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Urocortin (Ucn), a highly conserved metazoan gene, is related to stress and feeding, behaviors with significant gender differences. We
investigated whether estrogens regulate the expression of the Ucn gene using transient transfection in PC12 cells with the human Ucn
(hUcn) promoter coupled to luciferase and either � or � estrogen receptors (ER� or ER�, respectively). The results demonstrate that
estradiol (E2 ) increases the activity of the hUcn promoter via ER�, and decreases hUcn promoter activity through ER�. Deletions of the
hUcn promoter show that the increase in promoter activity mediated by E2-ER� depends on a promoter region containing a half-estrogen
response element and an Sp1 site, and the decrease mediated by E2-ER� depends on a proximal promoter region containing a cAMP
response element. Ucn and ERs coexist in neurons of rat hypothalamic nuclei, giving anatomical support for a direct effect of estrogen
receptors on the Ucn gene. By in situ hybridization, we observed that cycling female rats have a higher number of cells expressing Ucn
mRNA than males in the paraventricular nucleus of the hypothalamus (PVN) and the septum. Both of these brain nuclei are related to
stress behaviors and express moderate levels of Ucn. Furthermore, Ucn mRNA was significantly decreased in the PVN and increased in
the septum 30 d after ovariectomy. Acute E2 administration to ovariectomized rats significantly increased Ucn mRNA expression in the
PVN and septum. In conclusion, our in vitro and in vivo evidence suggests that estrogens exert a direct and differential transcriptional
regulation of the Ucn gene.
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Introduction
Urocortin (Ucn), a conserved metazoan peptide, has high affinity
for both corticotropin releasing hormone (CRH) receptors,
CRH-R1 and CRH-R2 (Vaughan et al., 1995, Donaldson et al.,
1996). Selective CRH-R1 and CRH-R2 ligands are available;
however, because Ucn and CRH share the same receptors, none
of these available drugs allow discrimination between the physi-
ologic actions of Ucn and CRH. Studies with CRH-deficient mice
(CRH-KOs) have demonstrated that CRH is essential in the ac-
tivation of the hypothalamic–pituitary–adrenal (HPA) axis by
stress (Weninger et al., 1999). Male and female CRH-KOs have
very low basal corticosterone levels, but respond disparately to
stress (Muglia et al., 1995). Male CRH-KOs do not secrete corti-
costerone in response to stressful stimuli. In contrast, female
CRH-KOs exhibit a substantial, although lower than normal, se-
cretion of corticosterone in response to the same stressors. Thus,

CRH-KOs suggest gender-specific differences on HPA axis con-
trol (Muglia et al., 2001). It is interesting to note, however, that
CRH-KOs conserve intact extrahypothalamic stress behaviors
(Dunn and Swiergiel, 1999; Weninger et al., 1999). Furthermore,
intracerebroventricular infusion of a specific CRH-R1 antagonist
(CP-154,526) inhibits shock-induced freezing response in
CRH-KO and wild-type mice, suggesting the activation of
CRH-R1 but not CRH itself is necessary for this behavior. The
role of Urocortin II and III in these CRH-R1-mediated behaviors
is not pertinent because these peptides are selective agonists of
CRH-R2 (for review, see Bale and Vale, 2004; Gysling et al.,
2004). In addition to CRH, Ucn is the only known neuropeptide
with a high affinity for CRH-R1; therefore, Ucn may be respon-
sible for extrahypothalamic stress behaviors present in
CRH-KOs.

Available evidence suggests that gender differences observed
in the stress response are caused by estrogen regulation of CRH
and CRH-binding protein expression (Miller et al., 2004; Van de
Stolpe et al., 2004). Estrogens regulate transcription via a com-
plex and highly regulated process. This process depends on the
binding of estradiol (E2) to estrogen receptor (ER)� and/or ER�,
cellular contexts, and promoter sequences (Jones et al., 1999, Hall
et al., 2001). Estrogens further regulate transcription via ho-
modimers or heterodimers of ER�, ER�, and consensus estrogen
response elements (ERE). Transcription is also modulated by ER
binding of specific elements [half-ERE, activated protein 1 (Ap1),
cAMP response element (CRE), or specific protein 1 (Sp1)] in-
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dependently or in specific associations (Porter et al., 1997; Sab-
bah et al., 1999; Shapiro et al., 2000; Martini and Katzenellenbo-
gen, 2001, Petz et al., 2002, 2004; Sanchez et al., 2002; Schultz et
al., 2005).

The similarity between Ucn and CRH genes and the potential
physiologic role of Ucn in gender differences of the stress re-
sponse led us to study whether estrogens regulate the transcrip-
tion of the hUcn promoter. To this end, PC12 cells cotransfected
with a reporter vector containing the 2.2 kb or deleted forms of
the hUcn promoter and ER� or ER� were exposed to E2 or ta-
moxifen. The effects of ovarian hormones on the in situ expres-
sion of Ucn mRNA in male and female brain rats during diestrus
I, estrus, after ovariectomy (OVX), and 28 h after an injection of
E2 to OVX rats were also studied.

Materials and Methods
Expression and reporter plasmids. The luciferase reporter construct pGL2-
hUS2 (graciously provided by Dr. Wylie W. Vale, The Clayton Founda-
tion Laboratories for Peptide Biology, The Salk Institute, San Diego, CA)
contains 2215 nucleotides of the hUcn promoter region plus 70 nucleo-
tides of the exon1 (AF038633) (Zhao et al., 1998). The luciferase reporter
vector pERE-TK-luc (gift from Dr. Valerie D. Clack, Duke University
Medical School, Durham, NC) contains one copy of the consensus ERE.
The expression vector pcDNA-ER� (gift from Dr. Pierre Chambon, Uni-
versity Louis Pasteur, Strasbourg, France) contains the cDNA of human
ER� and the expression vector pcDNA-ER� (gift from Dr. Brigitte
Fournier, Novartis Pharma AG, Basel, Switzerland) contains the cDNA
of human ER�. The expression vector pCGN-Sp1 contains the cDNA of
human Sp1 (gift from Dr. Thomas Shenk, Princeton University, Prince-
ton, NJ). Recombinant ER�-Myc was generated by subcloning an NheI/
XbaI ER� fragment (protein id: CAA27284, amino acids 1–378) in frame
with Myc at the carboxyl end using the pcDNA3.1(�) Myc-HisB vector
(Invitrogen, Carlsbad, CA).

