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Luman/CREB3 Recruitment Factor Regulates Glucocorticoid Receptor
Activity and Is Essential for Prolactin-Mediated Maternal Instinct
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The hypothalamic-pituitary-adrenal (HPA) axis is a major part of the neuroendocrine system in animal responses to stress. It is
known that the HPA axis is attenuated at parturition to prevent detrimental effects of glucocorticoid secretion including inhibi-
tion of lactation and maternal responsiveness. Luman/CREB3 recruitment factor (LRF) was identified as a negative regulator of
CREB3 which is involved in the endoplasmic reticulum stress response. Here, we report a LRF gene knockout mouse line that has
a severe maternal behavioral defect. LRF '~ females lacked the instinct to tend pups; 80% of their litters died within 24 h, while
most pups survived if cross-fostered. Prolactin levels were significantly repressed in lactating LRF~'~ dams, with glucocorticoid
receptor (GR) signaling markedly augmented. In cell culture, LRF repressed transcriptional activity of GR and promoted its pro-
tein degradation. LRF was found to colocalize with the known GR repressor, RIP140/NRIP1, which inhibits the activity by GR
within specific nuclear punctates that are similar to LRF nuclear bodies. Furthermore, administration of prolactin or the GR an-

tagonist RU486 restored maternal responses in mutant females. We thus postulate that LRF plays a critical role in the attenua-
tion of the HPA axis through repression of glucocorticoid stress signaling during parturition and the postpartum period.

he maternal response in mice is a set of well-characterized,

fundamental behaviors that include nest building, pup re-
trieval, and crouching over pups (52). Hormonal control is crit-
ical for development of the maternal response (4, 5, 31). Pro-
lactin (PRL), in particular, a polypeptide hormone synthesized
in the anterior pituitary, is implicated in rapid stimulation of
maternal behavior (5, 39) in addition to its role in induction of
lactation (36). Activation of PRL synthesis is under the control
of a single protein, pituitary-specific transcription factor 1
(Pit-1) (17, 40). Key regulators of PRL synthesis and secretion
are glucocorticoids, which inhibit PRL through glucocorticoid
receptor (GR) binding to the PRL promoter (3). GR may also
repress PRL synthesis through interference with PRL transcrip-
tion activation by Pit-1 (47).

Glucocorticoid secretion is triggered by the hypothalamic-pi-
tuitary-adrenal (HPA) axis in response to both physical and psy-
chological stresses. Stress signals rapidly stimulate corticotrophin-
releasing hormone (CRH) and vasopressin neurons in the
hypothalamic paraventricular nucleus (PVN), which subse-
quently induce adrenocorticotrophic hormone (ACTH) secretion
in the anterior pituitary, leading to adrenal cortex glucocorticoid
secretion. Sustained high levels of glucocorticoids are detrimental,
and rapid glucocorticoid negative feedback is critical in the termi-
nation of HPA axis activation (10). It is known that prolonged
activation of the HPA axis and glucocorticoid signaling contribute
to poor parental care (24, 30, 49). The HPA axis is closely modu-
lated in mammals during pregnancy and at parturition (37); how-
ever, the mechanism underlying GR regulation and attenuation of
the HPA axis is unclear (2, 44).

Recent reports implicate the endoplasmic reticulum (ER)
stress-related Luman or cyclic AMP response element binding
protein 3 (Luman/CREB3) (38) in the regulation of GR (34). The
negative regulator Luman/CREB3 recruitment factor (LRF) tar-
gets Luman/CREBS3 to discrete nuclear foci and represses its activ-
ity (1). To study the biological role of LRF, we created a gene
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knockout mouse line. LRF~'~ mice have a severe deficit in mater-
nal behavior accompanied by low levels of circulating PRL. We
also found that LRF represses GR, which may lead to PRL mis-
regulation through altered HPA axis sensitivity to glucocorticoids
in these mice.

MATERIALS AND METHODS

Animals. This study followed the Canadian Council of Animal Care
guidelines and was approved by the Animal Care Committee at the Uni-
versity of Guelph. The LRF gene knockout mouse line was generated in
collaboration with the International Gene Trap Consortium (48). Chime-
ric mice were backcrossed to C57BL/6 mice (Charles River, Montreal,
Canada) to produce a >99.9% congenic mouse strain. Mice were group
housed with same-sex siblings (from weaning to 24 h prior to test date)
and maintained on a 12-h reversed light/dark cycle (1000 to 2200 h).
Temperature was maintained at 21 to 24°C; food (14% standard diet;
Harland Teklad) and water were provided ad libitum. PRL-treated dams
were injected subcutaneously (s.c.) twice daily with 5 mg/ml PRL from
sheep pituitary (Sigma) in 0.9% sodium chloride or vehicle alone, com-
mencing at 18 days postcoitum (dpc).

Behavior testing. Animals derived from LRF™/~ crosses, 3 to 5
months of age, were housed individually 24 h prior to testing. Tests were
performed during the active period (1100 to 1700 h). On the day of test-
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ing, mice were moved to a testing room and allowed to habituate for 1 h.
All tests were performed under red light, counterbalanced for placement
where applicable, with the exception of the dark-light test, which was
performed in a brightly lit room, and tests were videotaped for subsequent
analysis with Observer Video Analysis (Noldus, Wageningen, The Neth-
erlands). Data were scored blindly by a single, impartial, third party. All
testing apparatus was cleaned between each mouse with Alconox deter-
gent (Prolab Scientific, Laval, Quebec, Canada) in water, followed by an
aqueous baking soda solution.

(i) Dark-light test. Each mouse was placed in a clear polycarbonate
square box divided by a black insert into dark and light rectangular com-
partments of equal sizes (16 in. long by 8 in. wide by 5 in. high) with an
entry opening of 4 in. long by 1.25 in. high (AccuScan Instruments, Co-
lumbus, OH). Mice were released in a corner of the dark area, and their
activity was tracked by a set of three photo beam arrays for 5 min. The test
was repeated 24 h later. All data were collected using a VersaMax Analyser
(AccuScan Instruments).

