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Multiple reports implicated the function of G protein-coupled receptor (GPR)-30 with nongenomic
effects of estrogen, suggesting that GPR30 might be a G-protein coupled estrogen receptor. How-
ever, the findings are controversial and the expression pattern of GPR30 on a cell type level as well
as its function in vivo remains unclear. Therefore, the objective of this study was to identify cell
types that express Gpr30 in vivo by analyzing a mutant mouse model that harbors a lacZ reporter
(Gpr30-lacZ) in the Gpr30 locus leading to a partial deletion of the Gpr30 coding sequence. Using
this strategy, we identified the following cell types expressing Gpr30: 1) an endothelial cell sub-
population in small arterial vessels of multiple tissues, 2) smooth muscle cells and pericytes in the
brain, 3) gastric chief cells in the stomach, 4) neuronal subpopulations in the cortex as well as the
polymorph layer of the dentate gyrus, 5) cell populations in the intermediate and anterior lobe of the
pituitary gland, and 6) in the medulla of the adrenal gland. In further experiments, we aimed to
decipher the function of Gpr30 by analyzing the phenotype of Gpr30-lacZ mice. The body weight as
well as fat mass was unchanged in Gpr30-lacZ mice, even if fed with a high-fat diet. Flow cytometric
analysis revealed lower frequencies of T cells in both sexes of Gpr30-lacZ mice. Within the T-cell
cluster, the amount of CD62L-expressing cells was clearly reduced, suggesting an impaired
production of T cells in the thymus of Gpr30-lacZ mice. (Endocrinology 150: 1722–1730, 2009)

The human G protein-coupled receptor (GPR)-30, initially
cloned in 1996–1997 from different human sources by sev-

eral groups (1–5), has partial similarity to the angiotensin and
chemokine receptors (1, 3).

Multiple reports suggested that GPR30 might be a G protein-
coupled estrogen receptor mediating nongenomic estradiol ef-
fects. A well-known nongenomic effect of estrogen, which is
essential for uterine epithelial cell proliferation as well as ductal
elongation and endbud growth in the mammary gland, is the
transactivation of the epidermal growth factor receptor (EGFR)

(6–8). Filardo et al. (9, 10) proposed in initial reports that
GPR30 mediates the estrogen-induced phosphorylation of
ERK1/2 via the transactivation of the EGFR in breast cancer cell
lines lacking classical nuclear estrogen receptors (ERs). In these
studies it remained unclear whether GPR30 binds estradiol in a
direct manner or acted downstream of another receptor. Indeed,
considerable evidence was provided that classical ERs associate
with the plasma membrane and transmit nongenomic estrogen
signaling (11), including the transactivation of the EGFR path-
way (12). Subsequently two groups claimed in 2005 that GPR30
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directly binds estradiol and mediates rapid nongenomic signal-
ing (13, 14). Estradiol stimulation of GPR30-transfected COS-7
cells induced the release of intracellular calcium and the synthesis
of phosphatidylinositol 3,4,5-trisphosphate in the nucleus (14).
However, the number of reports that question the function of
GPR30 as a transmembrane ER is growing (15, 16). In a recent
publication, saturable and specific binding of radioactive estra-
diol was observed only to ER� but not GPR30 (16). Estradiol
stimulation of cells expressing GPR30 had no impact on intra-
cellular cAMP levels or calcium release (16).

Beside the controversy regarding the ligand, the expression
pattern of GPR30 on a cell type level as well as its function in vivo
is unclear. Because Gpr30 mRNA and protein expression was
found to be regulated by gonadotrophic hormones in granulosa
and theca cells of hamster ovaries, a possible role of Gpr30 for
the reproductive system was suggested (17, 18). Supporting a
potential function of Gpr30 in the hypothalamic-pituitary-go-
nadal axis, Gpr30 expression colocalized with oxytocin-positive
neurons in the rat hypothalamus (19, 20). However, the GPR30-
selective agonist G1 (21, 22) did not stimulate estrogenic effects
in the uterus or mammary gland of mice (16). Gpr30-deficient
mouse models are fertile and exhibit normal reproductive
functions (23).

