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Transcription Factor CREB3L1 Regulates Vasopressin Gene
Expression in the Rat Hypothalamus
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Arginine vasopressin (AVP) is a neurohypophysial hormone regulating hydromineral homeostasis. Here we show that the mRNA encoding
cAMP responsive element-binding protein-3 like-1 (CREB3L1), a transcription factor of the CREB/activating transcription factor (ATF) family,
increases in expression in parallel with AVP expression in supraoptic nuclei (SONs) and paraventicular nuclei (PVNs) of dehydrated (DH) and
salt-loaded (SL) rats, compared with euhydrated (EH) controls. In EH animals, CREB3L1 protein is expressed in glial cells, but only at a low level
in SON and PVN neurons, whereas robust upregulation in AVP neurons accompanied DH and SL rats. Concomitantly, CREB3L1 is activated by
cleavage, with the N-terminal domain translocating from the Golgi, via the cytosol, to the nucleus. We also show that CREB3L1 mRNA levels
correlate with AVP transcription level in SONs and PVNs following sodium depletion, and as a consequence of diurnal rhythm in the suprachi-
asmatic nucleus. We tested the hypothesis that CREB3L1 activates AVP gene transcription. Both full-length and constitutively active forms of
CREB3L1 (CREB3LICA) induce the expression of rat AVP promoter-luciferase reporter constructs, whereas a dominant-negative mutant re-
duces expression. Rat AVP promoter deletion constructs revealed that CRE-like and G-box sequences in the region between —170 and — 120 bp
are important for CREB3L1 actions. Direct binding of CREB3L1 to the AVP promoter was shown by chromatin immunoprecipitation both in
vitroand in the SON itself. Injection of alentiviral vector expressing CREB3L1CA into rat SONs and PVNs resulted in increased AVP biosynthesis.

We thus identify CREB3L1 as a regulator of AVP transcription in the rat hypothalamus.
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Introduction

Arginine vasopressin (AVP) is a neurohypophysial hormone that
plays an important role in hydromineral homeostasis (Antunes-
Rodrigues et al., 2004). AVP is synthesized in magnocellular neu-
rons (MCNs) of the supraoptic nuclei (SONs) and the
paraventricular nuclei (PVNs) of the hypothalamus and is trans-
ported to the posterior pituitary, where it is stored until released
into the general circulation in response to hyperosmotic stres-
sors, such as dehydration (DH; complete fluid deprivation for
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3 d) orsaltloading (SL; obligate consumption of 2% w/v NaCl for
7 d). Increased plasma osmolality is sensed by specialized osmo-
receptor neurons in the circumventricular organs (McKinley et
al., 2003) that project to the SONs and PVNs (Miselis, 1981).
Excitatory signals evoke AVP release (Bourque, 2008), which acts
at the level of the kidney to conserve water (Boone and Deen,
2008). AVP is also expressed in the hypothalamic suprachias-
matic nucleus (SCN), where it is regulated by circadian cues (Uhl
and Reppert, 1986).

A transcriptionally mediated increase in AVP gene expression
accompanies chronic hyperosmotic stress (Murphy and Carter,
1990), but the mechanisms are not fully understood. It is known
that cAMP levels increase in the rat SON following SL, and this is
thought to stimulate AVP expression (Carter and Murphy, 1989;
Cedingetal., 1990) through the activation of the protein kinase A
pathway and subsequent cAMP responsive element-binding pro-
tein (CREB) phosphorylation (Shiromani et al., 1995). The im-
mediate early genes, Fos/Jun family proteins have also been
implicated in the induction of AVP transcription through bind-
ing at an activator protein-1 element (Carter and Murphy, 1990;
Luckman et al., 1996). Reporter assays certainly indicated that
CREB positively regulates AVP transcription in vitro (Iwasaki et
al., 1997). However, in recent in vivo studies, injecting a recom-
binant adeno-associated virus expressing a dominant-negative
mutant form of CREB into rat SONS, failed to significantly re-
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duce AVP mRNA expression after hyperosmotic stimulation
(Lubelski et al., 2012). Thus, clear in vivo evidence for a role for
CREB in AVP gene transcription is still lacking. Indeed, no prin-
cipal transcription factor or factors, mediating either basal or
osmotically stimulated AVP expression have been identified in
MCNs of SONs and PVNG.

We and others have used microarrays to describe transcrip-
tome changes in the rat and mouse SONs and PVNs in re-
sponse to DH (Mutsuga et al., 2005; Hindmarch et al., 2006;
Yue et al., 2006b). Using this approach, we identified a num-
ber of upregulated transcription factor transcripts (Qiu et al.,
2007; Stewart et al., 2011), one of which encodes CREB3 like-1
(CREB3L1). CREB3L1, also known as OASIS (old astrocyte
specifically induced substance), was first identified in long-
term cultured mouse astrocytes (Honma et al., 1999). Various
functions have been ascribed to CREB3L1 (Murakami et al.,
2009; Denard et al., 2011; Saito et al., 2012), but no role for
CREB3L1 in hypothalamic neurons has been reported previ-
ously. In this study, we characterized the functions of
CREB3L1 in the hypothalamus. Using different experimental
models, we observed that changes in CREB3L1 expression cor-
relate with AVP expression. We thus tested the hypothesis that
CREB3L1 activates AVP gene transcription.

Materials and Methods

Animals. Male Sprague Dawley rats weighing 250-300 g were used in this
study, with the exception of the furosemide experiments, which were
conducted on male Holtzman rats. The rats were housed at a constant
temperature of 22°C and a relative humidity of 50—60% (v/v) under a
14:10 h light/dark cycle. The rats were given free access to food and tap
water for at least 1 week before experimentation. To induce hyperos-
motic stress, water was removed for 1 or 3 d (DH) or replaced by 2%
(w/v) NaCl in drinking water for 1 or 7 d (SL). A single 10 mg/kg, s.c,
injection of furosemide versus vehicle injection was used to investigate
sodium depletion. In this instance, tap water was replaced with deionized
water, and animals were provided with sodium-deficient food (pow-
dered corn meal, 0.001% sodium, and 0.33% potassium) for 24 h. Ani-
mal experiments were performed between 10:00 A.M. and 1:00 P.M. with
the exception of SCN circadian studies where zeitgeber time 7 (ZT7) was
compared with ZT19 (ZT0 = 5:00 A.M., lights on). All experiments were
performed under the licencing arrangements of the Animals (Scientific
Procedures) Act (1986) with the approval of the local ethics committee.