(ii) Social recognition test. The social recognition paradigm was
modified from previous studies (12, 13). Briefly, each test mouse was
individually placed in a testing cage (23 by 23 by 33 cm) containing two
Plexiglas perforated cylinders (7-cm diameter; 12 cm high) in the corners
of the long side of the cage. Ovariectomized CD1 mice, 3 to 4 months of
age, were used as stimuli. Each test mouse was exposed four times (T1 to
T4) to two stimulus mice, one in each cylinder, for 5 min. Intertest inter-
vals (ITIs; when stimulus mice were removed) lasted 15 min. On a fifth
exposure (T5), a novel stimulus mouse was introduced, paired with a
familiar stimulus mouse. Active sniffing in the holes of the cylinder was
used as a measure of social investigation, as previously reported (12).

(iii) Hidden-reward olfaction test. All mice were food deprived for 17
to 20 h prior to testing. Each mouse was allowed to consume 1/12 of a
Hershey’s chocolate chip, placed on the surface of the bedding. Five min-
utes later, 1/4 of a chocolate chip was buried in the bedding away from the
mouse, and the time it took the mouse to find the chocolate chip was
measured.

(iv) Pup retrieval assay. Adult wild-type (WT) and LRF /" virgin
female mice were housed individually and provided with cotton bedding
24 h prior to pup exposure. Test mice were exposed to three 1- to 3-day-
old WT pups for 10 min per day on three consecutive days. Pups were
introduced into a corner of the cage not containing the nest. Pup-related
(crouching and licking) and non-pup-related (nest building and locomo-
tor activity) behaviors were collected on the third day of exposure, and at
the end of each test, the quality of the nest was scored from 0 (no nest) to
3 (complete nest) as previously described (32). For RU486 treatment,
mice were injected with 7.5 mg/kg RU486 (mifepristone; Sigma) in water
(or vehicle alone) 1 h prior to each test and tested for 4 days.

Statistical analysis of behavior. In all tests, data were analyzed using a
significance level of 0.05 (P value).

(i) Tail suspension and litter survival. A Z test for proportions, com-
paring between genotypes (or treatment within genotype for the PRL
exposure experiment), was used. Refer to supporting information in the
supplemental material.

(ii) Hidden-reward olfaction, RU486, and pup retrieval tests. A two-
tailed f test, comparing between genotypes within each group (male and
female) was used.

(iii) Dark-light and social recognition tests. General linear models
were conducted using SAS, version 9.1 (SAS Institute Inc.), and the R
statistical software package (www.R-project.org). All alternative hypoth-
eses were tested against a null. For detailed analysis on each test, refer to
supporting information in the supplemental material.

RNA analysis. Total RNA was isolated with TRIzol (Invitrogen, Carls-
bad, CA) from adult mouse tissues. Synthesis of cDNA was performed
using SuperScript III reverse transcriptase (Invitrogen) and oligo(dT)
(Roche Diagnostics, Laval, QC, Canada). Reverse transcriptase PCR (RT-
PCR) amplification of mouse LRF mRNA was performed using primers
P4 (5'-CTGCCAGCACTTCTGTTTCA) and P5 (5'-AAGCTCTGGATG
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CCAGCTTA) (Fig. 1); human LRF mRNA from HeLa cells was amplified
using primers 5'-GCCTCTTCAAGGTCATGCCA and 5'-AAGTGACCC
AGGACCTTCCTG; and B-actin mRNA was amplified using primers 5’'-
GAGAAGATCTGGCACCACACC and 5'-CAAGAAGGAAGGCTGGAA
AAG.

Northern blotting. RNA probes were prepared following the manu-
facturer’s instructions using a digoxigenin (DIG) RNA labeling kit
(Roche). A 575-bp ¢cDNA insert encoding exons 2 to 4 of mouse LRF
(primers P6, 5'-ACTCACAGGATCTGGGCTTG, and P7 5'-GGCAGCT
GCTCTATTTGTGG) (Fig. 1) in the pCRII-TOPO vector (Invitrogen)
was used to generate an antisense RNA probe. Total RNA (10 pg) was
subjected to electrophoresis on a 1.2% agarose gel and hybridized with
100 ng/ml of DIG-labeled RNA probes.

Whole-brain sectioning. Animals were overdosed (120 mg/kg) with
sodium pentobarbital (Ceva Santé Animale, Libourne, France) and per-
fused through the ascending aorta with phosphate-buffered saline (1X
PBS) followed by 2% paraformaldehyde (PFA) in 1X PBS, pH 6.5. Whole
brains were extracted, postfixed for 2 h at room temperature, and sec-
tioned at 50 uM on a Leica VT1000S vibrating microtome (Leica Micro-
systems Canada, Inc., Richmond Hill, ON, Canada).

X-Gal staining. Floating sections were fixed for 2 h in 4% PFA in 1X
PBS, pH 6.5, rinsed in buffer (100 mM sodium phosphate, pH 7.3, 2 mM
MgCl,, 0.1% Triton X-100), prestained for 1 h in rinse buffer containing
5 mM potassium ferrocyanide—5 mM potassium ferricyanide, and stained
for >12 h at 37°C in prestain solution containing 4 mg/ml 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (X-Gal). Sections were postfixed
for 18 h in 4% PFA containing 0.25% glutaraldehyde. Images were cap-
tured with a Micropublisher 5.0 digital camera (QImaging, Surrey, BC,
Canada) and QCapture software (QImaging) under a Leica MZ125 dis-
secting microscope (Leica).

Histological assessment of mouse tissue. Mammary tissues were
fixed in 4% PFA in 1 X PBS (pH 8.5) and sectioned at 10 M thickness. All
mammary tissues were blind coded and scored by a clinical pathologist.
Images were captured on a Leica DMRA2 microscope with a Hamamatsu
ORCA-ER digital camera and Openlab imaging software (PerkinElmer,
Waltham, MA).

Immunohistochemistry. Floating sections were rinsed in 1X Tris-
buffered saline (TBS), pH 7.0, plus 0.6% sodium azide, followed by three
washes in 1 X TBS, pH 7.0, and blocked for 1 h at room temperature in 1X
TBS containing 0.1% Triton X-100, 3% goat serum, and 0.05% (wt/vol)
bovine serum albumin (BSA) before incubation for 18 h at 4°C with the
following primary antibodies: MAP2 (Abcam Inc., Cambridge, MA) at
1/3,000 and B-galactosidase (B3-Gal; US Biological, Houston, TX) at
1/1,000. Sections were rinsed three times in 1 X TBS and incubated for 1 h
in 1X TBS containing the following secondary antibodies: Alexa 488-
conjugated antibody (Invitrogen) for 3-Gal at 1/4,000 and Alexa 594-
conjugated antibody (Invitrogen) for MAP2 at 1/10,000. Images were
captured with an Axiocam Mrc5 camera (Carl Zeiss Canada Ltd., To-
ronto, Ontario, Canada) under an Axio Imager D1 (Carl Zeiss Canada
Ltd.) with Axio Vision, version 4.6, software (Carl Zeiss Canada Ltd.).