A recent study by Wang et al. (24) implicated the function of
Gpr30 in estrogen-induced thymic atrophy. Studies with ER�-,
ER�-, and Gpr30-deficient mice showed that ER� and Gpr30 are
partially responsible for the reduction in thymus size, whereas
ER� is not relevant (24–26). ER� mediated exclusively the early
developmental blockage of thymocytes, whereas Gpr30 was in-
dispensable for thymocyte apoptosis (24). Subsequently Mar-
tensson et al. (27) reported that female Gpr30-deficient mice had
hyperglycemia and impaired glucose tolerance, reduced body
growth, increased blood pressure, and reduced serum IGF-I lev-
els. These metabolic consequences of Gpr30 deficiency were as-
sociated with a decreased insulin expression and release in vivo
as well as in vitro from isolated pancreatic islets.

However, a prerequisite for the analysis of the physiological
role of Gpr30 is a detailed knowledge about the tissue distribu-
tion at the cell type level. Several studies investigated the expres-
sion of Gpr30 by real-time PCR (27), ribonuclease protection
assays (23), or Northern (1–3) or Western blotting (15, 17) in
various tissues. However, the findings are inconsistent and the
applied methods do not provide information about the relevant
cell types. Furthermore, the rat brain has been investigated in
more detailed studies with immunohistochemistry as well as in
situ hybridization (20, 28). Nevertheless, the major drawback of
these studies is the lack of critical experiments clearly confirming
the specificity of used antibodies and probes.

Therefore, the objective of this study was to identify cell types
that express Gpr30 in vivo by analyzing a mutant mouse model
that harbors a LacZ reporter (Gpr30-lacZ) in the Gpr30 locus
leading to a partial deletion of the Gpr30 coding sequence.
Using this approach, we provide a cellular basis for the func-
tion of Gpr30 in vivo. In further experiments, we aimed to
decipher the function of Gpr30 by analyzing the phenotype of
Gpr30-lacZ mice.

Materials and Methods

Gpr30-lacZ mice
Gpr30-lacZ mice (Deltagen, T181) were generated by homologous

recombination in embryonic stem (ES) cells (Fig. 1A). ES cells derived
from the 129Sv strain were transfected with the linearized targeting con-
struct. G418-resistant clones were analyzed by Southern blotting using
a probe that hybridized outside of the 5� homology arm of the targeting
vector and long, range PCR. One recombined clone harboring the tar-
geted allele was used for the generation of chimeric mice by blastocyst
injection. Chimeric mice were bred to C57BL/6J females. Heterozygous
offspring were backcrossed to the C57BL/6J parental strain for six gen-
erations. Mice were maintained on a 12-h light, 12-h dark cycle and
provided with food and water ad libitum. All animal procedures are
complied with the German animal welfare law with the permission of the
District Government of Berlin.

Genotyping of Gpr30-lacZ mice
Tail tips were digested in tail lysis buffer �300 mM sodium acetate; 5

mM EDTA; 1% Triton X-100; 10.0 mM Tris-HCl, (pH 8.3), 750 �g/ml
proteinase K� overnight at 55 C. The PCR (1.5 mM Mg2�, 200 �M

deoxynucleotide triphosphates, 200 nM primer, 0.05 U Taq) was per-
formed with 1:10 diluted tail DNA as template. The endogenous allele
was amplified using primers G1 (ACCTGTCGAAGCTCATCCAGGT-
GAG) and G2 (GGTGGAGATCTACCTAGGTCCCGTG); the targeted
allele was amplified using primers G1 and G3 (GGGGATCGATC-
CGTCCTGTAAGTCT).