RNA extraction and cDNA synthesis. The rats were stunned and decap-
itated, and brains were removed and immediately frozen in powdered
dry ice. A 1 mm micropunch (Fine Scientific Tools) was used to collect
SON, PVN, and SCN samples from 60 uwm coronal sections in a cryostat.
Sections were mounted on glass slides, stained with 0.1% (w/v) toluidine
blue, then visualized on a light microscope until the desired brain nuclei
were visible. Using the optic chiasm (SON and SCN) or neurons medial
lateral to the third ventricle (PVN) for reference, samples were punched
from frozen brain slices and dispensed into 1.5 ml tubes kept on dry ice
within the cryostat. Total RNA was extracted from punch samples by
combining Qiazol Reagent with Qiagen’s RNeasy kit protocols (Qiagen).
The punch samples were removed from dry ice and rapidly resuspended,
by vortexing, in 1 ml of Qiazol reagent. Following Qiazol phase separa-
tion with chloroform, 350 ul of the upper aqueous phase was removed,
mixed with 350 ul of 70% ethanol, and applied to RNeasy columns. The
remaining steps were performed as recommended by the manufacturer.
For ¢cDNA synthesis, 200 ng of total RNA was reverse transcribed using
the Quantitect reverse transcription kit (Qiagen).

Real-time quantitative PCR analysis. Steady-state RNA levels in the
SON, PVN and SCN were assessed by quantitative PCR (qQPCR). Primers
for CREB3L1 (5'-GAGACCTGGCCAGAGGATAC-3" and 5'-GTCAGT
GAGCAAGAGAACGC-3'), total AVP mRNA (5'-TGCCTGCTACTT
CCAGAACTGC-3" and 5'-AGGGGAGACACTGTCTCAGCTC-3'),
and AVP heteronuclear RNA (hnRNA) (5'-GAGGCAAGAGGGCCA
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CATC-3" and 5'-CTCTCCTAGCCCATGACCCTT-3") were synthe-
sized by Eurofins MWG Operon, while RPL19, GAPDH, and GFP prim-
ers were predesigned by Quantitect Primer assays (Qiagen). The
optimization and validation of primers were performed using standard
ABI protocols. The cDNA from the reverse transcription reaction was
used as a template for subsequent PCRs, which were performed in dupli-
cate. Quantitative PCR was conducted in 25 ul reaction volumes using
SYBR Green master mix buffer (Roche) using an ABI 7500 Sequence
Detection System. For relative quantification of gene expression the
2 TAACT method was used (Livak and Schmittgen, 2001). The internal
control gene used for these analyses was the housekeeping gene RPL19,
though comparable results were also obtained with 18S and GAPDH.

Protein extraction. Using the optic chiasm as a reference, 1 mm slices
containing the hypothalamus were excised using an ice-cold brain ma-
trix, and the SONs and PVNs were dissected. To prepare whole-cell
lysates, samples were incubated in RIPA buffer (150 mm NaCl, 50 mm
Tris-HCI, pH 7.5, 1% w/v sodium deoxycholate, 0.1% w/v SDS, 1 mm
EDTA, 1 mm EGTA, 1% v/v NP-40) containing protease inhibitors
(P8340, Sigma) on ice for 30 min, and passed through a 23-gauge syringe
needle. The homogenates were centrifuged at 10,000 X g for 10 min at
4°C, and the supernatant was stored at —20°C. Cellular localization of
proteins (cytoplasmic vs nuclear) was investigated in SON and PVN
samples as described previously (Noguchi et al., 2010). Samples were
homogenized in 500 ul of S1 buffer (10 mm HEPES, pH 7.9, 10 mm KCl,
1.5 mm MgCl,, 0.1 mm EGTA, pH 7) and centrifuged at 2000 X g for 10
min at 4°C. The supernatant, containing cytosolic proteins, was collected
and stored at —80°C. The pellet was resuspended in S1 buffer and passed
10 times through a 25-gauge needle, followed by centrifugation at 2000 X
g for 10 min at 4°C. The pellet was washed again in S1 buffer and resus-
pended in 1.2 pellet volumes of S2 buffer (10 mm HEPES, pH 7.9, 400 mm
NaCl, 1.5 mm MgCl,, 0.1 mm EGTA, pH 7, 5% v/v glycerol). Samples
were shaken on ice for 1 h and centrifuged at 22,000 X g for 30 min at 4°C.
The supernatant, containing nuclear proteins, was collected and stored at
—80°C. The S1 and S2 buffers contained protease inhibitors and 0.5 mm
DTT. For validation of full-length CREB3L1 (CREB3L1FL) expression,
HEK293T cells were transfected by the calcium phosphate method using
2 pg/well plasmid expressing the constitutively active form of CREB3L1
(CREB3L1CA), CREB3LIFL, or pcDNA3. Total proteins were extracted
using RIPA buffer at 48 h after transfection. Protein concentration was
determined by Bradford assay (Bradford, 1976).

Immunoblotting. Fivefold concentrated Laemmli buffer solution (217
mu Tris, pH 6.8, 10% w/v SDS, 50% v/v glycerol, 1% w/v bromophenol
blue) was added to the protein samples in presence of B-mercaptoethanol
(10% v/v). Protein samples were heated at 90°C for 10 min, fractionated
on 10% SDS polyacrylamide gels, then transferred to PVDF membranes.
Membranes were incubated in 10% (w/v) skimmed milk in Tris-buffered
saline (150 mm NaCl, 20 mm Tris-HCI, pH 7.6) with 0.1% Tween 20
(TBST) at room temperature for 1 h, followed by incubation with appro-
priate primary antibody diluted in 10% skimmed milk in TBST at 4°C
overnight. After three 10 min washes, the membranes were incubated
with appropriate secondary antibody conjugated with horseradish per-
oxidase for 1 h at room temperature. Membranes then were washed with
TBST. Signal was detected using enhanced chemiluminescence ECLPlus
reagent (GE Healthcare Biosciences). Immunoblots were stripped in Re-
store Western blot-stripping buffer (Thermo Scientific) and reprobed to
assess multiple proteins on the same blot. The following antibodies were
used for immunoblotting: goat anti-C-terminal CREB3L1 antibody (1:
500; Abcam), goat anti-N-terminal CREB3L1 antibody (1:500; R&D Sys-
tems), goat anti-GAPDH (1:1000; Santa Cruz Biotechnology), or mouse
anti-Histone H1 antibody (1:400; Santa Cruz Biotechnology).