Generation of deleted mutants of the hUcn promoter. To obtain specific
deleted mutants of the hUcn promoter, the pGL2-hUS2 construct was
subjected to different digestions with pairs of specific restriction en-
zymes. The enzymes used were as follows: NheI/AatII for promoter
�-161/-41, NcoI/NheI for promoter �-349/-161, PstI/NcoI for promo-
ter �-1229/-349, Mlu/PstI for promoter �427, Mlu/NcoI for promoter
�349, and Mlu/NheI for promoter �161. The digestion products were
subjected to electrophoresis and the higher molecular weight product
was purified with the Rapid Gel Extraction kit (Qiagen, Valencia, CA).
Purified fragments were subjected to pfu polymerase and ligated with
ligase T4. Plasmids were purified with minipreps and maxipreps (Qia-
gen; Bio-Rad, Hercules, CA). Correct assembles were confirmed by se-
quencing. All transfection studies were repeated with DNA obtained
from at least three independent plasmid preparations.

PC12 cell culture and transient transfection. PC12 rat pheochromocy-
toma cells were maintained in DMEM supplemented with 10% horse
serum (HS) and 5% fetal bovine serum (Invitrogen), 100 IU/ml penicil-
lin, and 100 �g/ml streptomycin at 37°C in a humidified incubator in
10% CO2. PC12 cells were transfected with lipofectamine 2000 reagent
(Invitrogen). Briefly, cells were plated at a density of �2.5 � 10 5 cells in
24-well plates and transfected the next day with 0.75 �g of pGL2-hUS2
and the same molar amount of pcDNA-ER� or -ER�, and 5 ng of pRL-
SV40. In the case that two expression vectors were cotransfected, the
amounts transfected were as follows: 0.5 �g of pGL2-hUS2 and 0.35 �g
of pcDNA-ER�, and from 0.15 to 0.75 �g of pcDNA-ER� or pCGN-Sp1.
Final DNA amounts were achieved by adjusting with pBluescript.

Before transfection, media were replaced with phenol red-free media
supplemented with 10% charcoal-stripped HS and 5% charcoal-stripped
FBS, and cells were allowed to recover overnight. Cells were treated with
10 nM 17-� estradiol (Sigma, St. Louis, MO), 1000 nM tamoxifen
(Sigma), 0.5 mM 8-bromo-cAMP (8-Br-cAMP), or vehicle (ethanol or
DMSO) for 24 h and harvested in 100 �l of passive lysis buffer (Promega,
Madison, WI). Light units were determined by a Dual Luciferase Re-
porter Assay System (Promega). Pilot experiments with different con-

centrations of the reporter vector and different times after adding the
substrate were used to select the appropriate conditions to work in the
linear range of the assay. Briefly, each cell extract was mixed with lucif-
erase assay reagent and firefly luciferase light units were read for 10
s/sample on a luminometer (Model 20E; Turner Biosystems, Sunnyvale,
CA). Firefly luciferase activity corresponds to the light units of firefly
luciferase normalized to light units of renilla luciferase or to total protein.

Electrophoretic mobility shift assay. A 50 bp hUcn promoter probe con-
taining the proximal half-ERE and the medial Sp1 site, named “half-ERE/
Sp1,” was end-labeled using T4-polynucleotide kinase and [� 32P]ATP.
PC12 cells were transfected with 5 �g of pcDNA-ER� or recombinant
pcDNA-ER�-Myc and, 48 h after transfection, a nuclear extract was
prepared. Six hours before preparing the nuclear extract, the transfected
cells were treated with 10 nM E2. Briefly, 10 �g of the nuclear extract was
incubated in electrophoretic mobility shift assay (EMSA) binding buffer
with or without 350� cold probe or 2 �g of anti-Sp1 or anti-Myc (Santa
Cruz Biotechnology, Santa Cruz, CA), or rabbit IgG for 30 min on ice,
and 15 min at room temperature, consecutively. After the addition of
[ 32P]-labeled half-ERE/Sp1, the mixture was incubated for 15 min at
room temperature. Electrophoresis was performed in 4% polyacryl-
amide gels and with 0.5� Tris-borate EDTA buffer at 250 V. Radioactive
bands were visualized by autoradiography.

Experimental animals. Female and male Sprague Dawley rats weighing
200 –300 g were used. Rats were maintained on a 14/10 h light/dark
schedule (lights on between 7:00 A.M. and 9:00 P.M.) and food and water
were available ad libitum. The stages of the estrous cycle in female rats
were assessed by vaginal smear examination and only animals presenting
at least four 4 d consecutive cycles were used. Female rats during diestrus
I and estrus were selected for the present study. All experiments were
conducted in accordance with institutional and international guidelines
[National Institutes of Health (NIH) Guide for the Care and Use of Lab-
oratory Animals].

A group of female rats (200 –240 g) was bilaterally ovariectomized
under deep chloral hydrate anesthesia (400 mg/kg body weight, i.p.).
Thirty days after ovariectomy (OVX-30), rats weighed 270 –320 g and
were injected intramuscularly at 11:00 A.M. with E2 (benzoate salt; 10
�g/kg in corn oil) or with vehicle (corn oil) and killed 28 h later. Twenty
eight h after the E2 injection to a parallel group of OVX rats, E2 plasma
levels were 57.3 � 9.1 pg/ml (n � 3). In situ hybridization (ISH) exper-
iments were conducted in the following experimental groups: male, fe-
male rats during diestrus I and estrus, and OVX-30 rats, 28 h after a single
injection of E2 or vehicle.

Brain tissue fixation. The rats were deeply anesthetized with chloral
hydrate anesthesia (400 mg/kg body weight, i.p.) and perfused transcar-
dially with physiological saline followed by 3% paraformaldehyde in 0.1
M phosphate buffer (PB), pH 7.4. Thereafter, brains were postfixed in the
same fixative solution for 30 min and thereafter transferred to 20% su-
crose in 0.1 M PB for 48 h. Finally, brains were sectioned into coronal
slices by means of a vibratome (Vibratome 3000; Technical Products
International, St Louis, MO).