Southern blotting
Probe sequences were amplified from genomic liver DNA using

primers P1 (CCCGAATTCGTGCCATCTCAGGTAGGAGC) and P2
(CCCGAATTCCCAGAGCTGAGGTGCTTTCC) for the 5� probe,
P3 (CCCGAATTCTTCTGCGTACTCTCCTATGTACC) and P4 (CC-
CGAATTCGCTCTGCCAAGTCCACTAAACC) for the 3� probe, and
P5 (CCCGAATTCCACGTCTCTTTCCAACACTGC) and P6 (CCCG-
AATTCAGTAGTCGCATCCATGGCTTCC) for the internal probe.
Digoxigenin (DIG) labeling was performed with the PCR DIG probe
synthesis kit (Roche Applied Science, Mannheim, Germany). For South-
ern blotting, 5 �g genomic liver DNA were digested with 100 U of EcoRI,
BamHI, or HindIII overnight. Digested DNA was separated by gel elec-
trophoresis (0.8% agarose in Tris-borate EDTA buffer) at 30 V over-
night. The DNA was denatured in the gel, transferred onto a nylon
membrane (Roche), and UV cross-linked to the membrane. The hybrid-
ization was performed according to standard protocols in DIG Easy Hyb
buffer (Roche Applied Science) at 46.5 C overnight. Probe-target hybrids
were visualized by chemiluminescence (Roche).

Real-time PCR
Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA).

Approximately 500 ng total RNA was reverse transcribed using the
Multi-Scribe RT kit (Applied Biosystems, Foster City, CA) with random
hexamers. Real-time PCRs were performed in triplicate using SYBR-
Green I master mix (Applied Biosystems). Normalization and error prop-
agation were calculated as described (29). Relative quantities were nor-
malized to hypoxanthine-guanine phosphoribosyltransferase. Specific
primers were designed for Gpr30 (ACCTGTCGAAGCTCATCCAGGT-
GAG, GGTGGAGATCTACCTAGGTCCCGTG) and LacZ (GTGCA-
CATGCTTTACATGTGTTT, GTGGCCATATTATCATCGTGTTT).

X-galactosidase (gal) reporter assay
Tissues were fixed in fixative (PBS with 2% paraformaldehyde, 2 mM

MgCl2) on ice for 1–4 h and rinsed in PBS with 2 mM MgCl2. For
whole-mount staining, tissues were incubated in X-gal reaction buffer
(PBS with 1 mg/ml X-gal, 10 mM potassium ferrocyanide, 10 mM po-
tassium ferricyanide, 2 mM MgCl2, 0.02% Nonidet P-40 substitute,
0.01% sodium deoxycholate) for 3–5 h at 37 C. For frozen sections, the
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tissues were submerged in 30% sucrose in PBS at 4 C overnight. Tissues
were embedded and snap frozen on dry ice. Frozen blocks were cut in 5-
to 25-�m-thick cryostat sections and mounted on slides. For X-gal stain-
ing, frozen sections were postfixed for 10 min at 4 C, rinsed for 20 min
at room temperature, and transferred into X-gal reaction buffer for 1–5 h.
Sections were counterstained with Nuclear Fast Red (Sigma-Aldrich,
Munich, Germany), dehydrated quickly, and coverslipped in Permount
mounting medium (Fisher Scientific, Pittsburgh, PA).

Immunohistochemistry
The sections were blocked in serum blocking buffer (2% goat serum,

1% BSA, 0.1% fish skin gelatin, 0.05% Tween 20) for 30 min and
incubated with the primary antibody diluted in PBS with 1% BSA at 4 C

overnight. Primary antibodies were directed
against glial fibrillary acidic protein (GFAP; rab-
bit polyclonal, 1:1000; Abcam, Cambridge, MA),
platelet/endothelial cell adhesion molecule 1 (PE-
CAM-1; rat monoclonal, MEC 7.46, 1:250;
GeneTex, Irvine, CA), and �-smooth muscle cell
(SMC) actin conjugated with Cy3 (mouse mono-
clonal, 1:500; Sigma). Subsequently the sections
were rinsed in PBS and incubated with Alexa488-
or Alexa568-conjugated secondary antibodies
(Molecular Probes, Eugene, OR) and counter-
stained with 4�,6�-diamino-2-phenylindole. The
green fluorescent Nissl staining was performed
according to the manufacturer’s instructions
(Molecular Probes).