ELISAs. Blood samples (100 to 150 ul) were collected in the active
cycle (1000 to 1100 h) from the saphenous vein of the hind limb; serum
was collected and stored at —80°C. Hormone levels were detected using a
mouse/rat PRL enzyme-linked immunosorbent assay (ELISA) kit (Cal-
biotech, Spring Valley, CA), a corticosterone enzyme immunoassay (EIA)
kit (Assay Designs, Ann Arbor, MI), or an oxytocin EIA kit (Assay De-
signs, Ann Arbor, MI), as per the manufacturers’ instructions, and de-
tected using a POLARstar Omega plate reader (BMG Labtech GmbH,
Offenburg, Germany). Statistical analysis was performed using two-way
repeated measures analysis of variance (ANOVA) and a pairwise multiple
comparison procedure where applicable. Data were deemed significant at
a P value of <0.05.

Plasmids. The pEGFP-LRF (where EGFP is enhanced green fluores-
cent protein) and pFLAG-LRF plasmids were constructed previously (1).
The pRL-SV40 plasmid (Promega) contains the Renilla reniformis lucif-
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FIG 1 Genotypic confirmation of the LRF KO mice. (a) Mapping the LRF-B-geo locus. A series of primers were designed within intron 1 of the LRF allele (L8,
L9, L1, L2, and L20) in pair with a primer (BG) situated 200 bp inside the -geo cassette, downstream of the splice acceptor (SA) sequence. The L20/BG
combination of primers revealed a 459-bp sequence by PCR that was sequenced to confirm identity and positioning of the B-geo cassette which is 4.8 kb
downstream of the transcription start site. (b) Genotyping strategy showing expected transcripts from the WT and disrupted alleles, with only five or seven of the
total nine exons shown. A stands for poly(A) tail. (c) A typical genotyping result by PCR, using primers P1 and P2 (WT allele) or P1 and P3 (knockout [KO]
allele) on tail snip DNA. The 409-bp band identifies a wild-type (WT) allele, and a 571-bp band indicates the targeted null (KO) allele. HET, LRF"/~. (d) LRF
detection by RT-PCR in WT and LRF~'~ mature female mouse tissues using primers P4 and P5, downstream of the 3-geo cassette insertion site. A 656-bp
RT-PCR fragment of LRF exons 4 to 7 was detected in the WT but not in the LRF '~ tissues. B-actin was used as a loading control. (e) Confirmation of the LRF
KO genotype by Northern blotting using DIG-labeled RNA probes spanning exons 2 to 4 (P6 and P7). A distinct 3.7-kb band was identified in WT but absent in
LRF '~ mouse tissues. LRF transcripts are highly abundant in the WT mouse brain, with larger transcripts likely representing incompletely spliced mRNA. Heart
and skeletal actin has two forms, running at approximately 2.1 kb and 1.8 kb (17a).

erase gene under the control of the simian virus 40 (SV40) immediate-
early promoter. The pEGFP-RIP140 (where RIP140 is receptor-interact-
ing protein 140), pSG5-hGR, and pMMTV-Luc (containing the firefly
luciferase gene; MMTYV is mouse mammary tumor virus) were provided
by Johanna Zilliacus, Karolinska Institutet (63), Jorma Pavlimo, Univer-
sity of Helsinki (45), and Ronald Evans, Howard Hughes Medical Insti-
tute, respectively (22).

Cell culture. HeLa cells were grown in monolayer culture in Dulbec-
co’s modified Eagle’s medium (high glucose) supplemented with 10%
(vol/vol) fetal bovine serum (Invitrogen), 100 IU/ml penicillin, and 100
pg/ml streptomycin. All cultures were maintained in a 5% CO, humidi-
fied atmosphere at 37°C and passaged every 2 to 3 days. Cells were plated
24 h prior to transfection and allowed to grow to 60% confluence prior to
transfection. Cells were transfected by FuGENE HD transfection reagent
(Roche) as per the manufacturer’s instruction.

Dual-luciferase assays. HeLa cells were plated in six-well plates and
cotransfected with 0.5 pg of pMMTV-Luc, 80 ng of pRL-SV40, and 0.25
g of pSG5-hGR, together with 1 pg of pEGFP-LRF (or pcDNA3.1) and
0.5 pg of pEGFP-RIP140 (or pcDNA3.1). At 24 h posttransfection, the
medium was changed, and 100 nM dexamethasone (Dex) was added as
required for 8 h. Cells were lysed, and dual-luciferase assays were per-
formed according to the manufacturer’s instructions (Promega Corpora-
tion, Madison, WI). Relative luciferase activity was calculated (firefly lu-
ciferase/Renilla luciferase) to correct for transfection efficiency. Assays
were independently repeated three times, and data are represented with
standard errors of the means (SEM).

Immunofluorescence confocal microscopy. HeLa cells were plated
on glass coverslips in six-well plates and transfected (or cotransfected)
with 1 ug of pSG5-hGR, pEGFP-LRF, pEGFP-RIP140, and FLAG-LRF in
the combinations indicated in Fig. 6. Cells were treated for 8 h with 100
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nM Dex and 5 pM MG132 (EMD Biosciences, San Diego, CA) to prevent
protein degradation by the proteosome prior to fixation. Primary anti-
bodies were used at the following dilutions: GR polyclonal antibody (H-
300; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at 1/500 and FLAG
monoclonal antibody (M2; Sigma) at 1/500. Secondary Alexa 488- and
Alexa 594-conjugated antibodies were used at 1/1,000 (Invitrogen).
Transfected cells were incubated in antibodies for 35 min and mounted in
50% glycerol with 0.5 nM 4',6’-diamidino-2-phenylindole (DAPI). Im-
ages were captured with a Hamamatsu ORCA-ER digital camera under a
Leica DMRE confocal microscope.