Nonisotopic in situ hybridization and immunohistochemistry. Noniso-
topic ISH was performed essentially as described previously (Andres et
al., 1996). Briefly, deoxynucleotide probes U1 (5�-tcacttgcccaccgaatcg-
aatatgatgcggttctgctc-3�), complementary to nucleotides 388 – 426, and
U2 (5�-tcacttgcccaccgaatcgaa-3�), complementary to nucleotides 406 –
426 of the Ucn mRNA (NM_019150), were used for the ISH experi-
ments. Both probes were 3� end-labeled with terminal transferase and
dATP/digoxigenin-labeled deoxyuridine-triphosphate (9/1). Thirty mi-
crometer coronal slices were hybridized overnight at 38°C for U1 and at
28°C for U2 in the presence of 10 pmol/ml of U1 digoxigenin (DIG)-
labeled probe. After hybridization, tissue slices were rinsed twice with 2�
SSC and one time in 1� SSC for 10 min each at 42°C. For control, similar
coronal sections were hybridized in the presence of (1) U1 or U2 DIG-
labeled probe plus 100� nonlabeled U1 or U2 probe and (2) DIG-labeled
scrambled probes with the same nucleotides of U1 or U2 in a random
sequence. Only background staining was observed in both controls. The
presence of DIG-labeling in brain tissue sections was detected with anti-
DIG antibodies conjugated to alkaline phosphatase (Boehringer Mann-
heim GmbH Biochemica, Mannheim, Germany) and using nitroblue

Haeger et al. • Estrogens Regulate the Expression of the Ucn Gene J. Neurosci., May 3, 2006 • 26(18):4908 – 4916 • 4909



tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Invitrogen) as
enzyme substrates. In some cases, immunohistochemistry (IHC) for
ER� or ER� was performed after the ISH protocol. For this purpose, at
the end of the ISH protocol, the tissue sections were incubated with 1/250
ER� antibody (H150; Santa Cruz Biotechnology) and developed with the
ABC system (Vector Laboratories, Burlingame, CA). The sections were
mounted on glass slides with gelatin (0.1%), dried overnight, cover-
slipped, and observed under light microscopy. Confocal double immu-
nofluorescence was used to study the coexistence of Ucn with ER�. For
this purpose, 20 �m coronal slices were obtained from rats injected with
colchicine (100 �g) 48 h before killing. After a 1 h preincubation in 1%
bovine serum albumin, 0.5% Triton X-100, and 0.02% Sodium Azide in
PBS, sections were incubated over night at room temperature simulta-
neously with 1/1000 of Ucn antibody (R20; Santa Cruz Biotechnology)
and 1/250 ER-� antibody (H184; Santa Cruz Biotechnology). Sections
were then rinsed with PBS and incubated with secondary FITC anti-goat
and Cy3 anti-rabbit IgG (1/100) at room temperature for 4 h in a PBS
buffer containing 0.2% gelatin and 0.1% Triton X-100. The sections were
rinsed in PBS and mounted with glycerol. Immunofluorescence was an-
alyzed by confocal microscopy. Controls for the immunofluorescence
reaction were performed with Ucn antibody preadsorbed with blocking
peptide, and without first or second antibodies. All these controls yielded
only background staining.

In vivo data analysis. ISH experiments were evaluated using a Nikon
(Melville, NY) Labophot-2 microscope equipped with a color video cam-
era (CCD-IRIS; Sony, Tokyo, Japan) coupled to a computer (Power
Macintosh 7600/132; Apple, Cupertino, CA). Positive DIG-labeled cells
in the dorsolateral septum (DLS) were counted in coronal sections, at a
rostrocaudal level of 0.2 mm from bregma (Paxinos and Watson, 1986).
In the case of the paraventricular nucleus of the hypothalamus (PVN),
positive DIG-labeled cells were counted in coronal sections at the rostro-
caudal level of �1.80 mm from bregma. Cells with alkaline phosphatase
reaction product originated from DIG-labeled probes were counted in
sample areas of 0.17 mm 2 for DLS and 0.29 mm 2 for PVN, using the NIH
1.61 Image/ppc program (Andres et al., 1996). In each experimental
animal, 2–3 slices at the same rostrocaudal level were used to examine the
number of DIG-labeled cells in each area studied. Data are presented as
the number of DIG-labeled cells/mm 2; each value corresponds to the
mean � SEM of three to seven independent experiments.

To evaluate the percentage of Ucn mRNA and ER� coexpression in the
parvicellular region of the PVN, tissue sections were analyzed using an
Olympus (Melville, NY) microscope and images were captured with an
Olympus Camedia digital camera. Tissue sections at the level of the PVN
were selected for analysis. The total number of ER�-like labeled cells was
manually counted in the parvicellular region of the PVN. The percentage
of colocalization was determined by counting the number of cells pre-
senting both brown nuclear ER�-like and blue cytoplasmatic Ucn mRNA
labeling.

Statistics. Statistical significance for ISH and transfection experiments
was assessed by one-way ANOVA followed by Newman–Keuls multiple
comparison post hoc test using the GraphPad Software (San Diego, CA),
Prism version 3.0. Luciferase activity and relative luciferase activity after
E2 or tamoxifen treatments were compared against their respective vehi-
cles. Absolute luciferase values were analyzed by one-way ANOVA fol-
lowed by Newman–Keuls and relative luciferase values by one-way
ANOVA followed by Dunn post hoc test.

Results
Activity of the hUcn promoter cotransfected with ER�
and/or ER�
To evaluate whether ERs directly regulate the transcriptional ac-
tivity of the hUcn promoter, PC12 cells were transiently cotrans-
fected with pGL2-hUS2 and pcDNA-ER�, and/or pcDNA-ER�.
The transcriptional activity of pGL2-hUS2 was significantly in-
creased by overexpressing ER� and to a lesser extent with ER�
(Fig. 1A). The treatment of transfected PC12 cells with E2 (10 nM)
and tamoxifen (1000 nM) significantly increased the transcrip-
tional activity of the hUcn promoter when ER� was overex-

pressed in PC12 cells (Fig. 1A). The effects of E2 and tamoxifen
were also found to be dose-dependent (Fig. 1B). The presence of
E2 significantly inhibited the transcriptional activity of the hUcn
promoter induced by the overexpression of ER� in PC12 cells
(Fig. 1A). This effect of E2 mediated by ER� was dose-dependent
(Fig. 1B) and was also observed with 10-fold lower pcDNA-ER�,
discarding a nonspecific squelching of essential transcriptional
activators (data not shown). The transcriptional activity of the
hUcn promoter in the presence of ER� was not affected by the
treatment with tamoxifen. Because E2 exerted opposite effects on
the basis of each ER, we also tested the effect of cotransfecting
both ERs together with the hUcn promoter. E2 and tamoxifen
were found to increase the transcriptional activity of the hUcn
promoter to a similar extent when ER� alone or both ERs were
cotransfected (data no shown).

