons
with a fluorescent reporter (CRH-Cre-tdTomato). In lactat-
ing animals, chronically elevated prolactin levels resulted
in significantly increased pSTATS expression in the PVN.
Overall, few tdTomato-labelled CRH neurons were double-
labelled, although a small subset of CRH neurons in the
caudal PVN were pSTATS positive (approximately 10%
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of tdTomato neurons at this level, compared to 1% in the
rostral PVN). These data suggest that most CRH neurons
do not respond directly to prolactin. To confirm that prolac-
tin was not activating another signalling pathway, we used
a transgenic mouse line to label PRLR-expressing neu-
rons with Cre-dependent green fluorescent protein (GFP)
expression (CRH-Cre-Prlr’®**). No GFP-expressing cells
were evident in the PVN, indicating that in the mouse, as in
the rat, the CRH neurons do not express either PRLR iso-
form. Together these data showed that the anti-stress effects
of prolactin are not the result of prolactin directly regulat-
ing CRH neurons.
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Stress - Paraventricular nucleus

Introduction

Prolactin, primarily synthesised and secreted by the ante-
rior pituitary lactotrophs, is a pleiotropic hormone with
over 300 known functions (Bole-Feysot et al. 1998). Its
most well-characterised role is the stimulation of mam-
mary gland development and milk synthesis in preg-
nancy and lactation; however, prolactin is also known to
act within the brain. Apart from the regulation of its own
secretion (Grattan 2015), central actions of prolactin are
predominantly associated with adaptations required for
successful pregnancy and lactation and include facilitating
changes to circuitries regulating body weight homeostasis
to meet increased metabolic demands (Augustine and Grat-
tan 2008; Augustine et al. 2008), stimulating the onset of
maternal behaviour (Bridges et al. 1990; Bridges and Ron-
sheim 1990; Larsen and Grattan 2010) and suppressing
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anxiety and stress responses (Schlein et al. 1974; Torner
et al. 2002).

The mechanism by which prolactin influences the stress
response is not currently known, but may involve an action
upon the corticotropin-releasing hormone neurons (CRH)
in the hypothalamic paraventricular nucleus (PVN). These
neurons integrate signals from stress-processing circuitries
to control downstream activation at the pituitary and adre-
nal levels of the hypothalamic—pituitary—adrenal (HPA)
axis. Chronic intracerebroventricular (ICV) prolactin sig-
nificantly reduces stress-induced HPA axis activation in
virgin rats, while the converse effect is observed if central
prolactin receptors (PRLRs) are downregulated (Donner
et al. 2007; Torner et al. 2001). During lactation, a char-
acteristically hyperprolactinemic state, the reactivity of
the HPA axis to a variety of stressors is suppressed (Brun-
ton et al. 2005; da Costa et al. 1996; Lightman and Young
1989; Neumann et al. 1998). This effect is reversed if cen-
tral PRLRs are blocked (Torner et al. 2002), indicating that
the chronic elevation of prolactin signalling in lactation
may play a significant role in regulating the reactivity of
the HPA axis at this time. Centrally acting prolactin has
also been shown to inhibit the formation of stress-induced
gastric ulcers and prevent stress-induced hypocalcemia,
although these actions have been associated with acute acti-
vation, rather than inhibition, of CRH neurons (Drago et al.
1985; Fujikawa et al. 2004, 2005).

The cellular effects of prolactin are transduced by mem-
brane-bound PRLRs belonging to the class 1 cytokine
receptor family (Forsyth and Wallis 2002). There are two
major isoforms of the PRLR in rodents, long (PRLR;) and
short (PRLRg), which differ only in the intracellular portion
of the receptor peptide (Bole-Feysot et al. 1998). PRLR,
is the dominant signalling form of the receptor within the
brain (Freeman et al. 2000), and Prlr, mRNA is expressed
within the PVN (Augustine et al. 2003; Bakowska and
Morrell 1997; Brown et al. 2011; Kokay et al. 2006). Inter-
estingly, restraint stress has been shown to upregulate Prir;
mRNA expression in this nucleus (Fujikawa et al. 1995).
PRLR signal transduction occurs predominately through
the Janus kinase 2-signal transducer and activator of tran-
scription 5 (JAK2-STATS) signalling pathway which is
coupled exclusively to the long form of the receptor (Bole-
Feysot et al. 1998). Phosphorylated STAT5 (pSTATS) is
markedly upregulated in the PVN during lactation (Augus-
tine et al. 2016; Brown et al. 2011), coincident with the
induction of maternal stress hyporesponsiveness; however,
whether there is a causative relationship between prolactin-
mediated upregulation of the JAK2-STATS pathway and
suppression of CRH neuron activity is currently unknown.

In addition to signalling through the JAK2-STATS path-
way, prolactin has been shown to activate the mitogen-acti-
vated protein kinase (MAPK) signalling cascade through
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binding to both the long and short isoforms of the PRLR
(Das and Vonderhaar 1995). Prolactin-induced phospho-
rylation of extracellular-signal-regulated kinase (pERK), a
marker of activation of the MAPK signalling pathway, has
been shown in CRH neurons in the rat (Blume et al. 2009).
However, it is unclear whether prolactin-induced pERK
activation is the result of direct action on CRH neurons.

Based on the established regulation of the HPA axis by
prolactin, we hypothesised that the CRH neurons would
express the PRLR, allowing a direct regulation of these
cells by prolactin. Initial experiments focussed upon meas-
uring Prlr mRNA expression and PRLR-mediated signal-
ling in CRH neurons in the virgin rat. To overcome tech-
nical limitations with immunohistochemical identification
of CRH neurons, subsequent experiments were carried out
using a reporter mouse model in which CRH neurons were
labelled by expression of a marker protein, tdTomato (Tani-
guchi et al. 2011; Wamsteeker Cusulin et al. 2013). This
was particularly important in lactating animals as tdTo-
mato expression was maintained despite the marked reduc-
tions in endogenous Crh mRNA expression that have been
shown in lactating mice (Gustafson P, Bunn S and Grattan
D, unpublished data) and rats (Shanks et al. 1999; Walker
et al. 2001; Windle et al. 1997). This enabled us to use pro-
lactin-induced pSTATS expression [which is only detected
in the PVN of mice during lactation (Brown et al. 2011,
2010)] to determine whether prolactin acts directly on CRH
neurons through the long form of the PRLR. Finally, we
used a mouse model in which Cre-mediated recombination
of the Prir gene resulted in expression of green fluores-
cent protein (GFP) under the control of the Prir promoter
(Brown et al. 2016). This model had the value of testing
whether the short or long PRLR isoform was expressed
by CRH neurons. Together the data showed that prolactin
modulation of the stress response is not mediated by direct
action upon the CRH neurons.