Immunohistochemistry and immunofluorescence. Rats were anesthe-
tized with sodium pentobarbitone (100 mg/kg, i.p.) and transcardially
perfused with 0.1 M PBS, pH 7.4, followed by 4% (w/v) paraformalde-
hyde (PFA) in 0.1 M PBS. The brains were removed and postfixed over-
night in 4% (w/v) PFA followed by 30% (w/v) sucrose prepared in PBS.
Coronal sections (40 wm) of the forebrain were cut on a cryostat, washed
in 0.1 M PBS, pH 7.4, treated with 0.3% (v/v) hydrogen peroxide for 30
min, and blocked for 1 h in 10% (v/v) horse serum (Sigma). The sections
then were incubated in a goat anti-CREB3L1 antibody (N-terminal;
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1:200 in PBS) at 4°C for overnight. The avidin—
biotin complex method was used to detect the
signal (ABC Elite Kit, Vector Laboratories),
and the reaction product was visualized with
3,3-diaminobenzidine (Roche). The sections
were mounted onto glass slides with 0.5% gel-
atin, air dried, then dehydrated through a
graded series of ethanol. The sections were
cleared in Histo-clear, and coverslipped in
DPX mounting media (VWR).

For double-labeling immunofluorescence,
tissue samples were prepared using the same
method as described for immunohistochemis-
try. Sections were blocked in 5% horse serum
prepared in 0.1 M PBS with 0.25% (v/v) Triton
(PBST) for 30 min and then incubated with
appropriate primary antibodies at 4°C for 48 h.
The sections were washed three times in PBS
for 5 min and incubated with 1:500 dilution of
appropriate biotinylated secondary antibody
in PBST for 1 h at room temperature. The sec-
tions were washed three times for 5 min with
PBS and incubated for 1 h with Alexa Fluor 488
streptavidin-conjugated and Alexa Fluor 594
donkey anti-mouse or rabbit IgG (Invitrogen).
After three washes with PBS, sections were
mounted onto glass slides with 0.5% gelatin,
and sealed with VectorShields hard mounting
media with DAPI (Vector Laboratories). The
following antibodies were used for immuno-
staining: anti-N-terminal CREB3L1 antibody
(1:250; R&D Systems); mouse monoclonal
antibodies recognizing AVP neurophysin I
(NP-I; PS41; 1:100); oxytocin (OXT) NP-II
(PS38; 1:100; Ben-Barak et al., 1985); rabbit
antibodies for protein disulfide isomerase
(PDIL; 1:100; Cell Signaling Technology);
RCASI (1:500; Cell Signaling Technology); or
mouse monoclonal anti-glial fibrillary acidic
protein (GFAP) (1:400; Millipore).

To test anti-N-terminal CREB3L1 antibody
specificity, HEK293T cells were grown on cov-
erslips in 12-well tissue culture plates and
transfected, by the calcium phosphate method,
with 1 pg/well plasmid expressing CREB3L1FL
or pcDNA3. At 48 h after transfection, the cells
were fixed with 4% (w/v) PFA for 10 min,
washed two times in PBS, and permeabilized in
PBST for 10 min. After two washes in PBST, the
cells were blocked and incubated with anti-N-
terminal CREB3L1 antibody. The remaining
steps were performed as described for immu-
nofluorescent staining of tissue slices.

Luciferase assays. Plasmid constructs express-
ing CREB3L1CA and a dominant-negative mu-
tant of CREB3L1 (CREB3L1DN) of mouse
CREB3LI cloned into pcDNA3 were provided by
Kazunori Imaizumi (University of Miyazaki, Mi-
yazaki, Japan). CREB3L1FL was amplified from
rat SON ¢DNA using primers (5'-GGCGCG
ATGGACGCCGTCTT-3' and 5'-GGTCTCGG
AGTGGCCTAGGAG-3") and cloned into the
pcDNA3 plasmid. A series of rat AVP promoter
luciferase reporter constructs (1 kb, and 350, 170,
120, or 70 bp; Adan and Burbach, 1992) were
excised from p19LUC with HindIII (blunted)—
Sall and cloned into Smal and Xhol sites of
pGL3-Basic plasmid (Promega). Deletion mu-
tants of the rat AVP promoter were generated by
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CREB3L1 and AVP expression in rat SONs and PVNs. The expression of CREB3L1 was examined in SONs and PVNs in

hyperosmoticand hypo-osmotic conditions, and in SCNs in diurnal rhythm. A—H, Relative mRNA expression of CREB3L1and hnAVP
was investigated by qPCRin SONs and PVNs of EH, DH (1and 3 d), and SL (1and 7 d) rats (A—D), SONs and PVNs of rats injected with
10 mg/kg furosemide at 24 h after injection (E, F), and rat SCNs collected at ZT7 and ZT19 (G, H). I-L, CREB3L1 protein expression
was investigated by Western blotting in both total and compartmentalized proteins (cytosol and nucleus) using antibodies raised
against N-terminal (/,J) and C-terminal (K, L) epitopes. The proteins were extracted from SONs and PVNs (n = 3 per sample) of EH
or3dDHrats. GAPDHand histone 1 (H1) were used as internal controls. Values are means == SEM of n = 6 animals per group. *p <

0.05, **p << 0.01, ***p = 0.001. MW, molecular weight.
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ventral glia lamina; 3v, third ventricle. Scale bars: Ci, 50 wm; Gii, 25 wm; Giii, 10 m.

overlap extension PCR. Primers 350_F and 350_R were designed to amplify
350 bp of the rat AVP promoter, and contained KpnlI and Xhol restriction
sites, respectively. These primers were used in combination with deletion-
specific reverse and forward primers to amplify AVP promoter fragments
using Phusion High-Fidelity DNA Polymerase (New England BioLabs). The
PCR products from the initial PCRs were combined and used as a template
for a subsequent PCR using primers 350_F and 350_R. The site-directed
deletions (—55 bp, CRE1, CRE2, G-box, or AP2) and complete 350 bp frag-
ment were ligated into the Kpnl and Xhol sites of pGL3-Basic plasmid.
Luciferase assays were performed in HEK293T cells according to the Pro-
mega Dual-Luciferase Reporter Assay System protocol. Luciferase activity
was measured in triplicate using a Lumat LB 9507 Luminometer (Berthold
Technologies). The following primers were used for site-directed deletions:
350_F 5'-CGGGGTACCAATGAGACCTGGGGACCCCT-3" (Kpnl);
350_R 5'-CCCGCTCGAGCCTGAGCGGGCTGGGCTGT-3" (Xhol);
CRE1 del_IR 5'-TCACTGGCCACCGTGGCCACCGCCACAGTGATT-
3'; CRE1 del_2F 5-CACGGTGGCCAGTGACAGCCT-3'; CRE2 del_1R