To test the specificity of the observed effects, PC12 cells were
transiently cotransfected with pGL2-hUS2 and pcDNA, the
empty expression vector for both ER� and ER�. In both controls,
the basal transcriptional activity of pGL2-hUS2 was not modified
by estrogen (Fig. 1A). PC12 cells do not express detectable levels
of ER�, but they do express low levels of ER� (data not shown).

Figure 1. Activation of ER� increases and activation of ER� decreases the activity of the
hUcn promoter. A, Effect of E2 and tamoxifen (T) on the activity of the hUcn promoter through
ER� (pcDNA-ER�) or ER� (pcDNA-ER�) or when cotransfected with the empty vector (pcDNA).
Luciferase activity corresponds to light units of firefly luciferase quantified 24 h after cells were
treated with 10 nM E2, 1000 nM T, or vehicle (V; ethanol) and normalized to renilla luciferase light
units. B, Dose–response effect of E2 and T through ER� and of E2 through ER�, on the activity
of the hUcn promoter. Relative luciferase activity corresponds to the luciferase activity relative
to vehicle (100%). Values are the mean � SEM of three independent experiments. Statistical
analysis by ANOVA followed by Newman–Keuls (A) or Dunn (B) post hoc tests gave the follow-
ing significances: �, p � 0.001, ✚ , p � 0.01, and F, p � 0.05, compared with respective
vehicle control; �, p � 0.01, compared with pcDNA/pGL2-hUS2; �, p � 0.05, compared
between them.
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This suggests that the endogenous expression of ER� in PC12 is
not sufficient to induce the hUcn promoter (Fig. 1A). As an
additional control, cells were transiently cotransfected with the
promoterless vector (pGL2-Basic) and pcDNA-ER� or ER� and
treated with E2 or tamoxifen, as above. In this case, no significant
transcriptional activity was observed, confirming the specificity
of the hUcn promoter response (Fig. 1A). As a positive control,
the effect of E2 on the transcriptional activity of a consensus ERE
was studied. E2, but not tamoxifen, significantly increased ER�-
and ER�-mediated transcriptional activity of pERE-TK-luc (data
not shown). Interestingly, E2 and ER� induced a similar increase
of the transcriptional activity of the hUcn promoter and the con-
sensus ERE.

Analysis of the hUcn promoter
The different mammalian Ucn promoters cloned today are highly
homologous and share common transcription factor response
elements, suggesting conserved functional roles (Zhao et al.,
1998). The hUcn promoter does not have a consensus ERE. How-
ever, a screening of the hUcn promoter with the Transcription
Search Software (TESS; http://www.cbil.upenn.edu/cgi-bin/tess/
tess) demonstrated the presence of eight half-palindromic EREs
in positions �2065, �1606, �1594, �1540, �1402, �896,
�779, and �353 of the hUcn promoter. In addition, other re-
sponse elements associated with estrogen receptors such as Ap1,
CRE, and CCAAT/enhancer-binding protein elements (Zhao et
al., 1998) are also present. The analysis also showed three groups
of Sp1 sites, hereafter referred to as proximal (two sites), medial
(one site), and distal (three sites) to the transcription initiation
site (for schema, see Fig. 2). The hUcn promoter also contains a
repressor element 1 (RE1)-like sequence. The sequence of the
PGL2-Basic (promoterless) vector was also found to have Ap1-
like and Sp1 sites, but not half-ERE.

Region of the hUcn promoter responsible for the effect of
estrogens through ER�
To investigate which region of the hUcn promoter was responsi-
ble for the stimulatory effect of E2 mediated by ER�, a series of
deletions of the hUcn promoter were performed. The pGL2-
hUS2 and six different deletion mutants were transfected into

PC12 cells (Fig. 2). Only the �-161/-41
promoter presented a significantly lower
basal activity compared with pGL2-hUS2
(0.9 � 0.1 compared with 3.5 � 0.3 lucif-
erase activity; p � 0.001). The �-161/-41
promoter lacks the CRE and one of the
proximal Sp1 sites. Therefore, the de-
crease in basal activity observed with this
promoter indicates that CRE, Sp1, or both
elements are essential for basal transcrip-
tion of the hUcn.

PC12 cells cotransfected with pGL2-
hUS2 or the six different deletion mutants
plus ER� were treated with E2 and tamox-
ifen. The activity of the hUcn, �-161/-41,
�-1229/-349, and �427 promoters was
significantly increased after E2 or tamox-
ifen treatment (Fig. 2). In contrast, the ac-
tivity of the �-349/-161, �349, and �161
promoters was not affected by E2 or ta-
moxifen treatment (Fig. 2). Thus, the de-
letion of either the proximal half-ERE
(�349) or the segment containing the me-

dial Sp1 and Ap1 elements (�-349/-161) completely attenuated
the effect of E2 and tamoxifen treatments. Furthermore, the
�-1229/-349 promoter in which a distal half-ERE approaches the
segment containing the medial Sp1 and Ap1 elements conserved
the response to E2 and tamoxifen. This suggests that the distal
half-ERE substitutes the proximal deleted half-ERE, or that the
other element becomes functional. The results also indicate that
the �427 promoter is the minimum promoter necessary to ob-
serve E2- and tamoxifen-induced increases of hUcn promoter
activity. Finally, the �-161/-41 promoter (which demonstrated
very low basal activity), conserved the response to E2 and tamox-
ifen treatments. This provides further evidence that the promoter
region containing the proximal half-ERE and medial Sp1 and/or
Ap1 elements are necessary and sufficient for the ER�-dependent
increase of hUcn promoter activity induced by E2 and tamoxifen.