Materials and methods
Animals and housing

All animal work was conducted in accordance with
approval from the University of Otago Animal Eth-
ics Committee. Adult female Sprague-Dawley rats aged
10-14 weeks, CRH-Cre-tdTomato, CRH-Cre-Prlr/®/",
and calcium-calmodulin kinase II o (CamK)-Cre-
Prlr’®** mice aged 8—12 weeks were obtained from the
Taieri Resource Unit at the University of Otago. All ani-
mals were group-housed, unless otherwise stated, under
controlled temperature (22+1°C) and lighting condi-
tions (12:12-h light:dark cycle, lights on at 0600 h). All
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animals were allowed ad libitum access to food and water
throughout the duration of the experiments.

The present studies used both non-pregnant and lac-
tating animals. Estrous cyclicity was recorded by daily
monitoring of vaginal cytology and virgin animals were
killed on the morning of diestrus. To generate lactating
mice, females were individually housed with a C57BL/6J
male. The presence of a copulatory plug was considered
day 1 of pregnancy and the male removed. Animals were
monitored until the day of birth which was considered
day 1 of lactation. Litters were normalised to six pups per
litter on day 3 of lactation, and lactating dams were killed
on day 7 of lactation.

CRH-Cre-tdTomato mice were generated by cross-
ing heterozygous CRH-IRES-Cre (Taniguchi et al. 2011)
and homozygous Ai9 Cre-dependent tdTomato (Madisen
et al. 2010) mouse lines. The presence or absence of Cre
in genomic DNA samples was determined by reverse
transcription polymerase chain reaction (RT-PCR). The
following primers were used for genotyping: 5'-CTAGGC
CACAGAATTGAAAGATCT-3" (forward) and 5'-GTA
GGTGGAAATTCTAGCATCATCC-3' (reverse) for the
wildtype allele and 5-GCGGTCTGGCAGTAAAAA
CTAT-3' (forward) and 5-GTGAAACAGCATTGCTGT
CACTT-3' (reverse) for the mutant allele. Two products,
100 and 324 bp in size, were present in CRH-Cre-posi-
tive mice, while a single, 324 bp product, was present in
CRH-Cre-negative (control) animals. To visualise Prir-
expressing CRH neurons, CRH-Cre-Prlr’®/** mice were
generated by crossing CRH-Cre mice with the Prlr/o//
mouse line generated by our group in which the Prir gene
is modified to include loxP sites around exon 5 and an
inverted GFP sequence (Brown et al. 2016). The follow-
ing primers were used for Prir’®* genotyping: 5-TGT
CCAGACTACAAAACCAGTGGC-3" (forward) and
5'-CAGTGCTCTGGAGAGCTGGC-3' (reverse wildtype)
and 5'-ACCTCCCCCTGAACCTGAAACATAA-3'
(reverse mutant). In wildtype animals, a 546 bp product
was present where as in Prlr’®//** animals, a 400 bp prod-
uct was present. As a positive control for Cre-mediated
recombination of the Prlr®/** gene in CRH-Cre-Prlr7x
mice, CamK-Cre-Prlr’®/* mice were used to show GFP
expression driven by the Prir promoter in CamK-Cre-
expressing animals (Brown et al. 2016). These animals
were generated by crossing Prir’®/** mice with CamK-
Cre (Casanova et al. 2001). In these animals, the pres-
ence of Cre was detected using the following genotyping
primer sequences: 5'-GGTTCTCCGTTTGCACTCAGG-
3" (forward), 5'-CTGCATGCACGGGACAGCTCT-3'
(reverse wildtype) and 5'-GCTTGCAGGTACAGGAGG
TAGT-3' (transgenic reverse). In wildtype animals, a
285 bp product was present, while in Cre-expressing ani-
mals, a 380 bp product was present.

Dual-label in situ hybridisation
Tissue collection and preparation

For tissue collection for in situ hybridisation, diestrous rats
(n=4) were anaesthetised with an overdose of sodium pen-
tobarbitone (65 mg/kg) and transcardially perfused with 2%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH
7.4). The brains were dissected and post-fixed overnight
in 2% PFA before cryoprotection in 30% sucrose in phos-
phate buffer. Coronal sections (16 um thickness) through
the PVN of the hypothalamus [—1.2 to —1.92 mm relative
to Bregma, refer to (Paxinos and Watson 2006)] were cut in
a cryostat at —20°C and mounted onto aminopropyltrieth-
oxy-silane-coated glass microscope slides. Sections were
dried before they were stored at —20 °C until processing for
in situ hybridisation.

Preparation of probes

Using the mRNA sequences from Genbank, primer pairs
were designed for Prir; (accession number M57668, nucle-
otides 1244-1644), Prlrs (accession number NM_012630,
nucleotides 1041-1257) and Crh (accession number
NM_031019.1, nucleotides 473—-675). DNA templates were
prepared by PCR with the sequences encoding T7 and SP6
polymerase promoter sites incorporated onto the ends of
the primer sequences. DNA templates were characterised
by Sanger sequencing. Antisense or sense >>S UTP-labelled
RNA probes for the Prilr; and Prirg were then transcribed
from the cDNA templates using a Riboprobe® in vitro tran-
scription kit (Promega) and the appropriate polymerase (T7
for the antisense probe, SP6 for the sense probe). A digox-
igenin-11-UTP-labelled RNA probe specific for Crh was
transcribed using a DIG RNA labelling kit (Roche). The
RNA probes were purified using Mini Quick spin columns
(Roche) to remove unincorporated nucleotides.