Mammalian cell culture and
transfections

HeLa cells were cultured in DMEM with 10%
fetal bovine serum and antibiotics. Transfections
were performed with FuGENE 6 reagent (Roche
Applied Science) according to the manufacturers’
instructions.

Cloning
A construct encoding human GPR30 tagged

with enhanced green fluorescent protein was
kindly provided by Professor Eric Prossnitz
(University of New Mexico, Albuquerque,
NM). GPR30 was amplified by PCR and sub-
cloned into pcDNA3.1(�) for native expression
without tag.

Western blotting
Cells were lysed in 10-cm plates 48 h after

transfection in 450 �l lysis buffer �100 mM Tris-
HCl (pH 8), 2% sodium dodecyl sulfate, 3.2 M

urea� supplemented with 64 mM dithiothreitol,
0.5 mM phenylmethylsulfonyl fluoride, and 1�
complete protease inhibitor mixture (Roche).
Cell lysates were sonicated and denatured at 37
C for 20 min, separated by SDS-PAGE, and
transferred to a polyvinyl difluoride membrane
(Hybond-P; Amersham, Amersham, UK). After
blocking in 125 mM Tris-HCl (pH 8), 625 mM

NaCl, 0.1% Tween 20 with 5% nonfat milk,
membranes were incubated with the primary
antibody (rabbit anti-GPR30 third extracellu-
lar domain, MBL, LS-A4271, diluted 1:500) at
4 C overnight. The immune complexes were de-
tected by an enhanced chemiluminescence detec-
tion system (Amersham).

High-fat diet, magnetic resonance
imaging, and glucose tolerance testing

Six-month-old mice were placed on a high-fat diet (BCMIPS,
London, UK; 60 kcal percent fat, 21 kcal percent carbohydrates, 19 kcal
percent protein; 5.2 kcal/g) or control diet (10 kcal percent fat, 71 kcal
percent carbohydrates, 18 kcal percent protein; 3,8 kcal/g) for 6 months
(n � 10/group). Body weights were recorded twice per week between
1000 and 2400 h. Total body fat and lean mass of mice was assessed after
2 and 6 months using an EchoMRI system (Echo Medical Systems, Hous-
ton, TX). Before glucose tolerance testing, animals were fasted for 15 h.
Subsequently glucose solution (0.2 g/ml in 0.9% NaCl) was injected ip
(1 g glucose per kilogram body weight). Glucose levels were measured in
tail blood drops at 0, 15, 30, 60, 90, and 120 min.

FIG. 1. Gene targeting strategy and molecular characteristics of Gpr30-lacZ mice. A, Exon 3 encoding the
ORF of the Gpr30 gene has been disrupted by insertion of a cassette containing a splice acceptor (SA), an
internal ribosomal entry site (IRES), a �-galactosidase gene (lacZ), a Simian virus 40 (SV40) polyadenylation
site, and a neomycin-resistance gene (neoR) driven by a phosphoglycerate kinase promoter (PGK). B, The
insertion deleted 349 bp of the ORF encoding the first two transmembrane domains and the first intra-
and extracellular loop, respectively. C, Genomic liver DNA of wild-type, heterozygous, and homozygous
Gpr30-lacZ mice was digested and analyzed by Southern hybridization probing with DIG-labeled probes
that hybridize outside and adjacent to the 5� and 3� construct arms and in the targeting vector (internal
probe). The detected fragments had the expected size (indicated below the blots) for all probes. D,
Genotyping of Gpr30-lacZ mice. The wild-type fragment (433 bp) was absent in homozygous mutant mice,
whereas a larger fragment indicating the targeted allele (618 bp) was amplified exclusively in Gpr30-lacZ
mice. E, Real-time PCR quantification of sequences flanking the cassette (5� and 3� flanking) using brain
cDNA of homozygous and heterozygous Gpr30-lacZ mice and wild-type controls. The cassette is spliced to
the 5� region of exon 3 in the mutated transcript. In addition, a fusion transcript of the neoR gene and the
remaining 3� region of exon 3 was detected in Gpr30-lacZ mice. F, Quantification of the wild-type and
targeted allele in various tissues of one male and one female heterozygous Gpr30-lacZ mouse by real-time
PCR. The expression of wild-type and targeted allele correlated significantly (Pearson correlation coefficient
r � 0.9).
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Analysis of peripheral blood leukocytes by flow
cytometry