Sp1 overexpression and transcriptional activity of the
hUcn promoter
To analyze the contribution of Sp1 to the activity of the hUcn
promoter, PC12 cells were cotransfected with pGL2-hUS2 or de-
leted mutants of the hUcn promoter and pCGN-Sp1. The tran-
scriptional activity in each condition was compared with the ac-
tivity of the empty pCGN vector. Overexpression of Sp1 was
found to significantly increase the activity of pGL2-hUS2. Be-
cause the �-349/-161 mutant also shows a significant activation
by Sp1, together with the fact that the �427 mutant shows a lower
activation by Sp1, it is possible to suggest that distal Sp1 sites play
a significant role in mediating hUcn promoter activation. The
further deletion of 77 nucleotides generating the �349 mutant
induced a significantly higher Sp1 activation, suggesting that the
medial and proximal sites are relevant to Sp1 transactivation.
Moreover, the deletion of these 77 nucleotides eliminates the RE1
repressor element, providing further evidence that the medial
and/or proximal Sp1 sites are under RE1-dependent repression.

Sp1 overexpression and the effect of E2 mediated by ER�
It has been shown previously that the ER� transactivation of
several genes requires a configuration of Sp1(N)xhalf-ERE of
DNA elements (for review, see Sanchez et al., 2002). To study
whether Sp1 and ER� converge in the activation of the hUcn

Figure 2. Activation of ER� by E2 and T increases the activity of the hUcn promoter through a promoter region containing
half-ERE, Sp1, and Ap1 sites. PC12 cells were cotransfected with the hUcn promoter (pGL2-hUS2) or deleted mutants and pcDNA-
ER�. The results are expressed relative to vehicle (100%). Luciferase activity corresponds to light units of firefly luciferase normal-
ized to renilla luciferase light units. Values are the mean � SEM of two to three independent experiments. Statistical analysis by
ANOVA followed by Dunn post hoc test gave the following significances: �, p � 0.001; ✚ , p � 0.01; and F p � 0.05, compared
with respective vehicle control. Analysis by Mann–Whitney U test gave the following significance: ���, p � 0.001, compared
with respective vehicle control.
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promoter, PC12 cells were cotransfected with pGL2-hUS2 and
0.35 �g of pcDNA-ER�, with increasing concentrations of
pCGN-Sp1. As depicted in Figure 3B, the activity of the hUcn
promoter increased concomitantly with the concentration of
Sp1. In addition, significant decreases were found in the activity
of the hUcn promoter by Sp1 in the presence of ER� (compare
0.35 �g of Sp1/pcDNA and 0.35 �g of Sp1/pcDNA-ER�). This
suggests an antagonistic effect of ER� on the hUcn promoter that
is independent of E2. Incubation with 10 nM E2 significantly in-
creased the activity of the pGL2-hUS2 in all the Sp1-transfected
concentrations (see Fig. 5B), indicating that the effects of Sp1 and
E2-ER� are additive. The incubation with 10 nM E2 for 24 h did
not affect basal activity obtained after transfection with only 0.35
�g of pCGN-Sp1. The presence of pCGN did not change basal
activity of the pGL2-hUS2 and the E2 effect mediated by ER�
(Fig. 3B).

Binding of Sp1 over the Sp1 medial site
The binding of ER� and Sp1 to the hUcn promoter was studied
by EMSA using a 50 bp probe containing the proximal half-ERE
and the medial Sp1 site (half-ERE/Sp1 Ucn probe) (Fig. 4). Two
major retarded complexes (C1 and C2) (Fig. 4) were visualized
when 10 �g of nuclear extracts of PC12 cells transfected with 5 �g
of pcDNA-ER� were incubated with labeled half-ERE/Sp1 Ucn
probe (Fig. 4A, lane 1). Competition with 350� excess of unla-
beled probe prevented the formation of both complexes (Fig. 4A,
lane 2), confirming the specificity of the complexes formed. To

further learn the composition of the complexes, competition
with three different mutated probes was performed (underlined
nucleotides in the probe sequence of Fig. 4 were changed to thy-
mine). Competition with 350� excess of cold half-ERE mutant
(MUT)/Sp1 abolished both complexes (Fig. 4A, lane 3). How-
ever, competition with 350� excess of cold half-ERE/Sp1 MUT
abolished only the C2 complex (Fig. 4A, lane 4), indicating that
the C1 complex is dependent on the integrity of the Sp1 site.
Competition with 350� excess of cold half-ERE MUT/Sp1 MUT
decreased the intensity of the C2 complex (Fig. 4A, lane 5), sug-
gesting that the C2 complex depends on other unknown elements
and/or protein interactions. These preliminary results suggest
that the formation of the C2 complex is also dependent on the
integrity of the half-ERE and Sp1 site.

A specific Sp1 antibody was used to further study the role of
the Sp1 in complex formation. Incubation with the Sp1 antibody
decreased the intensity of the C1 complex by 23% but did not
super-shift the same complex (Fig. 4B, compare lanes 1, 2). In
contrast, the incubation with an unrelated antibody did not affect
the intensity of the complexes (Fig. 4B, compare lanes 1, 3).

Figure 3. Sp1 overexpression increases the activity of the Ucn promoter. A, PC12 cells were
cotransfected with pGL2-hUS2 or deleted mutants of the hUcn promoter, or the empty reporter
vector (pGL2-Basic) (0.75 �g), and the Sp1 expression vector (Sp1) or the respective empty
vector (pCGN) (0.8 �g). Luciferase activity of pGL2-Basic plus pCGN was 0.081 � 0.006 and of
pGL2-Basic plus Sp1 was 0.406 � 0.059. B, PC12 cells were cotransfected with pGL2-hUS2 (0.5
�g) and Sp1 and pcDNA-ER� (0.35 �g) expression vectors. PC12 cells were cotransfected with
PGL2-hUS2 and pcDNA-ER� and increasing amounts of Sp1 expression vector (0.15, 0.35, and
0.75 �g). Transfected cells were treated for 24 h with 10 nM E2 or vehicle (V; ethanol). Luciferase
activity corresponds to light units of firefly luciferase normalized to total protein. Statistical
analysis by ANOVA followed by Newman–Keuls post hoc test gave the following significances:
(in A) �, p � 0.001, ✚ , p � 0.01, and f, p � 0.05 compared with the empty vector; (in B)
�, p � 0.001 and f, p � 0.05 compared with respective vehicle control; �, p � 0.001,
compared with 0.15 and 0.35 �g Sp1/pcDNA-ER� treated to vehicle; �, p � 0.01, compared
with 0.35 Sp1/pcDNA-ER�.