In situ hybridisation for Prirg, Prlr; and Crh mRNA

Brain sections were thawed for 5 min at 55°C before
being post-fixed in 2% PFA [in 0.1 M phosphate buffer
(pH 7.4)] for 5 min. Sections were then washed in 0.5%
saline-sodium citrate buffer (SSC; 75 mM NaCl, 7.5 mM
sodium citrate), digested in a proteinase K solution (2 pg/
ml; 10 min) and acetylated in 0.1 M triethanolamine with
0.25% acetic anhydride for 10 min. Sections were washed
in 2x SSC buffer before each section was covered with
100 pl of hybridisation buffer (100 mM dithiothreitol,
0.3 M NaCl, 20 mM Tris pH 8, 5 mM ethylenediaminetet-
raacetic acid (EDTA), 1x Denhardt’s solution, 10% dextran
sulphate, 50% formamide) and incubated for 2-3 h at 42 °C.
Probes were denatured at 95 °C for 3 min and 20 pl of the
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33S-labelled Prirg probe (1.2 10° cpm/section) or 20 pl of
a mixture of the 3°S-labelled Prir, (1.2x 10° cpm/section)
and the digoxigenin-labelled Crh (50 ng/section) probes
in hybridisation buffer was pipetted onto the sections and
hybridised overnight at 55°C. Sections were treated with
Ribonuclease A (20 pg/L) and then washed in SSC buffer
of increasing stringency (from 2x SSC at room temperature
to 0.1 xXSSC at 55°C). As only the long form Prir mRNA
was detected in the PVN, dual-label in situ hybridisation
with Crh mRNA was restricted to this isoform only. To
detect the digoxigenin-labelled Crh probe, sections were
incubated for 30 min with 2% digoxigenin blocking reagent
before incubation with a sheep anti-digoxigenin antibody
conjugated to alkaline phosphatase (1:2000; Roche) over-
night at 4 °C. Sections were then incubated in a NBT/BCIP
(nitroblue tetrazolium chloride/5-bromo-4chloro-3-indolyl-
phosphate) solution overnight. The reaction was stopped
by washing sections in saline-sodium phosphate-EDTA
buffer (150 mM NaCl, 10 mM NaH,PO, 1 mM EDTA).
Sections were dried and exposed to scientific imaging film
(7 days for Prlr; in the brain; 3 and 20 days for Prlrgin the
ovary and brain, respectively) for autoradiographic screen-
ing of the *S-hybridisation. The Prir,/Crh mRNA dual-
labelled slides were then dipped in LM-1 Hypercoat emul-
sion (Amersham Biosciences) and the sections exposed
for 4-5 weeks at 4°C before being developed in Kodak
D19 and fixed in Ilford Hypan. Sections were cleared
with xylene and coverslipped with VectaMount mounting
medium.

Quantification and analysis

Digoxigenin-labelled Crh mRNA-expressing neurons in
the PVN were identified by the presence of a blue/purple
precipitate in the cytoplasm. Prlr;, mRNA-expressing cells
were identified by clusters of silver grains. Sections (n=2
to 3 per animal) were photographed under a 40X objective
using an Olympus BX51 microscope (Tokyo, Japan) fitted
with a Spot RT digital camera (Diagnostic Instruments, MI,
USA). ImageJTM (National Institutes of Health, Bethesda,
MD, USA) was used to determine the total number of
digoxigenin-labelled cells and the number of cells dual-
labelled with Prlr, mRNA. Cells expressing silver grains
at 5X background were considered Prlr;-positive. Data are
presented as the mean + SEM.

pSTATS/CRH double-label immunohistochemistry
in the rat

ICV surgery, tissue collection and preparation

Rats (n=12) were anaesthetised on the day of proestrus
with 2% halothane, placed into a stereotaxic frame and a

@ Springer

guide cannula (22 G; PlasticsOne, Roanoke, VA) inserted
into the left lateral ventricle (1.3 mm lateral to the coro-
nal suture at Bregma and 3 mm ventral to the surface of
the brain). The cannula was fixed in place with stainless
steel screws and dental cement and sealed. Correct cannula
placement was confirmed 48 h following the surgery by
administration of angiotensin II [10 ng diluted in 2 pl arti-
ficial cerebrospinal fluid (aCSF)]. Consumption of >5 ml
water in the 30 min following angiotensin II administra-
tion indicated correct cannula placement. Animals were
monitored daily until completion of one full estrous cycle.
Beginning on the morning of metestrus, rats were treated
with bromocriptine to block endogenous prolactin secre-
tion (three doses of 500 pg/250 pul saline with 10% ethanol
at 0900, 1700 and 0900 h, i.p.). Four hours following the
last bromocriptine injection (1300 h), diestrus rats received
either prolactin (500 ng diluted in 2 pl aCSF; n=06) or vehi-
cle (aCSF; n=6) delivered into the lateral ventricle over
30 s. Injections were carried out with a Hamilton syringe
(2 pl) fitted with an injection cannula (28 G). The injec-
tion cannula was left in the guide cannula for 30 s fol-
lowing the injection before being removed and the guide
cannula sealed. Rats were anaesthetised 25 min later by
lethal overdose of sodium pentobarbitone (65 mg/kg) and
transcardially perfused as described above using 4% PFA.
Brains were post-fixed overnight, transferred into 30%
sucrose until they sank and then frozen on powered on dry
ice before storage at —80°C. Three sets of coronal sections
[30-pm thick; —1.2 to —1.92 mm relative to Bregma, refer
to (Paxinos and Watson 2006)] through the rat brain were
cut using a freezing microtome.