CREB3L1-DAPI

CREB3L1FL

Localization of CREB3LT expression in rat SONs and PVNs. CREB3L1 expression in SONs and PVNs was examined by
immunostaining using an antibody against N-terminal CREB3L1. A, Immunohistochemical staining of CREB3L1 in SONs and PVNs
of EH, 3 d DH, and 7 d SL rats. B, Inmunohistochemical analysis of CREB3L1 and immunofluorescent colocalization of GFAP (green)
and CREB3L1 (red) in glia cells surrounding the third ventricle of EH rats. €, i-iii, High-magnification images of CREB3L1 staining
in SONs of EH rats (i) showed expression of CREB3L1 in glia cells in ventral glia lamina (ii) and the area of SON (i) in EH rats. D,
Colocalization of GFAP (astrocyte marker; green) and CREB3L1 (red) in SONs of EH and DH rats. £, CREB3LTimmunofluorescence in
HEK293T cells transfected with plasmid-expressing CREB3LTFL or pcDNA3. DAPI staining indicates nucleus. oc, Optic chiasm; VGL,

J. Neurosci., March 12, 2014 - 34(11):3810-3820 - 3813

5'-AGCTGACAGGTCCCAGCAGTGATTC
AGGCATCT-3'; CRE2 del 2F 5'-TGGG
ACCTGTCAGCTGTGGG-3'; 55 bp del_IR 5'-
CCACAGCTGACAGGTCCCAGGGTGGTG
GAGGAGGGGAGCCA-3'; 55 bp del_2F 5'-
TGGGACCTGTCAGCTGTGG-3";  ACGT
del_IR 5'-TGATTCAGGCATCTGGGGACA
CGGGCCTGTCAATGCAGAGGG-3'; ACGT
del_2F 5'-GTGTCCCCAGATGCCTGAATCA-
3'; G-box del_1R 5'-AGTGATTCAGGCAT
CTGGGGCTGTCAATGCAGAGGGTGGT-3';
G-box del 2F 5-CCCCAGATGCCTGAAT-
CACT-3'; AP2 del_1R 5'-AGCTGTCAGCAGT-
GATTCAGCACACGTGGGCCTGTCAATG-
3'; and AP2 del 2F 5'-CTGAATCACTGCTGA
CAGCT-3'.

Chromatin immunoprecipitation assay. The
chromatin immunoprecipitation (ChIP) assay
was performed on HEK293T cells following
cotransfection with pGL3—1kb AVP promoter
and CREB3LICA by the calcium phosphate
method. After 48 h, cells were harvested and
1 X 10° cells were diluted in 500 ul of PBS. For
in vivo analyses of CREB3L1 binding, SONs
were dissected from a 1 mm hypothalamic slice
and immediately homogenized in 500 ul of
PBS. ChIP assays were performed using 1 ug of
a goat anti-CREB3L1 antibody (R&D Systems)
using the LowCell ChIP kit protein G (kch-
maglow-G16, Diagenode) following the man-
ufacturer’s protocol. DNA shearing was
performed using Soniprep 150 sonicator (six
rounds of 20 s on/20 s offat 2 uA). Normal goat
IgG (Abcam) and anti-RNA polymerase II an-
tibody (Millipore) were used as negative and
positive controls, respectively. Isolated DNA
samples were subjected to PCR and qPCR
analysis using AVP promoter primers (5'-
CACCACCCTCTGCATTGAC-3" and 5'-
GTCTGCAGGTGTTGGCTAGG-3"). PCRs
were performed using TagDNA polymerase
(New England BioLabs).

Lentivirus production, purification, and titra-
tion. The cDNA clone encoding CREB3L1CA
was cloned into lentiviral transfer vector
pRRL.SIN.CPPT.CMV.IRES-GFP.WPRE. A
lentiviral vector expressing GFP (pRRL.SIN-
.CPPT.CMV.GFP.WPRE) was used as a con-
trol (Addgene). The transfer vectors were
propagated in Stbl3-competent cells (Invitro-
gen) to reduce homologous recombination. All
plasmid constructs were purified by Maxiprep
using PureLink HiPure Plasmid Filter
Maxiprep kit (Invitrogen). Viruses were generated by transient transfec-
tion of the transfer vector together with three separate packaging plas-
mids (pMDLg/pRRE, pRSV-Rev, PMD2.G; Addgene) into HEK293T
cells by the calcium phosphate method, as previously described (Panyas-
rivanit et al., 2011). Culture supernatant containing lentivirus was col-
lected at 48 and 72 h after transfection, cell debris was removed by
centrifugation, and the supernatant was filtered through a 0.45 um filter
(catalog #430770, Corning). High-titer lentiviruses were produced by
centrifugation at 6000 X g for 16 h (400 ml), followed by ultracentrifu-
gation of the resuspended pellet (10 ml of PBS) for 1.5 h at 50,000 X g.
The viral pellet was resuspended in 150 ul of prewarmed PBS and stored
in 5 pl aliquots at —80°C. Viral titers were determined by counting
GFP-positive cells at day 3 following infection of HEK293T cells.