Figure 4. EMSA with PC12 nuclear extracts. A radiolabeled probe corresponding to the hUcn
promoter containing the most proximal half-ERE and medial Sp1 site (halfERE/Sp1 Ucn probe)
was used in a gel mobility assay. Ten micrograms of a nuclear extract of PC12 cells transfected
with pcDNAER� (A, B, left) or with pcDNAER�-Myc (B, middle and right) was incubated in the
different conditions depicted in the figure. C1 and C2 correspond to two retarded DNA/protein
complexes. F corresponds to the free probe. Results in A and B are representative of three and
two independent experiments, respectively.
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Together, the results indicate that the Sp1 site is necessary for the
C1 complex formation and suggest that the Sp1 protein is also
part of this complex. This does not discount the binding of other
Sp proteins in the complex. To learn whether ER� is involved in
the retarded complexes, a nuclear extract of PC12 cells trans-
fected with the 5 �g pcDNA-ER�-Myc protein was incubated
with either the same half-ERE/Sp1 Ucn probe (Fig. 4B, middle)
or with an ERE consensus probe (Fig. 4B, right). The incubation
with the Myc antibody (Fig. 4B, lane 5) decreased the intensity of
the C2 complex by 68%, indicating that ER� is part of this com-
plex. The control with the consensus ERE-labeled probe yielded
three retarded complexes (Fig. 4B, lane 7) that were significantly
reduced in the presence of the Myc antibody (Fig. 4B, lane 8).
This indicates that the recombinant ER�-Myc protein binds to
ERE. Incubation of each labeled probe in the absence of PC12
nuclear extract did not show any retarded complexes (Fig. 4B,
lanes 6, 9). Together, these preliminary results suggest that the
half-ERE and Sp1 site are necessary for C2 complex formation,
and that ER� is part of this complex.

Region of the hUcn promoter responsible for the effect of
estrogens through ER�
To determine which region of the hUcn promoter is responsible
for the inhibition of transcriptional activity induced by E2 via
ER� (Fig. 1A,B), PC12 cells were cotransfected with ER� and the
different deletion mutants of the hUcn promoter. These cells
were then treated with E2. As illustrated in Figure 5A, the activity
of the pGL2-hUS2, �-349/-161, �427, �349, and �161 promot-
ers was significantly decreased after E2 treatment (Fig. 5A). The
response to E2 by the �161 promoter, which contains the CRE

site, was similar to the pGL2-hUS2 (Fig. 5A). In addition, the
�-161/-41 promoter not containing the CRE site was not affected
by E2 treatment (Fig. 5A), suggesting that the CRE site is involved
in the repression of hUcn promoter activity exerted by E2-ER�.

To further study the mechanism involved in the observed
repression of the hUcn promoter transcriptional activity by E2-
ER�, PC12 cells were cotransfected with ER� and the �161 pro-
moter. The PC12 cells were then treated with 8-Br-cAMP (0.5
mM) to stimulate the protein kinase A-CRE pathway, with or
without E2. As shown in Figure 5B, treatment of PC12 cells over-
expressing ER� with 8-Br-cAMP significantly increased the ac-
tivity of the �161 promoter. Treatment with E2 in the presence of
8-Br-cAMP significantly decreased the transcriptional activity of
the �161 promoter (Fig. 5B).

Ucn coexists with ERs in hypothalamic neurons
The nonisotopic ISH protocol used herein confirmed the previ-
ously reported pattern of cells expressing Ucn mRNA in the brain
of female and male rats (Kozicz et al., 1998, Bittencourt et al.,
1999; Gysling et al., 2004; Haeger et al., 2005). Numerous cells
expressing Ucn mRNA were observed in the PVN (Fig. 6A) of
both male and female rats. ISH with a scrambled probe showed
only background staining (Fig. 6B). To study whether Ucn
mRNA coexists with ER� in the same cells of the PVN, a double
ISH/IHC protocol using a DIG-labeled probe for Ucn mRNA
(U2) and an specific ER� antibody was performed. Positive ER�-
like staining was observed in parvicellular (Fig. 6C) and magno-
cellular (data not shown) neurons of the PVN. As illustrated in
Figure 6, C and D, several cells in the parvicellular region of the
PVN coexpress Ucn mRNA and ER�. The 39.0 � 6.1% of posi-
tive ER�-like cells coexpress Ucn mRNA (total ER�-like labeling

Figure 5. Activation of ER� by E2 represses the activity of the hUcn promoter through the
region containing a CRE site. A, PC12 cells were cotransfected with PGL2-hUS2 or deleted mu-
tants of the hUcn promoter and pcDNA-ER�. The results are expressed relative to vehicle
(100%). Luciferase activity corresponds to light units of firefly luciferase normalized to renilla
luciferase light units. B, PC12 cells were cotransfected with the �161 promoter and pcDNA-
ER� and treated for 24 h with 10 nM E2 and/or 0.5 mM 8-Br-cAMP. Vehicle (V) in B corresponds
to ethanol plus DMSO used to E2 and 8-Br-cAMP, respectively. All of the treatment conditions
have the same concentration of each vehicle. Luciferase activity corresponds to light units of
firefly luciferase normalized to total protein. Values are the mean � SEM of two to three
independent experiments. Statistical analysis by ANOVA followed by Dunn post hoc test gave
the following significances: �, p � 0.001, ✚ , p � 0.01, and F, p � 0.05, compared with
respective vehicle control; �, p � 0.05, compared between them.

Figure 6. Ucn coexists with ER� in cells of the rat PVN and with ER� in the periventricular
nucleus of the hypothalamus. A, ISH for Ucn mRNA (dark blue staining) in a coronal tissue
section at the level of the PVN in the presence of the U2 probe. B, Negative ISH control at the
same level of the PVN using a scramble probe shows background staining. C, D, Coexistence of
Ucn mRNA with ER� immunoreactivity (brown staining). D, Higher magnification of the frame
depicted in C. Confocal immunofluorescence detection of Ucn (E, green) and ER� (F, red) in the
periventricular nucleus of the hypothalamus is shown. G, Merge of E and F. Scale bars: D–G, 10
�m; (in C) A–C, 100 �m.
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in the whole parvicellular region of the PVN was 205 � 29 cells;
n � 4). We also performed a double immunofluorescent proto-
col with Ucn and ER� antibody in colchicine-treated rats. Signif-
icant double cytoplasmatic Ucn-like and nuclear ER�-like label-
ing was observed in the periventricular region of the
hypothalamus (Fig. 6E–G).