Immunohistochemical staining procedure

Immunohistochemical labelling of pSTATS was performed
on one set of sections as previously described (Sapsford
et al. 2012). In summary, antigen retrieval was carried
out by incubating sections in 0.01 M Tris-HCI (pH 10) at
90°C for 10 min. Endogenous peroxidases were blocked
using 0.9% hydrogen peroxide/40% methanol in Tris-buff-
ered saline (TBS) before sections were incubated in rab-
bit anti-pSTATS antibody (Tyr694, 1:1000, Cell Signaling
Technology, Beverly, MA) for 36 h at 4°C followed by
incubation with a biotin-conjugated goat anti-rabbit sec-
ondary antibody for 1.5 h (1:300; BA-1000, Vector Labo-
ratories, Burlingame, CA). Sections were subsequently
incubated with an avidin—biotin solution prepared using
the Vectastain Elite ABC kit (1:100, Vector Laboratories)
for 1 h before pSTATS immunolabelling was detected
using nickel-enhanced diaminobenzidine tetrahydrochlo-
ride (DAB) (Vector DAB substrate kit), which generated
a black nuclear stain. Sections were then washed in TBS,
endogenous peroxidases blocked as described above and
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incubated with rabbit anti-CRH (T-4037, 1:1000, Peninsula
Laboratories Inc., CA, USA) for 36 h at 4 °C. Sections were
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibody (1:200) for 4 h before immunolabelling
was detected using non-nickel-enhanced DAB to generate
a brown cytoplasmic stain. Sections were mounted onto
gelatin-coated slides, dried overnight before dehydration
through graded ethanol and cleared using xylene. Sections
were coverslipped using distyrene plasticiser xylene (DPX).

Quantification and analysis

Quantitative analysis of CRH immunolabelling in the PVN
was made by counting the number of CRH-positive cells
in two—three anatomically matched sections per animal
using an Olympus BX51 microscope at high magnification
(Tokyo, Japan). Prolactin-responsiveness of the CRH neu-
rons was determined by counting the number CRH neurons
expressing prolactin-induced pSTATS5. Data are presented
as the mean + SEM.

pSTATS/tdTomato double-label immunohistochemistry
in the mouse

Tissue collection and preparation

Diestrus Cre-negative (n=23; control), diestrus and lactat-
ing Cre-positive (n =4 per group) CRH-Cre-tdTomato mice
were anaesthetised with sodium pentobarbitone (100 mg/
kg) and transcardially perfused using 4% PFA in 0.1 M
phosphate buffer (pH 7.4). Brains were post-fixed in 4%
PFA for 1 h before being cryoprotected in 30% sucrose.
Brains were frozen on dry ice and stored at —80°C until
used for immunohistochemistry. Three sets of coronal sec-
tions through the PVN [-0.46 to —1.34 mm relative to
Bregma, refer to (Paxinos and Franklin 2004)] were cut
using a freezing microtome.

Immunohistochemical staining procedure

One set of sections were immunolabelled for pSTATS as
described previously (Brown et al. 2010, 2011). Antigen
retrieval was carried out as described above for the rat. Sec-
tions were then incubated in a blocking solution containing
0.25% bovine serum albumin and 0.3% Triton-X in TBS
before endogenous peroxidases were blocked using 3%
hydrogen peroxide/40% methanol in TBS. Sections were
incubated in rabbit anti-pSTATS antibody (Tyr694, 1:2000,
Cell Signaling Technology, MA, USA) for 72 h at 4°C fol-
lowed by incubation with a biotin-conjugated goat anti-
rabbit IgG secondary antibody for 2 h (1:500; Invitrogen,
CA, USA). Sections were subsequently incubated with an
avidin—biotin solution prepared using the Vectastain Elite

ABC kit (1:100, Vector Laboratories, CA, USA) before
pSTATS immunolabelling was detected using nickel-
enhanced DAB and glucose oxidase, which generated a
black nuclear stain. Sections were then immunolabelled for
tdTomato by incubation with rabbit anti-DsRed primary
antibody for 48 h (1:5000; Clontech Laboratories Inc., CA,
USA). Following the primary antibody incubation, sections
were incubated with goat anti-rabbit HRP-conjugated sec-
ondary antibody (1:500; Vector Laboratories, CA, USA)
for 1.5 h before immunolabelling was detected using DAB
to generate a brown cytoplasmic stain.

Quantification and analysis

Qualitative comparisons of tdTomato immunolabelling
were made between diestrus CRH-Cre-positive and CRH-
Cre-negative mice, using two well-characterised popu-
lations of CRH neurons [PVN and central nucleus of the
amygdala (CeA)]. Quantitative comparisons of tdTomato
and pSTATS immunolabelling were made between CRH-
Cre-positive diestrous and lactating animals. The number
of tdTomato-expressing cells, the number of pSTATS-
labelled nuclei and the number of double-labelled cells
were counted from three rostral and two caudal PVN sec-
tions (90 um apart), corresponding to the locations of the
neuroendocrine and pre-autonomic neuron populations,
respectively (Biag et al. 2012), using Imagel". Images
were captured at high magnification (x40) using an Olym-
pus BX61 light microscope (Tokyo, Japan). Data are pre-
sented as the mean+SEM for each PVN subdivision and
statistical comparisons were made using two-way analy-
ses of variance (ANOVA) [factors: reproductive status
(diestrous and lactation) X PVN subdivision (rostral and
caudal)]. Pre-planned pairwise comparisons were made
between the groups using post-hoc Tukey—Kramer tests,
where p <0.05 was considered to be a statistically signifi-
cant difference.

Single-label GFP immunohistochemistry in the mouse
Tissue collection and preparation

Diestrus and lactating CRH-Cre-Prlr’®** animals (n=2
per group), diestrus CamK-Cre-Prlr’®** (n=4; positive
control) and Cre-negative Prir’®”/* animals (n=3; negative
control) were anaesthetised with sodium pentobarbitone
(100 mg/kg) and transcardially perfused using 4% PFA
as described above. Brains were post-fixed, cryoprotected
in 30% sucrose and frozen as described above. Three sets
of coronal sections through the hypothalamus [+0.62 to
—2.30 mm relative to Bregma, refer to (Paxinos and Frank-
lin 2004)] were cut using a sliding microtome.
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Immunohistochemical staining procedure

One set of sections were labelled for GFP as previously
described (Brown et al. 2016). Endogenous peroxidases
were blocked by incubating sections in a 3% hydrogen
peroxide solution in TBS. Sections were then incubated
in blocking solution with 2% normal goat serum for 1 h
before sections were incubated in rabbit anti-GFP anti-
body (1: 40 000, Life Technologies, CA, USA) for 72 h
at 4°C. Sections were incubated with biotin-conjugated
goat anti-rabbit IgG secondary antibody for 1.5 h (1:500;
Invitrogen, CA, USA) prior to a 1 h incubation in an avi-
din-biotin solution prepared using the Vectastain Elite
ABC kit (1:100; Vector Laboratories, CA, USA). GFP
immunolabelling was detected using nickel-enhanced
DAB.