CHX assay. HeLa cells were plated in 12-well plates and transfected at
60% confluence with 1 pug of pSG5-hGR alone or cotransfected with 1 pg
of pSG5-hGR and 1 g of pPEGFP-LRF. At 24 h posttransfection, cells were
treated with 100 nM Dex and at 0, 2, 4, and 6 h with 50 pg/ml cyclohexi-
mide (CHX; Sigma). Cells were harvested and used for subsequent anal-
ysis.

Western blotting. Primary antibodies were used at the following di-
lutions: GR polyclonal antibody (H-300; Santa Cruz) at 1/1,000, FLAG
monoclonal antibody (M2; Sigma) at 1/1,000, GFP polyclonal antibody
(Roche) at 1/1,000, and B-actin monoclonal antibody (clone AC-15;
Sigma) at 1/1,000. Secondary horseradish peroxidase (HRP)-conjugated
antibodies were used at 1/20,000 (Promega). Blots were visualized using
ECL Plus (GE Healthcare, Piscataway, NJ) on Amersham Hyperfilm ECL
(GE Healthcare).

qRT-PCR. Transcript levels were measured by quantitative RT-PCR
(qQRT-PCR) using PerfeCTa SYBR green Supermix with 6-carboxy-X-
rhodamine (ROX) (Quanta Biosciences, Inc., Gaithersburg, MD) and
primers against the mouse genes, PRL (5'-ATGTTCAGCCTCTGCC
AATC and 5'-GAAGTGGGGCAGTCATTGAT), PRLR (5'-CCTGCATC
TTTCCACCAGTT and 5'-CCAGCAAGTCCTCACAGTCA), Csn2 (5'-G

Molecular and Cellular Biology


http://mcb.asm.org

ACAGCTGCAGGCAGAGGAT and 5'-GACGGGATTGCAAGAGAT
GQG), interferon regulatory factor (IRF-1) (5'-AACCAAATCCCAGGGC
TGAT and 5'-CTCCGGAACAGACAGGCATC), insulin-like growth
factor binding protein 1 (IGFBP1) (5'-GAGGATCAGCCCATCCTGTG
and 5'-GCAGGGCTCCTTCCATTTCT), and actin (5'-CCTGAACCCT
AAGGCCAACC and 5'-CACAGCCTGGATGGCTACG). Samples were
run on a StepOnePlus Real-Time PCR System (Applied Biosystems,
Carlsbad, CA) and subjected to standard curve analysis, and arbitrary
values were represented, adjusting for primer efficiencies. To ensure that
appropriate primer-specific products were produced, melting curve anal-
yses were performed on the SYBR green channel using a ramping rate of
1°C/30 s from 60 to 95°C. Data are presented as the averages of three
technical repeats from two independent sample sets that consisted of
pooled RNA from three animals and are standardized to -actin values.

RESULTS

Generation of LRF ™'~ mice. Our gene knockout mice represent a
gene-trapped line that contains a 3-galactosidase (3-Gal)/neomy-
cin phosphotransferase II fusion gene ((3-geo) (48) inserted into
intron 1 of the LRF gene. The disrupted allele in the F1 progeny of
chimeric mice was confirmed by PCR and DNA sequencing (Fig.
la). Heterozygous (LREF™'™) mice were backcrossed to C57BL/6
mice for >11 generations to produce a >99.9% congenic
C57BL/6 strain before data collection.

Genotyping LRF mice was performed using primers designed
against LRF genomic DNA (Fig. 1b, P1 and P2) and the targeted
allele (Fig. 1b, P1 and P3). The presence of a 409-bp band identi-
fies a wild-type (WT) allele, and a 571-bp band indicates the tar-
geted null allele (Fig. 1c¢).

Confirmation of the functional LRF knockout was accom-
plished by RT-PCR (Fig. 1d) and Northern blot analysis (Fig. le)
on adult mouse tissues. To rule out the possibility of downstream
methionine start sites that could produce shorter LRF isoforms,
two different regions downstream of the cassette insertion were
targeted. A 656-bp RT-PCR fragment of LRF exons 4 to 7 (Fig. 1b,
P4 and P5) was detected in the wild-type but not in the null
(LRF~/7) tissues of male (not shown) and female mice (Fig. 1d).
Further, using an RNA probe spanning exons 2 to 4 (Fig. 1b,
between P6 and P7), a distinct 3.7-kb band was identified in WT
tissues but was absent in LRE™/~ mouse tissues, demonstrating
that no WT LRF mRNA was transcribed (Fig. le). It is of interest
that LRF transcripts are highly abundant in the WT mouse brain,
with larger transcripts likely representing incompletely spliced
mRNA variants (Fig. le). The high abundance of LRF was also
confirmed by X-Gal staining (see Fig. S1 in the supplemental ma-
terial) since 3-gal gene expression in the mutant LRF allele is un-
der the control of the LRF promoter (Fig. 1b), which gave a neu-
ron-specific staining pattern.

Gross and microscopic assessment of the mutant mouse tissues
found no apparent abnormalitiesin LRF~/~ or LRF"~ mice com-
pared with the WT although LRF~'~ mice were significantly
smaller in size (see Fig. S2 in the supplemental material). At 6
months of age (170 days), WT male mice weighed 34.7 = 0.76 g
versus 31.96 + 0.68 g for LRF~/~ males (n = 22 and 15, respec-
tively; P = 0.0119). Similarly, adult female WT mice were signif-
icantly larger at 27.24 = 0.75 g than LRF ™/~ females at 21.99 =
0.94 g (n = 14 and 8, respectively; P = 0.0005). Intercrosses be-
tween LRF"'~ mice revealed a normal sex ratio and Mendelian
genotype distribution (data not shown).

Interestingly, the simple tail suspension test, a nonspecific
screen for neurological alterations, revealed that the proportion of
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FIG 2 LRF~'~ female mice display evidence of maternal neglect. (a) Reduced
survival of pups born to LRE~'~ females. The proportion of litters that sur-
vived versus litters born was plotted for each maternal genotype. WT (LRE*'™),
n = 26; HET (LRF*'7), n = 35; KO (LRF /"), n = 15.*, P = 7.65 X 10~ *°
compared to WT in a Z-test for proportions. (b) Cross-fostering pups (n = 30
from 7 litters) from LRF~'~ to WT dams resulted in a 77% rescue of pup
survival (n = 23). (c) Virgin LRF '~ females exhibit impaired maternal be-
havior in a pup retrieval assay. From left to right, top to bottom, adult virgin
WT (n = 14) and LRF '~ (n = 10) mice were tested for total number of pups
retrieved, latency to retrieve the first and third pups, percentage of time spent
in the nest with the pups after the first pup was retrieved, and time spent
outside the nest, actively engaged in building the nest, digging, or otherwise
exploring activities, not including time with pups. **, P = 0.0167; ***, P =
0.0006 (a two-tailed t test).

mice displaying severe hind limb clasping was significantly higher
in LRF~'~ mice than in WT mice (P < 0.0013) (see Fig. S3 in the
supplemental material). This, along with a neuron-specific ex-
pression pattern, implies a neuronal function of LRF.