In situ expression of Ucn mRNA in the PVN and DLS of
female and male rats
The results with PC12 cells prompted us to study whether
changes in the level of ovarian hormones affected the expression
of Ucn mRNA in the PVN (the main hypothalamic nucleus re-
lated to stress) and in the DLS (an extra hypothalamic nucleus
related to stress) (Sheehan et al., 2004). For this purpose, ISH of
Ucn mRNA was performed in male and female rats in two differ-
ent stages of the estrous cycle (diestrus I and estrus). This was also
done in 30 d OVX rats after a single injection of E2 or vehicle 28 h
before ISH. For this part of the study, the U1 probe was used. This
probe gave the same labeling pattern as the U2 probe, used for the
double ISH/IHC protocol. The fact that similar labeling was ob-
served with two different probes confirms the specificity of the
label. In the PVN, male rats had a significantly lower number of
cells expressing Ucn mRNA than female rats in diestrus I and
estrus (Fig. 7). There was no significant difference in the number
of cell expressing Ucn mRNA in the PVN between males and 30 d
OVX rats (Fig. 7). The number of cells expressing Ucn mRNA in
the PVN of diestrus I and estrus rats was not significantly differ-
ent (Fig. 7). In addition, no significant difference was observed in
the PVN between 30 d OVX rats with and without vehicle admin-
istration (220.0 � 20.8, n � 5 vs 213.8 � 19.8, n � 3; p 	 0.05).
The number of cells expressing Ucn mRNA in the PVN of 30 d
OVX rats was significantly lower compared with female rats in
diestrus I and estrus (Fig. 7). A significant increase in the number

of cells expressing Ucn mRNA was observed in the 30 d OVX rats
treated with a single E2 injection 28 h before ISH. In fact, the
number of Ucn mRNA-expressing cells in the PVN of E2-treated
OVX rats was significantly higher than male and female rats in
diestrus I and estrus.

In the case of the DLS, male rats had a significantly lower
number of cells expressing Ucn mRNA than female rats during
diestrus I and 30 d OVX rats (Fig. 7). The number of cells express-
ing Ucn mRNA in the DLS during estrus was significantly lower
than rats in diestrus I and 30 d OVX rats (Fig. 7). Thus, there is a
significant difference between male and 30 d OVX rats in the
DLS, but not in the PVN. As in the PVN, there was no significant
difference observed in the DLS between 30 d OVX rats with and
without vehicle administration (523.5 � 39.3, n � 7 vs 488.1 �
56.7, n � 4). There was also a significant increase in the number
of cells expressing Ucn mRNA in the 30 d OVX rats 28 h after a
single E2 injection. The number of Ucn mRNA expressing-cells in
the DLS of E2-treated OVX rats was significantly higher than
female rats in diestrus I and estrus.

Discussion
The results of our current investigation indicate that estrogens
differentially regulate the expression of the mammalian Ucn gene
depending on the estrogen receptor involved. First, transient co-
transfection studies allowed us to demonstrate that E2 exerts a
direct effect on the transcriptional activity of the hUcn promoter.
Estrogens increase the transcriptional activity of the hUcn pro-
moter through ER�, whereas they decrease it through ER�. Sec-
ond, estrogen receptors coexist with Ucn in neurons of the rat
hypothalamus, giving anatomical support for a direct effect of
estrogen receptors on the Ucn gene. Third, we have shown sig-
nificant differences in the number of cells expressing Ucn mRNA
in the DLS and the PVN between male and female rats in different
ovarian hormonal states, supporting the transfection studies.
Thus, our in vitro and in vivo evidence suggests that estrogens
exert a direct and differential transcriptional regulation of the
Ucn gene.

Analysis of mouse, rat, and human Ucn promoters showed
that the 1 kb proximal region of the human promoter shares 42
and 38% homology with rat and mouse promoters, respectively.
The three promoters analyzed have several conserved half-EREs
and other sites that have been shown to work in conjunction with
half-EREs, such as Ap1 (Petz et al., 2002) and Sp1 (Sanchez et al.,
2002; Petz et al., 2004), substantiating a direct regulation of the
Ucn gene by estrogens. We observed that E2 and tamoxifen con-
sistently increase the hUcn promoter activity in PC12 cells co-
transfected with ER� in a dose-dependent manner. We demon-
strated that this response to E2 and tamoxifen requires the region
of the hUcn promoter upstream and downstream of position-
349, containing both half-ERE and Sp1, and/or Ap1 sites. It has
been established that the coordinated activity of half-ERE and
Sp1 sites regulate the expression of several estrogen-inducible
human genes (reviewed by Sanchez et al., 2002). The mechanism
proposed for this coordinated ER� and Sp1 transactivation im-
plies increased Sp1 binding induced by the binding of ER� to a
half-ERE, and a direct interaction between these two transcrip-
tion factors (Porter et al., 1997; Petz and Nardulli, 2000; Kim et
al., 2003; Petz et al., 2004). Our data with the deleted mutants of
the hUcn promoter and EMSA suggest that the half-ERE and the
Sp1 sites contribute to the E2-induced transactivation of the
hUcn promoter mediated by ER�. Additional studies with point
mutations of these elements should test this hypothesis as well as

Figure 7. In situ expression of Ucn mRNA in different endocrine status in the PVN and DLS of
the rat brain. Coronal tissue sections were processed for ISH using the U1 DIG-labeled probe.
Values correspond to the mean � SEM of three to seven independent experiments. Analysis by
one-way ANOVA showed a significant difference between experimental conditions in both
areas studied (PVN: F � 14.17, R 2 � 0.76, p � 0.0001; DLS: F � 8.65, R 2 � 0.60, p �
0.0002). Newman–Keuls multiple comparison post hoc test gave the following significances:
PVN, F, p � 0.05 compared with estrus, p � 0.01 compared with diestrus I, and p � 0.001
compared with male and OVX, �, p � 0.05 compared with diestrus I and estrus, f, p � 0.05
compared with diestrus I and estrus; DLS, �, p � 0.001 compared with diestrus I, and OVX, F,
p � 0.01 compared with diestrus I, estrus, and OVX, and p � 0.001 compared with male,
�, p � 0.05 compared with diestrus I and p � 0.01 compared with OVX.
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the possible involvement of the Ap1 site present in the same
promoter region.