Data presentation

Qualitative comparisons were made between GFP immu-
nolabelling in CRH-Cre-Prlr’®"** and CamK-Cre-Prlr/*¥ox
mice. Representative images from the PVN have been
presented, as well as the medial nucleus of the amygdala
(MeA) as a control region where GFP is known to be
expressed following Cre-mediated Prlr’®/** gene recombi-
nation (Brown et al. 2016).

Results

Prir;, mRNA does not colocalise with Crk mRNA
in the diestrous rat PVN

Expression of Prir mRNA encoding the long and short iso-
forms of the PRLR was visualised by exposing autoradio-
graphic film to sections labelled with 3°S-labelled probes
specific for Prir; or Prlr¢ mRNA. Consistent with previ-
ous reports (Augustine et al. 2003; Bakowska and Mor-
rell 1997; Kokay et al. 2006), Prlr, mRNA was expressed
within the PVN (Fig. 1a). In contrast, no Prlr¢ mRNA was
detected within this nucleus despite visualisation of mRNA
expression in the choroid plexus and ovary using the same
probe (Fig. 1b). Dual-label in situ hybridisation was used
to determine if Prlr, mRNA was expressed by CRH neu-
rons (Fig. lc-f). Crh mRNA-expressing neurons were
identified by digoxigenin immunoreactivity, while Prlr,-
expressing cells were identified by discrete clusters of sil-
ver grains. Prlr;-expressing cells were clearly detected in
the PVN (Fig. 1a, e, f); however, there was limited colo-
calisation with Crh mRNA expression (approximately 6%
of CRH neurons co-expressed Prir, mRNA) (Fig. le, f, 1).
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No labelling was present in control sections labelled with
sense probes (data not shown).

Prolactin-induced pSTATS does not colocalise
with CRH neurons in the rat

In the absence of any detectable Prlr, mRNA expression
by CRH neurons, we confirmed that CRH neurons were
not functionally responsive to prolactin in the diestrous
rat using immunohistochemistry to identify ICV prol-
actin-induced pSTATS5 and colocalising this with CRH
immunolabelling. Phosphorylated-STATS
tive cells were present in the PVN of prolactin-treated
animals (Fig. 1g, h), but not vehicle-treated controls (data
not shown). Little colocalisation of pSTATS5 with CRH
immunoreactive cells was observed (0.5+0.2 neurons per
section) (Fig. 1h, j). Note that the number of CRH neurons
per section detected by immunohistochemistry (27.4 +4.8;
Fig. 1j) was much less than the number detected by in situ
hybridisation (139.6+33.9; Fig. li), suggesting that we
were only detecting a subset of CRH neurons with this
method.

immunoreac-

pSTATS does not colocalise with tdTomato-labelled
CRH neurons in the mouse

To overcome the difficulty in identifying CRH neurons
by immunohistochemistry, we moved to a reporter mouse
model to label CRH neurons. The specificity of tdTomato
expression in the CRH-Cre-tdTomato mouse model was
confirmed by immunohistochemistry (Fig. 2). In animals
which expressed Cre, tdTomato immunolabelling was pre-
sent in the PVN (Fig. 2a, c) and CeA (Fig. 2a, e), regions
containing well-defined populations of CRH neurons. In
animals which did not have Cre, no immunolabelling was
present in either the PVN (Fig. 2b, d) or CeA (Fig. 2b,
f). tdTomato immunoreactivity in the rostral subdivision
of the PVN was greater than in the caudal division [F(1,
12)=211.3, p<0.0001; two-way ANOVA], although this
was unaffected by reproductive status [F(1, 12)=0.4594,
p=0.5108; two-way ANOVA], and thus there was no inter-
action between the factors [F(1, 12)=0.8177, p=0.3837,
two-way ANOVA] (Figs. 3a—d, 4a).

Conversely, the number of pSTATS labelled nuclei
was significantly affected by reproductive status (F(1,
12)=348.5, p<0.0001; two-way ANOVA), with the num-
ber of nuclei per section greater in lactating animals as
the result of the chronic elevation of circulating prolactin
(Brown et al. 2011) (Figs. 3, 4b). This was observed in both
PVN subdivisions (F(1, 12)=1.899, p=0.1933; two-way
ANOVA), and thus there was no interaction between the
factors (F(1, 12)=3.801, p=0.0750; two-way ANOVA).
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Fig. 1 CRH neurons in the diestrous rat do not express Prir;, mRNA
and are not responsive to ICV prolactin. Representative autoradio-
grams showing a Prilr; and b Prir¢ mRNA in the PVN of the rat.
Prilr;, mRNA is detected in the PVN and choroid plexus (black arrow
in a). Despite detecting Prirg in control tissues (choroid plexus, black
arrow in b) and the ovary (inset in b), no labelling was detected in the
PVN. ¢ Schematic representation of a coronal section through the rat
brain at the level of the PVN [—1.72 mm relative to Bregma, refer to
(Paxinos and Watson 2006)]. d Dual-label in situ hybridisation show-
ing Crh mRNA-expressing neurons (cytoplasmic labelling) and Prir;
mRNA in the PVN at low power. High power images (e, f) show Crh
mRNA positive/Prlr;, mRNA negative neurons (white arrow heads)

Despite the increase in pSTATS in lactation, few tdTo-
mato neurons expressed this marker of PRLR; activation
(Fig. 4c). The distribution of pSTATS labelled cells in
the PVN relative to the tdTomato-expressing population

40m

Number of neurons
(per section)