LRF~/~ dams display evidence of maternal neglect. We
quickly found that most litters (80%; P = 7.65 X 10~ '°) produced
by LRF '~ dams failed to survive beyond 24 h (Fig. 2a); pups were
found outside the nest and/or lacking milk spots. In many cases
there was evidence of infanticide.

The inbred C57BL/6 mice are generally known to be good
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FIG 3 Defect in PRL secretion in LRF~/~ mice. (a) Histology of mammary
tissuein WT and LRF~/~ virgin females and dams that were 24 h into their first
lactational period (24 hpp). Data are representative of n = 2 (virgin) and n =
3 (24 h pp) mice. Scale bar, 50 wm. Corticosterone (b), oxytocin (c), and serum
PRL (d) levels were measured in mid- (12 dpc) and late (18 dpc) parturition
and within the first 12 h of birth (12 hpp) in LRF~’~ females (n = 10; KO) and
WT females (n = 16). All data were plotted with SEM. *, P = 0.005, between
genotypes in a two-way repeated measures ANOVA across time points; **, P =
0.002; ***, P = 0.001, in a pairwise multiple comparison procedure (Tukey
test).

mothers that will spontaneously foster pups (46). To investigate if
pup death was caused by developmental defects of the pups or
poor nurturing by the dam, LRE*'~ pupsbornto LRF~/~ mothers
and WT fathers were cross-fostered to nursing WT dams within
18 h of birth. Pups were monitored for the presence of milk spots
and nest position every 6 h for 3 days. In contrast to non-cross-
fostered litters, 77% of cross-fostered pups survived into adult-
hood (Fig. 2b). These data suggest that maternal factors, not the
fitness of the pups, are the cause of poor litter survival.

Nulliparous LRF~’~ females show an increase in non-pup-
related activities during the pup retrieval test. In many cases,
pups were found outside the nest after parturition, suggesting that
LRF~'~ dams may lack the instinct to nurture pups. We therefore
sought to characterize the maternal behavior of LRF/~ female
mice using a pup retrieval assay (32, 39). Nulliparous females not
previously exposed to juvenile mice were exposed to three healthy,
WT pups over a period of 3 days. On the third day, the number of
pups retrieved, latency of pup retrieval, and nest quality (data not
shown) were similar between genotypes. Once a pup was brought
into the nest, however, the time spent in the nest crouching over
the pups was significantly reduced in LRF ™/~ females (Fig. 2c)
(P = 0.0006). LRF~'~ females spent significantly more time en-
gaged in active behaviors such as nest building, digging, and ex-
ploring. It thus appears that LRF /™ mice are impaired in specific
pup-directed maternal behaviors.

LRF /'~ females have decreased pre- and postpartum serum
prolactin levels. Pup nursing/suckling is critical for stimulation of
lactation as well as of maternal behaviors. After confirming the
existence of milk in LRF™/~ dams by palpating the mammary
tissue around the nipple, we conducted further histological exam-
ination of mammary tissues of virgin and primiparous lactating
mice. Mammary glands from nonlactating WT and LRF '~ fe-
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males demonstrated similar rudimentary development of the
mammary gland ductal tree with no distinct morphological dif-
ferences (Fig. 3a, top panels). LRF~'~ primiparous lactating dams,
however, had marked decreases in the density of terminally differ-
entiated glandular profiles compared to the WT mice (Fig. 3a,
bottom panels).

Next, we examined hormone responses related to lactation and
maternal responsiveness. Circulating levels of corticosterone,
oxytocin, and PRL were measured by ELISA in WT and LRF'~
females during parturition. Blood sera were collected from preg-
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nant mice at 12 and 18 days postcoitum (dpc) and within 12 h
postpartum (hpp). Plasma corticosterone and oxytocin levels
were not significantly different over time between LRF~'~ and
WT females (Fig. 3b and ¢) (P = 0.5930 and P = 0.6040, respec-
tively). Serum PRL levels in pregnant WT females followed a nor-
mal pattern in late gestation, increasing significantly from 12 dpc
to 18 dpc (Fig. 3d) (P = 0.001), which is within the expected range
(above 25 ng/ml) to induce lactation (41), followed by a decrease
at 12 hpp (Fig. 3d). Conversely, this pattern of circulating PRL
concentration was not seen in LRE~’~ mice (P = 0.005 compared
to WT) (Fig. 3d).

PRL signaling pathway is affected in LRF~/~ dams. Although
serum PRL levels were significantly lower in expecting LRF '~
females, appreciable amounts were still detected (Fig. 3d). This
was confirmed by quantitative reverse transcriptase PCR (qRT-
PCR), in which PRL mRNA levels detected in the pituitary tissues
of LRF~'~ dams were significantly lower (>5-fold; P = 0.041)
than those of WT dams, consistent with levels in mammary tissues
(Fig. 4a).

To determine if PRL downstream signaling is affected, mRNAs
of direct downstream targets were measured by qRT-PCR (Fig.
4a). In the hypothalamus and mammary tissue of lactating
LRF™'~ females, mRNA levels of CSN2, the gene for the major
milk protein B-casein, were >15-fold lower than those in WT
mice, and PRL receptor (PRLR) mRNA levels were reduced 9-fold
in mammary tissue of LRF '~ females. Transcription levels of
another PRL downstream gene, interferon regulatory factor-1
(IRF-1), were 6-fold lower in mammary tissue of LRF’~ dams
than in WT mice. In agreement with these data, LRF transcripts in
WT primiparous dams were 3- and 2-fold more abundant in
mammary and brain tissues, respectively, at 12 hpp than in virgin
females (Fig. 4b). We noticed that the reduction of PRL down-
stream gene expression was more pronounced than the levels of
PRL itself (Fig. 3d). This should not be surprising as the expression
of downstream genes is not solely determined by the level of PRL.
Many other factors, such as PRL receptor and its binding proteins
(its regulators), other transcription factors, and cofactors, all play
important roles in this signaling.