In contrast to the increase in activity of the hUcn promoter
exerted by E2-ER�, E2 treatment of PC12 cells expressing ER�
decreases the activity of the hUcn promoter. The study with de-
leted mutants of the hUcn promoter demonstrated that the re-
gion containing a CRE site is responsible for the repression ex-
erted by E2-ER�. Zhao et al. (1998) postulated that this CRE site
is involved in the basal activity of the hUcn promoter. Our results
further confirm the importance of this CRE site. Furthermore,
E2-ER� significantly decreases Ucn promoter activity even in the
presence of 8-Br-cAMP. It has been shown that ERs regulate the
transcriptional activity of other genes through two CRE-
dependent mechanisms. First, E2-ER� decreases cyclinD gene
expression by binding to a CRE element in the cyclinD promoter
(Liu et al., 2002). Second, E2-ER� competes with CRE-binding
proteins in the tyrosine hydroxylase promoter (Maharjan et al.,
2005).

Tamoxifen has antiestrogenic or estrogenic effects, depending
on the cellular context (Kim et al., 2003). We observed that ta-
moxifen significantly increases hUcn promoter activity mediated
by ER� but not by ER�. Tamoxifen has been proposed to have
effects on mood. For instance, chronic administration of tamox-
ifen to ovariectomized monkeys resulted in increased anxiety
(Mook et al., 2005). It has also been shown to have an antimanic
effect when administered to bipolar patients (Bebchuk et al.,
2000). It would be of interest to explore whether the observed
increase in Ucn expression induced by tamoxifen is involved in
these mood-related effects.

Gender differences in the HPA axis response to stress have
been observed in CRH-KOs (Muglia et al. 1995). In addition, the
expression of Ucn in the PVN has been reported (Kozicz et al.,
1998). Together with our evidence that estrogens exert a direct
transcriptional regulation of the Ucn gene raises the possibility
that Ucn is responsible at least in part for the gender differences
observed in CRH-KOs. This is further supported by our anatom-
ical evidence showing the coexistence of Ucn mRNA and ER� in
the same PVN cells. We were not able to obtain consistent results
regarding the presence of ER� in the PVN; however, the presence
of ER� in the PVN has been documented in rats (Suzuki and
Handa, 2005) and humans (Bao et al. 2005). Additional studies
would be appropriate to address whether Ucn and ER� coexist in
the same PVN neurons. Prior studies have established the expres-
sion of ER� (Laflamme et al., 1998) in the periventricular hypo-
thalamic nucleus. In our study, we observed coexpression of ER�
and Ucn in periventricular hypothalamic neurons, giving ana-
tomical support for E2-ER� mediated regulation of Ucn expres-
sion in this nucleus.

To obtain evidence that estrogens regulate the Ucn transcrip-
tion in vivo we studied the in situ expression of Ucn mRNA in the
PVN and the DLS of cycling and OVX female rats, as well as male
rats. The results showed significant differences in the number of
neurons expressing Ucn mRNA in both nuclei, and between male
and female rats in different hormonal states. Furthermore, acute
E2 administration to OVX rats significantly increased Ucn mRNA
in both nuclei, suggesting that estrogens regulate the Ucn tran-
scription in vivo. Different levels of ERs and E2 could explain the
observed changes in Ucn mRNA, as different expression patterns
for ER� and ER� have been shown in the mammalian brain. The
PVN mainly expresses ER� (Shughrue et al., 1997; Laflamme et
al., 1998), the expression of which is decreased in E2-treated OVX
rats (Shima et al., 2003; Suzuki and Handa 2004). In contrast, the
DLS mainly expresses ER� (Shughrue et al., 1997, Laflamme et

al., 1998). Available evidence indicates that the brain expression
of both ERs mRNA changes during the estrous cycle and/or un-
der different endocrine conditions in a temporal and region-
specific manner (Shughrue et al., 1992; Greco et al., 2003).
Changes in the expression of ERs or in the ratio ER�/ER� could
underlie the observed changes in Ucn mRNA expression in the
different brain regions and hormonal states studied. It is not
possible, however, to rule out the role that other gonadal hor-
mones aside from estrogens can have on the observed changes in
Ucn expression.

The Edinger–Westphal nucleus (EW) is the major site of Ucn
expression in the brain (Kozicz et al., 1998). Mitra et al. (2003)
reported labeling for ER� in mouse EW; however, we were not
able to detect ER� labeling in this nucleus. Additional studies
should test whether estrogens regulate the expression of Ucn in
EW. The PVN and the DLS express lower levels of Ucn than EW.
Controversy over this matter has emerged: Kozicz et al. (1998)
showed the presence of numerous cells expressing Ucn-like im-
munoreactivity in the PVN of colchicine-treated rats and scat-
tered cells in the septum. In contrast, Bittencourt et al. (1999) did
not observe Ucn labeling in the PVN under similar methodolog-
ical conditions. Furthermore, Ucn mRNA in the PVN was ob-
served only in colchicine-treated rats. Our ISH protocol allowed
us to demonstrate the presence of Ucn mRNA in the PVN and the
DLS of noncolchicine-treated rats. Part of this controversy may
be because of subtle methodological differences, such as the type
and speed of fixation, which are crucial for protein and mRNA
preservation (Chu et al., 2005). In addition, the apparent weak
Ucn expression in the PVN and other brain regions expressing
Ucn mRNA may be because of rapid Ucn transport to nerve
terminals. Moreover, even a weak Ucn expression in the PVN and
the DLS may be functionally relevant because of the higher affin-
ity of Ucn for both CRH receptors, rather than CRH itself
(Vaughan et al., 1995; Bale and Vale, 2004).

In summary, our heterologous transfection and anatomical
studies demonstrate that estrogens exert differential effects on
Ucn gene expression in different cellular contexts and endocrine
states. Additional in vivo studies with chromatin immunopre-
cipitation will assist in determining whether the estrogen effects
observed in vivo are caused by the formation of a transcriptional
complex on the Ucn promoter, in its natural chromatin context
in different target tissues. Estrogens also differentially regulate
stress-related genes such as vasopressin (Shapiro et al., 2000),
CRH (Vamvakopoulos and Chrousos, 1993; Ni et al., 2004;
Miller et al., 2004), CRH binding protein (Van de Stolpe et al.,
2004), and tyrosine hydroxylase (Maharjan et al., 2005). Estrogen
receptors differentially regulate the expression of Ucn and CRH
in brain regions involved in the stress response based on gender.
Therefore, it would be of interest to study how the changes in
Ucn/CRH balance induced by estrogens affect the physiologic
and pathologic responses to stress.
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