Peripheral blood leukocytes were collected after resuspension of the
cell pellet in 500 �l NH4Cl-Tris solution to lyse the red blood cells,
filtrated through nylon net, and placed into 96-well plates. Cells were
washed with NH4Cl-Tris �H2O, NH4Cl, Tris-HCl (pH 7.5)� and fluo-
rescent-activated cell sorting (FACS) buffer �PBS, 0.5% BSA, 0.02%
sodium azide (pH 7.45)�, respectively, and incubated for 20 min with Fc
block (BD PharMingen, Heidelberg, Germany). Cells were stained with
conjugated monoclonal antibodies (BD PharMingen, Caltag Laborato-
ries GmbH, Hamburg, Germany) and propidium iodide (20 �g/ml) and
washed with FACS buffer repeatedly. Single-color controls were run
parallel to the samples on the same plate. Samples were acquired auto-
matically from 96-well plates with a High Throughput Screening on a
LSRII flow cytometer (Becton Dickinson, San Diego, CA) until a number of
30,000 living CD45� cells was reached for each well and were analyzed
using FlowJo (TreeStar, Inc.; Ashland, OR).

Results

Molecular characteristics of Gpr30-lacZ mice
To investigate the expression and function of Gpr30 in vivo,

we used a mouse model (Gpr30-lacZ) generated by homologous
recombination in ES cells targeting exon 3 that encodes the open
reading frame (ORF) of Gpr30 (Fig. 1A). The insertion replaced
349 bp of the ORF encoding amino acids 20–136 of Gpr30,
accounting for the first two transmembrane domains as well as
the first intra- and extracellular loop (Fig. 1B). The integration of
the cassette into the mouse genome was verified by Southern
blotting with probes that hybridize 5� and 3� to the homology
arms and in the cassette (internal probe) (Fig. 1C). The detected
fragments had always the expected size, confirming a successful
homologous recombination event.

For genotyping reactions, forward primers located upstream
or in the cassette were combined with a gene-specific primer
binding downstream of the integration site. The wild-type frag-
ment (433 bp) was absent in homozygous Gpr30-lacZ mice,

whereas a larger fragment indicating the tar-
geted allele (618 bp) was specifically ampli-
fied in the Gpr30-lacZ mice (Fig. 1D).

Real-time PCR quantification of se-
quences flanking the cassette in brain cDNA
samples verified the fusion of the lacZ tran-
script to the 5�-part of exon 3 (Fig. 1E). In
addition, a fusion transcript of the neoR gene
and the remaining 3�-region of exon 3 was
detected in the mutant mice (Fig. 1E). The
expression of this transcript starts at the
phosphoglycerate kinase promoter and leads
to overexpression of a truncated Gpr30 tran-
script in Gpr30-lacZ mice as determined by
real-time PCR (data not shown). However,
the expression of a truncated protein is un-
likely due to stop codons in all three reading
frames terminating the neomycin resistance
and due to a nonsense reading frame of the
remaining transcript.

To assure that the integration of the re-
porter cassette in the Gpr30 locus did not

affect the endogenous promoter activity, we quantified the ex-
pression of the wild-type as well as the targeted allele in various
tissues by real-time PCR (Fig. 1F). The results revealed that the
expression of the wild-type and the targeted allele correlated sig-
nificantly (Pearson correlation coefficient r � 0.98). Highest ex-
pression was detected in isolated brain vessels; lowest expression
was detected in the liver.