These results suggest that LRF may be a key regulator of the
PRL signaling pathway and that PRL misregulation may be the
underlying factor for the maternal behavioral defect in LRE~'~
mice.

LRF~/~ female mice display evidence of hyperactivity and
impaired social recognition. To further analyze behaviors of the
mutant mice, we continued neurological investigation with a
dark-light anxiety test. Although WT and LRF~/~ female mice
both demonstrated a normal preference for darkness, LRF '™ fe-
males spent less time in the dark than WT mice (Fig. 5a, top left)
(P =0.0136). A decrease in horizontal activity was noted for both
genotypes on the second test day (Fig. 5a, bottom left) (WT, P =
0.0003; LRE~'~, P = 0.0014), suggesting normal habituation to
the testing environment; however, LRF '~ females displayed in-
creased horizontal (Fig. 5a, bottom left) (P = 0.0183) and vertical
locomotor activity (Fig. 5a, bottom right) (P = 0.0119).

In a social recognition test, time spent exploring a social stim-
ulus decreased over the training period (tests 1 to 4) for both
LRF'~ and WT females (Fig. 5b, left), showing normal habitua-
tion. Additionally, time spent exploring each of the familiar stim-
uli during the training period remained equal at approximately
50%. However, when a novel mouse was introduced in test 5,
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FIG 5 Behavioral assessment of LRE /" and WT mice. (a) The dark-light
anxiety test for female mice. WT (1 = 13) and LRF~'~ (n = 11) mice were
tested for percent preference for dark, percent latency to enter light, total
horizontal activity, and vertical activity in the light half of the chamber. %,
0.01 <P <0.02;*%, P =0.0014; ***, P = 0.0003. (b) Social recognition test for
female mice. Total time spent investigating the stimulus mice and proportion
of time spent investigating the novel mouse were measured (WT, n = 6;
LRF /", n=9).* P=0.0049. (c) Hidden-reward test for olfaction. WT (n =
12) and LRF~'~ KO female (n = 10) mice were used. All data were plotted
with SEM.

although the total amount of time spent exploring both stimuli
did not increase (Fig. 5b, left, compare test 4 to 5), WT females
spent significantly more time exploring the novel stimulus (Fig.
5b, right) (P = 0.0049) while LRF '~ females did not display this
preference. Other quantifiable behaviors (such as locomotor ac-
tivity and self-grooming) were not significantly different between
WT and LRF~'~ mice (data not shown).
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with SEM.

To examine the possibility that the impaired social recognition
was due to olfactory malfunction, a hidden-reward olfaction test
was also performed. No olfactory abnormality was observed in
LRF~'~ female mice (Fig. 5¢).

LRF may regulate prolactin signaling through GR. The low
serum PRL levels and increased locomotor activity observed in
LRF ™'~ females prompted us to investigate possible malfunctions
of the HPA axis and glucocorticoid stress responses in these fe-
male LRF~'~ mice. Higher GR activity will result in lower corti-
costerone levels (15, 19). While corticosterone progressively in-
creased in WT dams over the 5 days, this increase was not observed
in LRE~'~ dams (Fig. 6a) (P = 0.010). In fact, at day 3 postpartum,
levels were 50% lower in LRE~'~ dams than in WT mice, and by 5
days postpartum there was a 12-fold reduction (Fig. 6a) (P =
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0.010). This suppression of circulating corticosterone in LRE~'~
dams suggests higher levels of active GR during the postpartum
period.

Glucocorticoids are known to be involved in PRL signaling (20,
36) by a mechanism that is largely dependent on the amount of
active GR available (21). Insulin growth factor binding protein 1
(IGFBP1) is a downstream target of GR that contains a typical
glucocorticoid response element (GRE) in the promoter (26).
IGFBP1 is most abundantly synthesized in the liver but has also
been detected in other areas of the body and thus is an ideal
marker for determining GR activity in vivo. We examined IGFBP1
mRNA levels in various tissues by QRT-PCR in WT and LRF '~
dams at <12 hpp. In the hypothalamus and mammary tissue,
IGFBPI mRNA levels were virtually undetectable, as expected
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(data not shown); however, in the pituitary, IGFBPI mRNA levels
were approximately 4-fold higher in LRF~'~ than in WT mice
(Fig. 6b) (P = 0.01).

To confirm a possible repressive role for LRF in the regulation
of GR, we analyzed the effect of LRF on the transcription activa-
tion function of GR by reporter assays (Fig. 6¢). In the presence of
the GR ligand, dexamethasone (Dex), GR activation of the
PMMTV-luc reporter, which contains four positive GREs, was
increased 150-fold compared to levels in the absence of Dex. Ad-
dition of LRF inhibited GR activation of the MMTYV promoter by
more than 50% (P = 0.0106), similar to the effect of receptor-
interacting protein RIP140/NRIP1 (nuclear receptor-interacting
protein 1) (P = 0.006) (59, 63), a known negative regulator of GR
(57). When LRF was coexpressed with RIP140 in Dex-treated
cells, LRF further repressed GR activity by an additional 23% com-
pared to activity with RIP140 alone.

We noticed that in Dex-treated cells, GR protein levels were
reproducibly lower when cotransfected with LRF (Fig. 6¢, fourth
lane from the left in the Western blot). To determine if LRF pro-
motes GR protein degradation, we conducted a cycloheximide
(CHX) assay to examine the protein stability of GR. Since LRF has
a half-life of less than 20 min (1), LRF cannot be detected by
Western blotting when de novo protein synthesis is stopped by
CHX treatment. RT-PCR was therefore performed to verify the
success of LRF transfection (Fig. 6d). GR concentration increased
after 2 h of CHX treatment in the absence of LRF (Fig. 6d, —LRF).
Conversely, the GR concentration dropped sharply in LRF-trans-
fected cells (Fig. 6d, +LRF) at 4 h post-CHX treatment and was
substantially diminished by 6 h, suggesting a role for LRF in pro-
tein degradation of GR.