CRH neurons

CRH neurons double-
labelled with pSTAT5S

and Crh mRNA negative/Prir;, mRNA positive neurons (black arrow
heads), where Prlr, mRNA is identifiable as silver grains (black
dots). g, h) Representative images showing CRH (brown cytoplasmic
staining; black arrow heads) and pSTATS5 (black nuclear staining;
white arrow heads) immunoreactive neurons in the rat PVN. Box in g
indicates the position of the high power image. i Quantification of the
number of Crh mRNA-expressing neurons and the number of neurons
dual-labelled with Prir, mRNA (n = 4). j Quantification of the num-
ber of CRH neurons and the number of neurons double-labelled with
pSTATS (n = 6). Data represents the mean + SEM. 3v = third ven-
tricle

showed marked rostral to caudal variation. Rostrally, there
was little overlap in the distribution of pSTATS-labelled
and tdTomato-labelled cells (approximately —0.82 mm
relative to Bregma; Fig. 3c). Caudally, the distribution of
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Fig. 2 Validation of the CRH-Cre-tdTomato mouse line. Repre-
sentative images showing immunolabelling of tdTomato-expressing
neurons in CRH-Cre-tdTomato reporter mice. Low power images
showing the presence of tdTomato immunolabelling (brown staining)
in the PVN and central nucleus of the amgydala (CeA) of CRH-Cre-
positive mice (a) and the absence of labelling in CRH-Cre-negative

the two populations overlapped with pSTAT5-1abelled cells
interspersed among tdTomato-labelled cells (approximately
—0.94 to —1.06 mm relative to Bregma; Fig. 3e, g). Inter-
estingly, those few tdTomato neurons which were double-
labelled in lactation were almost exclusively located at the
caudal margin of the PVN (0.9+0.3 and 7.34+0.7 dou-
ble-labelled neurons per section in the rostral and caudal

@ Springer

mice (b). High power images showing tdTomato immunolabelling in
the PVN (c) and CeA (e) of CRH-Cre-positive mice. No labelling is
evident in either the PVN (d) or CeA (f) of CRH-Cre-negative mice.
Images are representative of n=3 to 4 animals per group. 3v=third
ventricle

divisions, respectively; F(1, 12)=74.69, p<0.0001; two-
way ANOVA; approximately Bregma level —1.06 mm)
(Fig. 3e, g). Given that little pSTAT5 was detected in the
PVN of diestrous animals, and thus no double-labelled neu-
rons were identified, this effect of PVN subdivision on the
number of double-labelled neurons was specific to the lac-
tation group (F (1, 12)=124.2, p <0.0001).



Brain Struct Funct (2017) 222:3191-3204

3199

Fig. 3 pSTATS does not colo-
calise with tdTomato-labelled
CRH neurons. Representative
images showing pSTATS and
tdTomato immunolabelling

in the PVN of diestrous and
lactating CRH-Cre-tdTomato
mice. a—d Low and high power
images showing tdTomato
immunolabelling (brown
cytoplasmic staining) in
diestrus (a, b) and lactating (c,
d) CRH-Cre-tdTomato mice.
Immunolabelling for pSTATS
(black nuclear stain) is evident
only in lactation and does not
colocalise with pSTATS (c, d).
e—h tdTomato-labelled CRH
neurons at the caudal margin
of the PVN (white arrows).
Neurons double-labelled with
pSTATS and tdTomato (black
arrows) are evident at two levels
of the caudal PVN (f, h). Boxes
indicate the position of the
high power images. Images are
representative of n=4 animals
per group. 3v =third ventricle.
Refer to (Paxinos and Franklin
2004) for Bregma coordinates

| Bregma -0.94 mm_
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CRH neurons in the mouse do not express either PRLR
isoform

As pSTATS is not the only pathway activated by prolactin,
we next used another transgenic line (Prir®**) in which
Cre-mediated recombination would result in expression
of GFP under control of the Prir promoter, thus label-
ling Prir-expressing cells (Brown et al. 2016). We looked
in both diestrous and lactating mice to determine whether
PRLR expression in CRH neurons differs depending on

9  Lactation: pSTAT5/tdTomato "= .
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reproductive status. In positive control CamK-Cre-Prlr/*¥ox

animals, where deletion of PRLRs was targeted to CamK-
expressing forebrain neurons (Brown et al. 2016), GFP
immunolabelling was identified in a variety of hypotha-
lamic nuclei, including the PVN and MeA (Fig. 5b, e). No
GFP expression was detected in Cre-negative control ani-
mals (Fig. 5a, d). Surprisingly, no GFP expression was pre-
sent in CRH-Cre-Prlr®* mice in the PVN, MeA (Fig. Sc,
f) nor any other brain region, in either diestrous or lactating
animals. This suggested that while possible recombination

@ Springer



3200

Brain Struct Funct (2017) 222:3191-3204

a C Il Rostral

400m= b 250 FRKEK 10m FRKK

—|_|_| Caudal

0 0
Y - Y HXX¥
3 XKRKKR XHKXH 8
o | | ‘T 2007 5 84
2 300+ ) 2 T
B S T =
33 5T £5
2o £ 5 150+ <5 64
es < S 23
® @ 200+ 5o 2o
E 2 i3 88

[ w o 100+ 2 4=
52 °e 5
: T 3 5
© 100+ € 8
5 e 5 50 € 2s
K] 4 2
E — 1 1 i
2 -

oL I i oL B . 0 . .
Diestrus Lactation Diestrus Lactation Diestrus Lactation

Fig. 4 Quantification of the number of tdTomato and pSTATS5
immunoreactive neurons in the PVN of CRH-Cre-tdTomato mice. a
The number of tdTomato neurons is greater in the rostral subdivision
of the PVN, but this is unchanged between diestrous and lactating
CRH-Cre-tdTomato mice. b The number of pSTAT5 immunoreactive
cells increases significantly in lactation in both subdivisions of the

occurred, the Prir promoter was not activated in these cells
to drive GFP expression and thus showed that neither iso-
form of the PRLR is expressed by CRH neurons.