Unfortunately, we were unable to rule out residual expression
of a truncated protein. Consistent with other studies (23, 24), our
efforts to detect the murine Gpr30 protein by Western blotting
or immunohistochemistry using three different commercially
available antibodies directed against the N-terminal, first extra-
cellular, and third extracellular domain as well as an antiserum
detecting the C-terminal domain (14) failed so far (for details,
refer to the supplemental data published on The Endocrine So-
ciety’s Journals Online web site at http://endo.endojournals.
org). Two of these antibodies (third extracellular domain, C-
terminal domain) detected ectopically expressed human GPR30
with a C-terminal enhanced green fluorescent protein tag in tran-
siently transfected HeLa cells (supplemental Fig. 1A). As re-
ported previously (14, 16), tagged and untagged GPR30 seemed
to be retained in the endoplasmatic reticulum and was not pro-
cessed to the membrane in HeLa cells. The antibody directed
against the third extracellular domain also detected human
GPR30 by Western blotting using cell lysates from GPR30 trans-
fected HeLa cells (supplemental Fig. 1B).

Tissue distribution of LacZ expression
The finding that the expression of the LacZ reporter and the

wild-type Gpr30 correlated at transcript level encouraged us to
track Gpr30-positive cells in vivo by X-gal staining. To ensure
specific staining, wild-type littermates were always included as
negative controls. Because the employed LacZ reporter included
a nuclear localization signal, we expected predominant nuclear
staining in case of specific signals. For all staining procedures,

FIG. 2. Whole-mount X-gal staining indicating vessel-associated expression of the LacZ reporter in Gpr30-
lacZ mice. LacZ-positive cells were found in all vessels covering the brain (A–F; D shows the wild-type
control). The circle of Willis (E) and a major branch of the middle cerebral artery (black arrow in F) and the
rhinal vein (white arrow in F) are shown enlarged. Arterial vessels contained more LacZ-positive cells
compared with venous vessels. Furthermore, LacZ-positive cells were found in smaller vessels of diverse
tissues including the peritoneum (G), hamstring muscle (H), perimetrial fat (I), mesenteric fat (J), and outer
layer of the aorta (K). LacZ-positive cells were absent in the aorta (L). MCA, middle cerebral artery.
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8-wk-old male and female heterozygote mice were used. A sum-
mary of the LacZ expression data in diverse tissues from Gpr30-
lacZ mice is depicted in supplemental Table 1.

Consistent with our real-time PCR data, multiple LacZ-pos-
itive cells were found in surface vessels of the brain (Fig. 2, A–F).
Interestingly, arterial vessels including the middle cerebral artery
(black arrow in Fig. 2F), and its rostral and caudal branches were
found to contain more LacZ-positive cells compared with venous
vessels (e.g. the caudal rhinal vein, white arrow in Fig. 2F). More-
over, LacZ-positive cells were found ubiquitously in arterial
blood vessels of many tissues including the peritoneum (Fig. 2G),

skeletal muscle (Fig. 2H), and fat depots (Fig.
2, I–J). However, the expression of the re-
porter appeared to be restricted to cells of
special vascular beds. For instance, the large
vessels, such as the thoracic and abdominal
aorta (Fig. 2L) and its adjacent branching
vessels like the carotid arteries, intercostal
arteries, renal arteries, and superior mesen-
teric arteries were negative for LacZ-positive
cells. In contrast, small arterioles of the vasa
vasorum in the outer layer of the aorta (Fig.
2K) as well as the final branches of the mes-
enteric arteries (Fig. 2J) contained a large
number of LacZ-positive cells.

In the next step, we aimed to unravel the
cell type(s) expressing the LacZ reporter in
frozen sections. In the brain, vessel-associ-
ated LacZ-positive cells were ubiquitously
present and appeared to be attached either
outside or inserted into the basal lamina (Fig.
3, A–D). We demonstrated that LacZ-posi-
tive cells colocalized with �-SMC actin and
not with PECAM-1 (CD31), which is a
marker for endothelial cells (Fig. 3, E–I).
Therefore, LacZ-positive cells were smooth
muscle cells and pericytes in the brain.