GR transcriptional activation activity is repressed by receptor-
interacting protein RIP140, which recruits GR to nuclear foci (59,
63). Since LRF is known to recruit CREB3 to similar nuclear foci
and repress CREB3 transcriptional activity (1), we investigated the
intracellular distribution of LRF and GR by confocal microscopy.
In the absence of Dex, GR was distributed mainly in the cytoplasm
(Fig. 6e). Upon ligand binding (with Dex), GR distribution was
diffuse in the nucleus (Fig. 6e). LRF localized to nuclear foci, as
previously reported (1), both in the presence and absence of Dex
(Fig. 6e). When GR and LRF were cotransfected in untreated cells,
results similar to individually transfected cells were observed.
When cells were treated with Dex, however, GR was redistributed
to the nucleus and colocalized with LRF in foci (Fig. 6f).

Similar to RIP140, LRF has been shown to sequester proteins to
nuclear foci and inhibit downstream activation (1). To determine
if LRF and RIP140 colocalize and act in a similar fashion to repress
GR activity, we studied subcellular localization in cells transfected
with either GFP-RIP140 alone or GFP-RIP140 and FLAG-LRF
(Fig. 6f). In untreated cells, RIP140 localized to nuclear foci; when
cells were treated with Dex, however, the cellular localization of
RIP140 was redistributed from nuclear foci into a more diffuse
pattern (Fig. 6f), as previously reported (59). Interestingly, in the
presence of LRF, RIP140 colocalized with LRF in distinct nuclear
foci (Fig. 6f). Additionally, when cells were transfected with
FLAG-LRF, GR, and GFP-RIP140 together, all three proteins co-
localized in large nuclear foci in the presence of Dex (Fig. 6f).
Although the observation that not all available GR or GFP-RIP140
colocalized with LRF in foci might be due to uneven expression
levels of these transfected proteins, it may be equally plausible to
interpret this observation as evidence supporting our hypothesis
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FIG 7 Restoration of maternal neglect in LRF~/~ female mice. (a and b) Maternal
behavior is improved in LRF~/~ dams with exogenous PRL treatment. Pup sur-
vival (a) and aggressive behavior toward pups (b) are represented for control
(white bars) and PRL-treated (black bars) dams (WT, n = 6 control, n = 7 treated;
LRF~'~,n=>5control, n = 7 treated). pp, postpartum. (c) Histology of mammary
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bar, 50 pm. (d) Spontaneous maternal behavior during the pup retrieval assay is
restored in LRF~/~ mice with RU486, a GR antagonist. Adult virgin WT and
LRF '~ female mice treated with RU486 or vehicle alone were subject to the pup
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retrieved is shown. All data were plotted with SEM. *, P = 0.0488; ***, P < 0.001
for PRL treated compared to untreated in a Z-test for proportions. **, P = 0.027 in
a two-tailed  test.

that LRF as a repressor of GR only attenuates GR signaling during
late pregnancy and postpartum and does not shut it off. Not sur-
prisingly, where LRF was absent, GR and GFP-RIP140 were still
found to colocalize. These data suggest that LRF may work in
concert with RIP140 and repress the transcriptional activity of GR
in the same nuclear foci, in which acceleration of GR protein turn-
over may also be a contributing factor.

PRL supplementation or GR repression by RU486 restores
maternal behavior in LRF ™/~ dams. To determine if low PRL lev-
els were the main cause of the observed maternal behavioral defect,
LRF™'~ and WT dams were treated with exogenous PRL prior to
parturition. As expected, no obvious difference in pup survival rates
was observed between untreated and PRL-treated WT dams (Fig. 7a,
left). Consistent with our initial data (Fig. 2), most pups born to
untreated LRF '~ dams failed to survive past 24 h (Fig. 7a, right),
with pups showing evidence of infanticide (such as bite marks and
missing limbs) (Fig. 7b). Upon PRL treatment, LRF ™/~ dams nur-
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tured approximately 50% of their litter (Fig. 7a), and aggressive be-
havior was significantly reduced (Fig. 7b). Histological analysis of
mammary tissues showed increased density of terminally differenti-
ated glandular profiles in PRL-treated LRF '~ dams compared to
that of untreated mutants (Fig. 7¢).

We next sought to assess the importance of LRF repression of GR
activity for the maternal behavior deficit and hyperactive nature of
LRF '~ mice by exploiting RU486, a GR antagonist. Unfortunately,
assays could not be performed on primiparous dams as RU486 causes
spontaneous abortion in rodents (56). Instead, virgin female mice
were exposed to the pup retrieval assay. As shown previously (Fig. 2),
the number of pups retrieved, pup retrieval time, and nest quality
were similar for control and RU486-treated mice, regardless of geno-
type (data not shown). Control-treated LRE~'~ mice, however, spent
significantly less time in the nest with the pups than WT mice (Fig. 7d,
white bars) (P = 0.034). Interestingly, RU486-treated LRF'™ mice
displayed dramatic improvement in maternal behavior in the time
spent in the nest with pups, which was restored to WT levels (Fig. 7d,
black bars). This observed restoration of maternal behavior through
PRL and RU486 treatment in LRF '~ mice strongly supports the idea
that LRF is a repressor of GR, affecting key cell signaling during par-
turition.

DISCUSSION

In this study, we report the establishment and characterization of
a gene knockout mouse line of the recently identified gene, LRF
(1). We found that LRF is essential for development of maternal
behavior as 80% of litters born to LRF~/~ females did not survive
due to maternal neglect and/or aggression. Although nulliparous
LRF '~ females showed the maternal instinct of retrieving pups to
the nest, they spent little time tending to the pups. Instead, they
showed an increase in non-pup-related active behaviors outside
the nest, such as digging and nest building. Since stimulus pups
used in the test were born to WT dams and were healthy, the lack
of interest shown toward the pups by LRE~’~ females cannot be
attributed to lack of pup fitness and subsequent inability of pups
to provide pup-induced maternal cues.

Insufficient PRL levels and consequent reduced PRL signaling
may be the main causes of the maternal behavioral deficit in the
LRF~'~ mice (Fig. 3 and 4). PRL is a known key hormone in
stimulating a rapid maternal response (6, 39). Maternal behavior
is delayed in rats treated with bromocriptine, which blocks PRL
secretion (7, 39). Disruption of the PRLR gene causes impairment
of maternal behaviors, clearly indicating a requirement for PRL
signaling (39). Although nulliparous PRL™'" females, like WT
mice, retrieved and crouched over foster pups, within 30 min after
placement of the pups (29), no other behavioral assessment was
reported. The fact that PRL™'"~ mice are completely infertile
makes it impossible to examine these mice for pup-induced ma-
ternal responses at parturition. It is possible that other lactogenic
hormones that are known to activate the PRLR, such as placental
lactogen, which is synthesized during gestation (4), contributed to
the maternal instinct observed in the pup retrieval assays of
PRL™'" and LRF™'~ virgin mice (Fig. 2c).