Lentiviral vector gene transfer into SONs and PVNs. Rats were anesthe-
tized by intraperitoneal administration of Domitor/ketamine and placed
in a stereotaxic frame in the flat skull position. A 2 cm rostral-caudal
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incision was made to expose the surface of the
skull. Two 1 mm holes were drilled at coordi-
nates 1.3 mm posterior to bregma and 1.8 mm
lateral to midline for SON injection. A further
two 1 mm holes were drilled at coordinates 1.8
mm posterior to bregma, and 0.4 mm lateral to
midline for PVN injection. A 5 ul pulled glass
pipette was positioned —8.8 mm (SON) or
—7.4 mm (PVN) ventral to the surface of the
brain, and 1 ul of lentiviral vector was deliv-
ered separately into four nuclei over 10 min.
After surgery, animals were individually
housed in standard laboratory cages for 2
weeks before being transferred to metabolic
cages (TECHNIPLAST) to allow precise daily
measurements of fluid intake, food intake, and
urine output. Animals were weighed and al-
lowed to acclimatize to the cage for 72 h. Fluid
intake, food intake, and urine output were re-
corded for 7 d. Animals were killed by stunning
and decapitation. Trunk blood was collected,
and brains were snap frozen on dry ice and
stored at —80°C. The posterior lobe of the pi-
tuitary gland was removed and placed in 500 ul
of 0.1 M HCI, sonicated for 15 s, and incubated
at 85°C for 20 min. Cellular debris was re-
moved by centrifugation at 1000 X g for 1 h.
Extracted plasma and pituitary AVP levels were
determined by ELISA (ADI-900-017; Enzo
Life Sciences). Osmolality was measured on
100 ul of plasma or urine by freezing point
depression using a Roebling micro-osmometer
(Camlab).

Statistical analysis. All data are expressed
as the mean = SEM. Statistical differences -
between qPCR experimental groups were
evaluated using independent-sample unpaired
Student’s f tests. One-way ANOVA with Tukey’s
post hoc test were used to determine the differ-
ences between more than two groups with only
a single influencing factor. Data in Figure 5A
were log transformed before analysis due to
unequal SDs within the dataset. p < 0.05 was
considered significant.

A CREB3L1

B CREB3L1

Results

Profiling CREB3L1 mRNA and AVP
hnRNA expression dynamics in rat
hypothalamic nuclei in response to
different physiological cues

We first investigated the time course of
CREB3L1 mRNA expression in SON and
PVN of euhydrated (EH), DH, and SL rats
by qPCR. CREB3L1 mRNA expression was significantly higher in
SONs and PVNs of 1 d DH rats (SON: 2.70 % 0.30, p = 2.92e ~%%;
PVN: 2.70 * 0.11, p = 6.18e ~?) and 1 d SL rats (SON: 2.85 =
0.36, p = 7.32e ~%% PVN: 3.01 * 0.23, p = 5.66e ~ ") compared
with EH rats (SON, 1.01 = 0.05; PVN, 1.01 * 0.06; Fig. 1A).
Extending the duration of hyperosmotic stress to 3 d DH rats, and
7 d SL rats, further increased the magnitude of this response in
both the SONs (EH: 1.05 = 0.14; 3 d DH: 6.67 = 0.94, p =
1.52¢ 7% 7 d SL: 10.69 *+ 1.33, p = 2.93e ~*°) and PVNs (EH:
1.00 + 0.03; 3d DH: 7.69 + 0.95, p = 3.47¢ ~°% 7 d SL: 13.02 +
1.33, p = 4.00e — oo, Fig. 1B). In parallel, we observed an increase
in AVP hnRNA expression in both SONs and PVNs of DH and SL
rats, compared with EH animals (Fig. 1C: 1 d SONs: EH, 1.02 +
0.09; DH, 2.17 = 0.34, p = 0.003; SL, 2.47 = 0.44, p = 0.003; 1 d

Figure 3.
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Shifting cellular localization of CREB3LT expression in SONs and PVNs with osmotic challenge. Inmunofluorescent
staining of CREB3L1 (green) with PDI (ER marker; red; A) or RCAST (Golgi marker; red; B) in SONs and PVNs of EH and 3 d DH rats.
Single-cell pictures are shown in the right panel. Cell nuclei were stained with DAPI (blue). The images were obtained using
confocal microscope. Arrows indicate nuclei of MCNs.

PVNs: EH, 1.04 * 0.11; DH, 2.48 * 0.24, p = 6.46e % SL,
1.86 = 0.35, p = 0.024; Fig. 1D: SONs: EH, 1.09 = 0.23; 3 d DH,
3.50 = 0.61, p= 0.004; 7 d SL, 2.56 = 0.50, p = 0.024; PVN EH,
1.04 + 0.13; 3 d DH, 4.07 + 0.60, p = 5.88e %% 7 d SL, 2.98 +
0.68, p = 0.019), which is indirectly indicative of increased AVP
gene transcription (Yue et al., 2006a). In contrast, sodium deple-
tion induced by 24 h of furosemide treatment significantly re-
duced CREB3L1 mRNA (SON: 0.48 + 0.03, p = 4.56e ~°*; PVN:
0.49 * 0.04, p = 3.66e % Fig. 1E) and hnRNA of vasopressin
(hnAVP) expression (SON: 0.61 = 0.11, p = 0.049; PVN: 0.64 =
0.06, p = 0.007; Fig. 1F) in both SONs and PVNs compared with
vehicle time-matched controls (SONs: CREB3LI1, 1.03 * 0.12;
hnAVP, 1.08 = 0.20; PVNs: CREB3L1, 1.02 = 0.09; hnAVP,
1.03 = 0.10). In another well defined vasopressin-expressing
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CREB3L1
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CREB3L1 is activated predominantly in vasopressinergic neurons in response of hyperosmotic stress. A, B, Inmunofluorescent colocalization of CREB3L1 (green) with either AVP (red;

A) or OXT (red; B) in SONs and PVNs of EH and 3 d DH rats. €, D, Confocal images showing colocalization of CREB3L1 (green) with AVP (red; €) or OXT (red; D) in MCNs of EH and 3 d DH rats. Cell nuclei

stained with DAPI (blue). Arrows indicate AVP-expressing MCNs.

brain nucleus, the SCN, the level of CREB3L1 mRNA expression
(ZT7, 1.02 * 0.09; ZT19, 0.19 * 0.02; p = 4.01e ~°; Fig. 1G)
correlated with the circadian rhythm of hnAVP expression (217,
1.04 = 0.13; ZT19, 0.15 = 0.04; p = 6.62¢ —05, Fig. 1H; Uhl and
Reppert, 1986; Maruyama et al., 2010).