Discussion

Studies of prolactin effects upon the stress axis have pri-
marily been conducted in non-pregnant female and male
rats when circulating prolactin levels are typically low
and the HPA axis is responsive to a variety of physi-
cal and psychological stressors. Under these conditions,
acute elevation in prolactin secretion in response to stress
has been reported to protect against stress-induced gastric
ulcer formation and hypocalcemia (Fujikawa et al. 2004,
2005). Conversely, chronic elevation of prolactin ICV has
been shown to suppress HPA axis reactivity to stress (Don-
ner et al. 2007; Torner et al. 2002, 2001). Both the acute
and chronic anti-stress effects of prolactin are inhibited if
the long form of the PRLR is blocked centrally (Fujikawa
et al. 2005; Torner et al. 2002, 2001), indicating that these
actions of prolactin are mediated within the brain. Evidence
of Prlr mRNA expression within the PVN (Bakowska and
Morrell 1997; Brown et al. 2011; Kokay et al. 2006) led
us to hypothesise that prolactin acts directly upon the CRH
neurons to regulate these stress responses. Using data from
both rat and mouse models, we show here that CRH neu-
rons do not express PRLRs and thus any actions of prolac-
tin upon the HPA axis are likely to be mediated indirectly.

@ Springer

PVN. ¢ Limited colocalisation of pSTAT5 and tdTomato immunore-
active cells in lactating mice, which is restricted to the caudal subdi-
vision of the PVN. Note the difference in scale on the Y-axis in (¢).
Data represent the mean+SEM (n=4 animals per group) and were
analysed using a two-way ANOVA followed by a Tukey—Kramer test
for multiple comparisons (****Represents p <0.0001)

In the present study, consistent with previous reports
(Bakowska and Morrell 1997; Kokay et al. 2006), Prir;
mRNA was detected within the rat PVN; however, there
was little evidence of colocalisation with Crhi mRNA
expression. Furthermore, prolactin-induced pSTATS did
not colocalise with CRH immunoreactive neurons in the
PVN of the rat. Together these data showed that prolac-
tin action upon the HPA axis is not likely to result from
activation of PRLR; on CRH neurons. One caveat to this
interpretation, however, was the limited visualisation of
the CRH neurons by immunohistochemistry in the present
study. Colchicine pre-treatment is typically used to block
trafficking of the CRH protein to the axonal terminals at the
median eminence and thus allow the cell bodies to be visu-
alised by immunohistochemistry (Bloom et al. 1982). How-
ever, as this approach was not compatible with pSTATS
immunolabelling, presumably because colchicine interferes
with trafficking of this signalling molecule to the nucleus
(Yip S., personal communication), it was likely that only a
subset of CRH neuron cell bodies were detected in the pre-
sent study. As direct prolactin action upon those CRH neu-
rons not detected by immunohistochemistry could not be
excluded, a transgenic CRH-Cre-tdTomato reporter mouse
line was utilised in subsequent experiments to ensure
visualisation of the CRH neuron population irrespec-
tive of CRH protein trafficking and levels of Crh mRNA
expression.

In the CRH-Cre-tdTomato reporter mouse line, tdTo-
mato immunoreactivity was specific to those animals which
expressed Cre recombinase and the pattern of tdTomato
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Fig. 5 Absence of GFP immunolabelling in CRH-Cre-Prlr/** mice
shows CRH neurons do not express PRLR. Representative images
showing immunolabelling for GFP in the PVN and MeA in trans-

genic mice where Cre-mediated recombination is specific to all fore-

brain neurons (CamK-Cre-Prlr’®"¥; positive control) or CRH neurons

(CRH-Cre-Prlr®/*¥) The presence of GFP immunolabelled cells in
the CamK-Cre-Prlr’®* line (b, e) indicates Cre-mediated inver-

expression corresponded with regions known to contain
populations of CRH neurons (PVN and CeA), consist-
ent with previous characterisation of this mouse model
(Wamsteeker Cusulin et al. 2013). Assessment of prolactin-
responsiveness of tdTomato-labelled CRH neurons was
carried out in lactating mice because prolactin-induced
pSTATS is not readily detected within the PVN of diestrous
animals (Brown et al. 2011). The number of CRH neurons
detected using tdTomato was preserved in lactating animals
despite basal Crh mRNA expression being markedly sup-
pressed at this time (Gustafson P, Bunn S and Grattan D,
unpublished data). Consistent with the rat data, the major-
ity of tdTomato-labelled CRH neurons in the CRH-Cre
reporter mouse line did not express pSTATS. However,
a sub-population of dual-labelled cells was identified at
the caudal margin of the PVN. Although the increase in
pSTATS labelling within the brain during lactation has
been attributed to the hyperprolactinemic state (Brown

sion of the Prlr’®** gene, resulting in the expression of GFP under

the control of the Prir promoter. GFP-labelled neurons are evident in
the PVN and the MeA but no GFP cells are present in animals with-
out Cre (a, d; negative control). In the CRH-Cre-Prlr’®* line (c,
f), no GFP-labelled cells are present, indicating that PRLRs are not
expressed by PVN CRH neurons. 3v=third ventricle. Refer to (Paxi-
nos and Franklin 2004) for Bregma coordinates

et al. 2011), we sought to confirm that these presumptive
prolactin-responsive CRH neurons expressed pSTATS as
a result of PRLR, activation, rather than another hormone
or cytokine signalling through the JAK2-STATS pathway.
To achieve this, we crossed a novel Prlr’®* mouse line
to the CRH-Cre line to identify PRLR-expressing neurons
(Brown et al. 2016). The Prlr’®"* construct included an
inverted GFP sequence which when recombined into the
correct orientation, marked cells which express PRLRs by
GFP expression driven by the Prir promoter (Brown et al.
2016). In positive controls, where Cre recombinase was
expressed by forebrain neurons, GFP expression was pre-
sent in the PVN and other regions such as the MeA. How-
ever, no GFP expression was detected in the PVN, nor in
any brain region, when Cre recombinase expression was
driven by the CRH promoter. Thus, these data are consist-
ent with the rat data showing an absence of Prir mRNA
in CRH neurons and suggest that CRH neurons are not
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directly prolactin responsive. This was consistent for both
diestrous and lactating animals, showing that there was no
upregulation of PRLR expression by CRH neurons in lacta-
tion. From these data, it can be concluded that the pSTAT5
expression by those tdTomato-labelled neurons in the cau-
dal PVN during lactation was not the result of PRLR, acti-
vation. Given that the JAK2-STATS5 pathway is not exclu-
sively coupled to the PRLR;, it is possible that another
cytokine or hormone receptor coupled to the STATS path-
way was activated in these cells. For example, growth
hormone receptor mRNA and growth hormone-induced
pSTATS have recently been characterised in the PVN of
the mouse (Furigo et al. 2016). The significance of pSTATS5
signalling in these neurons is not known; however, as this
caudal region corresponds to the pre-autonomic division of
the PVN (Biag et al. 2012), this suggests a possible role in
autonomic nervous system regulation.