The low level of PRL in LRF~/~ mice (Fig. 3d) may be due to
misregulation of GR activity in the absence of repression by LRF,
especially during parturition. A factor central to PRL levels is the
activity of GR during parturition. PRL synthesis is primarily reg-
ulated by Pit-1 (17, 23, 40, 50); GR represses PRL synthesis (3, 11,
53), possibly through interference with the Pit-1 binding ability to
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PRL-induced maternal response (gray arrows). In other regions of the brain,
repression of high GR levels results in the tight regulation of HPA-related
processes. ACTH, adrenocorticotrophic hormone; CRH, corticotrophin-re-
leasing hormone.

the PRL promoter (47). WT mice were found to have elevated
levels of LRF in the brain (Fig. 4), which has a repressive effect on
GR (Fig. 6¢). Without such inhibition in LRF~'~ mice, higher GR
activities may result in reduced levels of PRL. The widespread
distribution of LRF expression in WT mouse brain (see Fig. S1 in
the supplemental material), the elevated level of IGFBPI, and
lower levels of postpartum corticosterone (Fig. 6a and b) in
LRF~'~ mice support the observation that LRF negatively regu-
lates GR activity in mice. Complete restoration of maternal behav-
ior in the pup retrieval assay after RU486 treatment (Fig. 7aand b)
further substantiates this notion. In cell culture, LRF protein co-
localizes with the known GR repressor RIP140 and inhibits tran-
scriptional function of GR (Fig. 6¢). Since LRF has a short half-life
(estimated at <20 min) and promotes CREB3 degradation (1),
the observed acceleration of GR protein turnover by LRF (Fig. 6d)
may also occur in vivo, which could be due to direct interaction
between GR and LRF or indirect interaction through RIP140 re-
cruitment of GR to the discrete LRF/RIP140 nuclear foci.
Although low PRL levels may be a key causative factor, the
severity of the maternal defect is likely due to the compound effect
of misregulated HPA axis and abnormal GR stress signaling in the
LRF '~ mice (Fig. 8). The severity of pup loss from LRF~'~ dams
and only partial phenotype rescue by PRL treatment may imply
that low levels of PRL are not the sole cause of the maternal be-
havior phenotype. It is known that proper function of the HPA
axis is crucial for the onset of parturition and lactation in late
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pregnancy (18), as well as for milk production and maternal care
stimulation (49). During the postpartum period, HPA responses
to stress are attenuated (10, 55) to benefit the mother by relieving
stress and by preventing stress-induced inhibition of lactation and
immune function (8, 16, 60). Currently, factors that regulate post-
partum HPA axis activity are unclear (2, 44). HPA axis dysfunc-
tion, however, has long been associated with major mood disor-
ders and postpartum depression (9, 16).

GR plays a critical role in termination of stress responses
through negative feedback inhibition of the HPA axis (15, 19).
Thus, improper regulation of GR in LRF~'~ mice, as suggested
here, may directly interfere with induction of the maternal re-
sponse and contribute to postpartum depression-like behavior.
This notion seems further supported by a report in which serum
PRL levels were abnormally low in breast-feeding mothers that
were classified as clinically depressed (27, 28).

Hyperactivity of LRE~ '~ females in the dark-light test and dur-
ing the pup retrieval assay also corroborates a possible role for LRF
in regulation of the HPA axis. Without the control of GR by LRF,
GR-mediated feedback inhibition of HPA axis stimulation by
stress may be missing, leading to hyperactivity. Since chronic
stimulation of the HPA axis is known to impair social recognition
performance (58), the observed impairment of LRF '~ female
mice, as shown by the social recognition test, implies prolonged
HPA axis activity, possibly due to the misregulation of GR. It
should be noted that although the hyperactivity observed in
PRL™'~ mice may contribute to the maternal behavioral defi-
ciency, it is unlikely the cause of the defect as hyperactivity is not
necessarily linked to poor maternal responses (42).

It is known that prolonged postpartum treatment with high
doses of corticosterone results in reduced maternal behavior and
hippocampal cell proliferation, leading to depression-like behav-
ior in the dam (8). Although corticosterone levels were not signif-
icantly different between LRE~'~ and WT females during preg-
nancy (Fig. 3b), without the repression of GR by LRF in the
LRF ™'~ mice, glucocorticoid signaling would be affected (Fig. 6a).
Consistent with this hypothesis, LRF~/~ mice displayed a pheno-
type similar to that of mice treated with high levels of corticoste-
rone, including hyperactivity and a deficit in maternal instinct,
behaviors which are often associated with depression (61). We
thus postulate that, through modulating the activity of GR or sen-
sitivity to glucocorticoids, LRF plays an important role in PRL
signaling, misregulation of which leads to a defect in maternal
behavior in LRF~'~ mice (Fig. 8). However, more research is re-
quired to understand the effects of stress hormones during repro-
duction and their effects on the brain and behavior of mother and
offspring.

It was noted that LRF’~ female mice spent more time in the
light than the WT mice in the dark-light anxiety test (Fig. 5a)
although elevated anxiety-like behavior is typically believed to be
linked to elevated GR activity. In fact, the overall findings based on
GR transgenic/knockout mouse models are inconsistent. For in-
stance, neither forebrain GR overexpressors, the GRov mice (62),
nor whole-mouse GR overexpressors, the YGR mice (51), show
differences in the open-field anxiety test. While GRov mice display
increased anxiety-related measures in the elevated plus-maze test,
YGR mice do not show any differences in the elevated zero-maze
test (reviewed in references 14 and 35).

The observed maternal behavioral defect in LRF '~ mice has
characteristics of postpartum depression in humans, which affects
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15% of new mothers (25). There is also a clear link between elevated
glucocorticoid signaling, a misregulated HPA axis, and depression
(33, 43, 54). The underlying mechanism, however, is unclear. Here,
we provide strong evidence suggesting that LRF, via negative regula-
tion of GR, plays a key role in HPA axis attenuation and prolactin
signaling as well as in maternal behavior (Fig. 8). These mice may thus
provide a valuable animal model for studying the responses of the
HPA axis to stress and the related human behaviors.
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