Expression of CREB3L1 protein in rat hypothalamus

The expression of different processed forms of the CREB3L1 pro-
tein was then investigated by Western blotting using antibodies
raised against either N- or C-terminal epitopes of CREB3L1. Us-
ing an antibody recognizing the N-terminal transcriptional acti-
vation domain (NT-CREB3L1), two bands migrating at ~90 kDa
(full-length; Chihara et al., 2009) and 50 kDa (cleaved N-terminal
domain; Chihara et al., 2009) were identified in total protein
extracts from SONs and PVNs of EH and DH rats (Fig. 1I).
Separation of EH and DH SONs and PVNs into cytosolic and
nuclear protein fractions revealed both full-length 90 kDa and
cleaved 50 kDa proteins in the cytosol, but only the 50 kDa band
was observed in nuclear fractions (Fig. 1]). Using the antibody
recognizing the C-terminal portion of CREB3L1, a single band
migrating at ~40 kDa was observed in immunoblots of total SON
and PVN protein (Fig. 1K). This band was detected only in cyto-

plasmic protein extracts, not in the nuclear protein extracts of the
SONs and PVNs, and likely represents a C-terminal cleaved frag-
ment of CREB3L1 (Fig. 1L). Although the intensity of the 50 kDa
NT-CREB3LI1 band appeared higher in SON nuclear fractions of
DH compared with EH rats (Fig. 1]), implying activation of
CREB3L1 during hyperosmotic stress, the lack of a robust overall
increase in protein abundance contrasted with the dramatic in-
crease in transcript levels.

Shifting cellular localization of CREB3L1 expression in SONs
and PVNs with osmotic challenge

Immunohistochemical localization was then performed to ex-
amine which cell populations express CREB3L1 in the SONs
and PVNs of EH and DH rats (Fig. 2A). In EH rats, robust
expression was seen in the glia cells lining the third ventricle
(Fig. 2B) and in astrocytes of the ventral glia limitans (Fig. 2C).
In contrast, only weak staining was observed in MCNs of the
SONs and PVNs (Fig. 2A). However, a striking increase of
CREB3L1 staining in neuronal cell bodies was clearly evident
following 3 d of DH and 7 d of SL, compared with controls
(Fig. 2A). The increase in neuronal expression coincided with
decreased staining of glial processes with an astrocyte marker,
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GFAP, in SONs of DH rats compared
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were confined to AVP neurons (Fig. 4C).
Thus, in response to hyperosmotic stress,
CREB3LI expression increases predomi-
nantly in AVP, not OXT MCNs (Fig. 4D).

containing 1 kb rat AVP promoter together with plasmids expressing CREB3LTFL, CREB3L1CA, or CREB3L1DN. B, Western blot of
CREB3LT in HEK293T cells transfected with pcDNA3, CREB3L1CA, and CREB3L1FL. €, Luciferase assays using plasmids containing 1
kb, and 350, 170, 120, or 70 bp deletion constructs of rat AVP promoter—luciferase reporter together with plasmid expressing
CREB3L1CA. D, Luciferase assay using site-directed deletion constructs of the rat AVP promoter. The experiments were performed
inatleast three independent replicates. Error bars indicate mean = SEM. *p << 0.05, ***p =< 0.001. Basic ZIP, Basic leucine zipper
domain; TM, transmembrane domain; GRE, glucocorticoid-responsive element (—622 to —608 bp); CAAT, CAAT box (—246 to

—243 bp); CRE1, —228to —221 bp; CRE2, —123to —116 bp); AP2, — 146 to — 137 bp, —95to —86 bpand —84to —75 bp;

CREB3L1 regulates AVP transcription
by binding to the AVP promoter

The expression of CREB3L1 in vasopressin-
ergic neurons, coupled with the strong correlation with AVP hnRNA
levels in a number of models, suggested that CREB3L1 may regulate
AVP gene expression. To investigate CREB3L1 actions on the AVP
promoter in vitro, luciferase assays were performed in HEK293T
cells. Expression of CREB3L1FL and CREB3L1CA significantly in-
creased luciferase activity by 15.49 = 0.24-fold (p < 0.001) and
41.63 = 1.11-fold (p < 0.001), respectively, compared with controls
(pcDNA3, 1 *= 0.03; Fig. 5A). In contrast, the expression of
CREB3LIDN reduced luciferase activity (0.30 = 2.11e ™™, p <
0.001; Fig. 5A). Immunoblot analysis of CREB3L1FL expression in

G-box (—157 to —146 bp); ACGT, —153 to —150 bp.

HEK293T cells detected two bands, indicating CREB3L1 processing
(Fig. 5B).

To identify CREB3LI interaction sites in the AVP promoter,
luciferase assays were performed on deletion constructs (1 kb,
and 350, 170, 120, or 70 bp) of the rat AVP promoter (Fig. 5C,
diagram). Truncating the AVP promoter from 1 kb to 350 bp had
no effect on CREB3L1CA-mediated luciferase activity (1 kb,
28.61 * 0.63; 350 bp, 28.66 * 0.31; p = 1.000). A small, but
significant, decrease of luciferase activity was observed with the
170 bp AVP promoter construct (21.86 * 0.10, p < 0.001) com-
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Figure 6.

indicate mean == SEM. RNA pol., RNA polymerase II.

pared with the 1 kb promoter. Luciferase activity dropped sharply
with the AVP 120 bp promoter construct (3.68 * 0.16, p <
0.001), with levels reaching basal when only 70 bp of the AVP
promoter remained (0.95 * 0.01, p < 0.001; Fig. 5C). Thus,
CREB3LI actions on the AVP promoter are mediated by se-
quences located between —170 and — 120 bp. This crucial region
contains CRE-like, AP2, and G-box elements, all of which are
potential binding motifs for CREB3L1 (Pardy etal., 1992; Iwasaki
et al., 1997; Jolma et al., 2013). Accordingly, a series of site-
specific deletion mutants of the 350 bp rat AVP promoter were
generated (Fig. 5D, diagram). First, to confirm and strengthen
earlier findings, a 55 bp fragment of the AVP promoter was de-
leted, including the full CRE2 site. This produced a profound
drop in luciferase activity (25.28 = 2.31%, p < 0.001, where 350
bp is 100%; Fig. 5D), consistent with earlier findings with the
AVP promoter —120 bp construct (Fig. 5C). Deletion of CRE1
and CRE?2 sites significantly increased (150.80 = 10.29%, p <
0.001) and decreased (75.93 * 5.62%, p = 0.042) luciferase ac-
tivity, respectively, while deletion of both CRE sites showed no
change in luciferase activity (82.47 = 4.96%, p = 0.285; Fig. 5D).
Deletion of the G-box (58.58 = 3.91%, p < 0.001) and the ACGT
motif (63.77 = 0.91%, p = 0.001) also decreased luciferase activ-
ity (Fig. 5D). A combination of CRE2 and ACGT deletions pro-
duced the most significant drop (40.75 % 2.76%, p < 0.001) in
luciferase activity, emphasizing the importance of these binding
sites (Fig. 5D). No significant change in luciferase activity re-
sulted from deletion of the AP2 site (110.72 = 4.31%, p = 0.846).