The PVN CRH neurons identified in the rat and mouse
showed little pSTATS expression, indicating that neither
the acute stimulatory (Fujikawa et al. 2004; Weber and
Calogero 1991) or chronic suppressive (Donner et al. 2007)
actions of prolactin upon CRH neurons are mediated by
activation of the JAK2-STATS5 pathway in these cells. In
rats, ICV prolactin has been shown to stimulate the MAPK
pathway in CRH neurons (Blume et al. 2009). Both PRLR;
and PRLRg can mediate prolactin activation of the MAPK
signalling cascade (Das and Vonderhaar 1995); however,
we have shown here that Prlr;, mRNA is not expressed by
CRH neurons in rats. Reports of PRLRg expression within
the PVN are inconsistent. One in situ hybridisation study
has detected Prlrg mRNA expression within this nucleus
(Bakowska and Morrell 2003), but our group could not
confirm this result with RT-qPCR (Augustine et al. 2003).
In the present study, we found no evidence of Prir¢ mRNA
expression within the PVN of the diestrous rat by in situ
hybridisation, despite the presence of labelling in positive
control tissues. Nevertheless, it is possible that low lev-
els of Prlr¢ mRNA expression are present in the PVN but
were unable to be detected by the methodological approach
in our study. The absence of GFP immunolabelling in the
PVN of CRH-Cre-Prlr’®/** mice was consistent with a
lack of Prlr¢ mRNA expression detected in the rat, as the
Prr’®* construct was designed such that Cre-mediated
recombination would result in GFP marking the expres-
sion of either PRLR isoform (Brown et al. 2016). Inter-
estingly, in cultured hypothalamic neurons prolactin has
been shown to act through the short PRLR isoform to have
a stimulatory effect upon Crh promoter activity (Blume
et al. 2009). While this effect is consistent with the acute
prolactin-induced stimulation of Crh mRNA expression
reported in vivo (Fujikawa et al. 2004), the inhibitory effect
of prolactin upon stress-induced gastric ulcer formation
and hypocalcemia has been attributed to long-form PRLR
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activation (Fujikawa et al. 2005). Additionally, prolactin
acting through the long form of the PRLR has been shown
to mediate the chronic prolactin-induced suppression of the
HPA axis (Donner et al. 2007; Torner et al. 2002, 2001).
Our data show that any prolactin action upon CRH neu-
rons in vivo is not likely to be mediated by either PRLR
isoform directly on these cells. It must be acknowledged,
however, that experiments in the present study were under-
taken in basal non-stressed conditions. It is possible that
under stress conditions, PRLRs could be upregulated in
CRH neurons and thus allow direct prolactin regulation of
these neurons. Restraint stress has been shown to increase
Prlr mRNA expression in the PVN of male rats (Fujikawa
et al. 1995); however, the phenotype of the Prir-expressing
cells has not been determined. Thus, additional research
under stress conditions would be required to exclude this
possibility.

The target of prolactin which mediates this apparent
indirect action upon the CRH neurons is not known. The
present study has shown that the PVN contains many non-
CRH, prolactin-responsive neurons. Thus, prolactin may
target a neuronal population within, or adjacent to, this
nucleus to regulate CRH neuron activity. Of the defined
neuronal populations within the PVN, currently only the
oxytocin neurons are known to be targeted directly by pro-
lactin acting through the PRLR; (Augustine et al. 2016;
Kokay et al. 2006; Sapsford et al. 2012). Oxytocin has
anti-stress effects (Neumann et al. 2000a, b), making these
neurons a potential candidate for mediating the actions of
prolactin upon CRH neurons. However, as the anti-stress
effects of oxytocin are limited to male and non-pregnant/
non-lactating female rats (Neumann et al. 2000a, b), these
neurons are not likely to mediate the suppression of HPA
axis activity in lactation. Alternatively, prolactin may act
externally to the PVN to influence CRH neuron activity.
Prlr; mRNA and prolactin-induced pSTATS? is detected in
a variety of stress-responsive brain regions including parts
of the limbic system and brainstem nuclei (Brown et al.
2011, 2010; Ulrich-Lai and Herman 2009) which project
to the CRH neurons and thus regulate the activity of the
HPA axis. It is also possible that rather than targeting the
CRH neurons, prolactin regulates pituitary adrenocortico-
tropic hormone (ACTH) secretion (and thus downstream
corticosterone secretion) through its modulation of the neu-
roendocrine dopaminergic neurons in the arcuate nucleus
(Olah et al. 2009). During lactation, the suckling stimulus
increases ACTH secretion (Olah et al. 2009; Walker et al.
1992). This is associated with dephosphorylation/deactiva-
tion of tyrosine hydroxylase, the rate-limiting enzyme in
the dopamine synthesis pathway, in the median eminence
(Feher et al. 2010). Furthermore, treatment with bro-
mocriptine (D2 dopamine receptor agonist) in lactation pre-
vents the suckling-associated increase in ACTH secretion
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(Olah et al. 2009). These data indicate that the regulation
of ACTH secretion is not limited to changes at the level of
the CRH neurons and suggest that prolactin actions on the
stress response might be mediated by additional neuronal
populations.

Prolactin has been shown to have an important physi-
ological role in the regulation of the stress response. Our
data show that prolactin regulation of HPA axis activity
is not mediated by prolactin directly targeting the CRH
neurons. Using data from the rat and mouse models, we
showed that the CRH neurons do not express either the long
or short PRLR isoform and are not responsive to prolactin-
induced activation of the JAK2-STATS signalling pathway.
While it is difficult to absolutely prove a negative observa-
tion, through the use of several complementary approaches
in two different models the present study strongly indicates
that prolactin acts indirectly to regulate CRH neurons and
thus the downstream activation of the HPA axis.
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