To demonstrate direct binding of CREB3L1 to the AVP
promoter, ChIP was performed. In HEK293T cells, the
CREB3L1-binding DNA fragments were identified by PCR
and qPCR using specific rat AVP promoter primers. The cor-
rectly sized band (150 bp) was observed in CREB3L1 immu-
noprecipitated DNA (Fig. 6A), suggesting binding of
CREB3L1 to the AVP promoter. No band was observed in
IgG-negative controls, while the success of the ChIP protocol
was confirmed by a band in the RNA polymerase II-positive
control. To demonstrate in vivo binding of CREB3L1 to the

CREB3L1 regulates AVP transcription by binding to the AVP promoter. ChlP assays were performed using antibody
against N-terminal CREB3L1. A, HEK293T cells were transfected with plasmid containing 1 kb rat AVP promoter and plasmid
expressing CREB3L1CA (n = 3). B, ChIP assay was performed using pooled (n = 3) SON samples from EH and 3 d DH rats. Normal
goat IgG and anti-RNA polymerase Il antibody were used as negative and positive controls, respectively. Percentage of ChIP/total
input was calculated. PCR products from ChlP assay were verified by gel electrophoresis, showing 150 bp PCR products. Error bars

the successful overexpression in both
SONs (GFP, 1.01 = 0.05; CREB3LICA,
1.23 = 0.09; p = 0.038; Fig. 7A) and PVNs
(GFP, 1.01 = 0.05; CREB3L1CA, 1.38 *
0.09; p = 0.004; Fig. 7A). An increase in
AVP mRNA was observed in PVNs (GFP,
1.03 = 0.09; CREB3L1CA, 1.43 = 0.08;
p = 0.003; Fig. 7B), but not SONs (GFP,
1.02 = 0.07; CREB3L1CA, 1.11 * 0.13; p = 0.522; Fig. 7B), while
higher hnAVP was observed in both SONs (GFP, 1.03 = 0.08;
CREB3LICA, 1.50 = 0.12; p = 0.004; Fig. 7C) and PVNs (GFP,
1.03 = 0.09; CREB3L1CA, 1.73 = 0.16; p = 0.002; Fig. 7C).
Furthermore, pituitary AVP peptide content was higher in
CREB3LICA rats (545.32 £ 13.56 ng/gland, p = 0.003) com-
pared with GFP controls (453.5 = 8.47 ng/gland; Fig. 7D). No
significant difference in plasma AVP between CREB3L1CA-
expressing rats (2.93 = 1.38 pg/ml, p = 0.442) and GFP-
expressing rats (1.54 = 0.37 pg/ml) was observed (Fig. 7E), and
osmotic homeostasis was unaffected (Fig. 7F-I).

Discussion

Using Affymetrix oligonucleotide microarrays, we compiled
transcriptome catalogs that represent comprehensive descrip-
tions of the mRNA populations in the SONs and PVNs, and we
identified transcripts that change in their expression in response
to hyperosmotic stress (Hindmarch et al., 2006). We predicted
that some of these transcriptome changes might be mediated by
altered transcription factor activity, so we proceeded to examine
our data to identify transcription factors regulated by hyperos-
motic stress in both rat and mouse (Qiu et al., 2007; Stewart et al.,
2011). These data brought the transcription factor CREB3L1 to
our attention.

We have previously reported upregulated CREB3L1 expres-
sion in the rat hypothalamus following 3 d DH (Qiu et al., 2007),
but its functional role remained elusive. In the current study, we
have validated CREB3L1 transcriptome-derived data by qPCR
over the time course of two osmotic stimuli, DH and SL. The
consistent increases in CREB3L1 mRNA expression, and the par-
allel changes in AVP hnRNA, merited further investigation into
CREB3LI at the protein level.

CREB3LI is one of five members of the CREB3 bZIP transcrip-
tion factor subfamily (Kondo et al., 2011). All CREB3 transcription
factors are structurally similar to activating transcription factor 6, a
classical ER stress transducer (Murakami et al., 2006; Asada et al.,
2011). Inactive CREB3L1 is anchored into the ER membrane
(Omorietal., 2002). In response to stimuli, CREB3L1 is transported
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from ER to the Golgi complex, where it is
activated by regulated intramembrane pro-
teolysis. The liberated N-terminal active
fragment then translocates to the nucleus
(Murakami et al., 2006), where it activates
the transcription of target genes defined by
specific cis-acting regulatory promoter se-
quences (Kondo et al., 2005; Murakami et
al., 2009). As expected, Western blotting re-
vealed full-length and the C-terminal
cleaved forms of CREB3L1 in cytosolic SON
and PVN protein extracts, but not in nu-
clear extracts, whereas the N-terminal active
fragment was found in both cytosol and nu-
cleus (Fig. 1J,L). However, in contrast to the
robust changes seen in CREB3L1 mRNA
levels (Fig. 1A, B), we were surprised to see
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poorly colocalized with the ER marker
PDI, whereas a stronger colocalization
was observed following DH, perhaps due
to increased synthesis and subsequent ER
accumulation. The strong colocalization
of CREB3L1 with Golgi marker RCASI in
MCNs of both EH and DH rats indicates
that CREB3L1 is likely cleaved and activated in the Golgi appara-
tus, as previously reported (Murakami et al., 2006). The mecha-
nism of CREB3L1 activation in MCNs remains unknown.
Interestingly, only after DH did we observe marked CREB3L1
localization in MCN nuclei (Fig. 3). Thus, the cytosolic accumu-
lation of CREB3L1 implies that, in MCNs, gating mechanisms
regulate the entry of NT-CREB3L1 into the nucleus.

As increased CREB3L1 expression was observed predomi-
nantly in vasopressinergic MCNs following DH, we thus investi-
gated the relationship between AVP and CREB3L1 expression in
other paradigms. First, we looked at the hypo-osmotic challenge
of furosemide-induced sodium depletion (Ray et al., 1991),
where lower AVP hnRNA expression coincided with a significant
fallin CREB3L1 mRNA expression in SONs and PVNs. CREB3L1
expression was also investigated in the SCN, where both AVP
mRNA and hnRNA exhibit robust circadian expression profiles
(Uhl and Reppert, 1986; Maruyama et al., 2010). In parallel with
AVP hnRNA expression, we saw higher levels of CREB3L1

with lentiviral vectors expressing either CREB3L1CA or GFP. A-C, The relative expression of CREB3L1T mRNA (4), total AVP mRNA
(B), and AVP hnRNA (€) in SONs and PVNs was examined by qPCR (GFP, n = 10 for SONs and n = 9 for PVNs; CREB3L1CA,n =7
for SONs and n = 13 for PVNs). D, E, Pituitary AVP (D) and plasma AVP (E) levels were examined by ELISA. F-1, Two weeks after
injection, the rats were placed in metabolic cages for 7 d where water intake (F), food intake (G), urine output (H), and urine
osmolality (/) were recorded. For D-I, only data from rats with successful overexpression of CREB3L1CA in four nuclei were
included (GFP n = 3, CREB3L1CA n = 4). Error bar indicated mean == SEM. *p << 0.05, **p << 0.01.

mRNA expression at ZT7 compared with ZT19. These findings
lend support to the concept that CREB3L1 has the potential to
regulate AVP transcription.

To test this notion, we asked whether CREB3L1 could support
the expression of AVP gene promoter luciferase reporter con-
structs in HEK293T cells. Using a series of promoter—deletion
constructs, the region between —170 and —120 bp was identified
as important for CREB3L1 activation of the AVP promoter. This
region contains a CRE-like sequence (CRE2), an AP2 site, and an
E box enhancer (Pardy et al., 1992; Jin et al., 1999). However,
deletion of the CRE2 resulted in only a 25% decrease in luciferase
activity, opening the search for additional CREB3L1 binding sites
within this 50 bp sequence. A number of sequences have been
identified previously as CREB3L1 regulatory DNA binding sites,
including ER stress response element (ERSE), unfolded protein
response element and CRE-like sequences (Kondo et al., 2005;
Murakami et al., 2009; Denard et al., 2011; Saito et al., 2012).
Further, Jolma et al. (2013) recently performed a comprehensive
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computer analysis of DNA binding sites of human CREB3L1.
This study identified a 12 nucleotide CREB3L1 binding site (G-
box) that was also found to be represented in rat, mouse, and
human AVP promoters (GCCCACGTGTGT). The G-box flanks
the previously identified E-box enhancer element (CACGTG),
where CLOCK and BMALI bind to generate the circadian regu-
lation of AVP transcription in the SCN (Jin et al., 1999). Here, we
validated the CREB3L1 computational analysis by showing de-
creased luciferase activity following deletion of the G-box in rat
AVP promoter. The 60% reduction in luciferase activity follow-
ing deletion of ACGT of the G-box, together with CRE2, con-
firmed the importance of these sites for CREB3L1 actions on the
AVP promoter. Moreover, Kondo et al. (2005) showed that two
regulatory sequences (CRE and ERSE) are involved in CREB3L1
regulation of binding Ig protein gene transcription during ER
stress. Interestingly part of the ERSE site (CCAAT-N9-CCACG)
has sequence overlap with the G-box, lending support to the
importance of the CRE site and the G-box element for CREB3L1
to function as an AVP gene transcription factor.

We then showed using ChIP that the transcriptional regula-
tion of the AVP promoter by CREB3L1 was through direct bind-
ing, not only in vitro, but also in vivo, in the SON, with binding
increasing with DH. We propose that this occurs, in part, through
binding to G-box and CRE?2 sites as identified here by luciferase
assays. To further confirm that CREB3LI1 regulates AVP tran-
scription in vivo, a lentiviral vector expressing CREB3L1CA was
injected bilaterally into both the SON and PVN. This resulted in
increased expression of hnAVP in rat SONs and PVNs, strongly
supporting the hypothesis that CREB3L1 is a direct positive reg-
ulator of AVP transcription. The increased AVP hnRNA expres-
sion resulted in an increase in the AVP content of the posterior
pituitary, but no change in plasma AVP concentration, and no
changes in a number of hemodynamic parameters. Thus, we sug-
gest that increased AVP gene transcription leads to an increase in
AVP mRNA, which is in turn translated, resulting in an accumu-
lation of AVP peptide in the posterior pituitary. In the absence of
an osmotic cue, this increased posterior pituitary AVP is not
secreted.

Interestingly, in vivo deletion studies of the rat AVP promoter
found that the region between —116 and —288 bp is important
for cell-specific expression of AVP in MCNss (Ponzio et al., 2012).
This region includes residues —120 to —170 bp and is consistent
with the suggestion that CREB3L1 could play a part in MCN-
specific expression of AVP. Failure to observe activation of
CREB3LI in OXT neurons following hyperosmotic stress implies
that CREB3LI in AVP and OXT MCNss is activated through sep-
arate pathways. Further investigation of CREB3L1 in additional
experimental models is important to address functions in OXT
MCNs. Furthermore, Ponzio et al. (2012) identified three up-
stream AVP transcriptional regulatory domains, one of which is
located within the 1 kb fragment (—543 to —288 bp) of the rat
AVP promoter in the present study, where no change in pro-
moter activity was observed in vitro. This represents a limitation
of performing the promoter studies in HEK293T cells.

In summary, our results showed that CREB3L1 is expressed in
vasopressinergic neurons of the SON and PVN with markedly
different cellular and subcellular locations in EH and DH ani-
mals. Within the rat AVP promoter, there are at least two
CREB3LI sites that we propose are important for direct binding
and subsequent activation of AVP transcription. The ability to
influence hnAVP transcripts in vivo by lentiviral gene transfer
greatly strengthens our hypothesis that CREB3L1 is a major
player in what is certainly a very complex and almost certainly
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highly redundant AVP gene transcriptional regulatory network.
Indeed, preliminary experiments in which CREB3L1 activity was
reduced in vivo by lentivirus-mediated delivery of CREB3L1DN
revealed no change in AVP expression due to compensatory in-
creases in the expression of mRNAs encoding other key tran-
scription factors.
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