However, in other tissues we assumed
that LacZ-positive cells might be an endo-
thelial subpopulation because the cells ap-
peared to be attached to the luminal site of
the vessel. For instance, in the kidney, LacZ-
positive cells were specifically located in
smaller arteries (i.e. arcuate and interlobular
arteries) as well as afferent arterioles supply-
ing the glomeruli (Fig. 3, J–M). In contrast to
cells detected in the brain, LacZ-positive
cells in the kidney were located at the luminal
site of the vessel and colocalized with PE-
CAM-1 but not �-SMC actin (Fig. 3, N–R).
Further studies revealed that LacZ-positive
vessel-associated cells were present in mul-
tiple organs, but restricted to only a few and
small arteries/arterioles in most tissues.

Previous RT-PCR results indicated prom-
inent expression of Gpr30 in the stomach
and pancreas of wild-type mice (supplemen-

tal Fig. 2). Indeed, we detected LacZ-positive cells located at the
base of fundic glands (Fig. 4, A–D). Within this area, gastric chief
(zymogenic) cells and enteroendocrine cells are the most prom-
inent cell populations. However, only chief cells are exclusively
present in fundic glands and absent in cardiac or pyloric glands
known to express enteroendocrine cells. We therefore assumed
that LacZ-positive cells in fundic glands are gastric chief cells.

In the context of the endocrine system, we analyzed the ex-
pression pattern of the LacZ reporter in several glands as well as
the gonads. LacZ expression was located in blood vessels in most
of these tissues (i.e. thyroid gland, harderian gland, coagulating

FIG. 3. X-gal staining followed by immunohistochemistry in frozen sections from brain (A–I) and kidney
(J–R). LacZ-positive cells were present in all brain vessels (A–D) and colocalized with �-SMC actin (red
signal, E-I). In contrast, LacZ-positive cells in the kidney were restricted to specialized vascular beds (J–M)
and were a PECAM-1-positive endothelial subpopulation (green signal, P). Cell nuclei were visualized with
4�,6�-diamino-2-phenylindole (DAPI; blue signal, F, O). LacZ-positive nuclei are indicated by arrows in the
merged images. Gl, Glomerulus.
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gland, and testis). In addition, LacZ-positive cells were found in
the medulla of the adrenal gland (Fig. 4, E and F) and the inter-
mediate and anterior lobe of the pituitary gland (Fig. 4, G and H).
In contrast to other locations, the LacZ staining was not nuclear
but scattered all over the cell body in the adrenal and pituitary
gland.

Because nonvessel-associated LacZ-positive cells were
present in cortical areas of the brain, we analyzed coronal sec-
tions of whole brains in detail. We found two distinct brain
structures containing these cells (Fig. 5). The first structure that
contained LacZ-positive cells was the polymorph layer of the
dentate gyrus, which is a part of the hippocampal formation (Fig.
5, A–C). The second region was located in the lateral part of the
cerebral cortex, in which LacZ-positive cells were mainly located
in the second layer (Fig. 5, A and D). In subsequent studies, we
demonstrated that these cells are in fact neuronal subpopula-
tions. The X-gal staining colocalized with fluorescent Nissel

staining used as a general marker for neuronal cells and not with
the astrocyte marker GFAP, PECAM-1, or �-SMC actin in the
dentate gyrus (Fig. 5, E and F) and cortex (Fig. 5, J–N).

Phenotypic assessment of Gpr30-lacZ mice
Togain insight into the functionofGpr30 invivo,weundertook

considerable efforts to identify phenotypes in Gpr30-lacZ mice. At
the age of weaning, Gpr30-LacZ mice were found at the expected
Mendelian ratio. The body weight as well as lean and fat mass
determined by magnetic resonance imaging was not different in
homozygous Gpr30-lacZ mice compared with wild-type litter-
mates (supplemental Fig. 3). Due to the prominent expression of
Gpr30 in the stomach, pancreas, and vessel system, we decided to
challenge potential phenotypes by feeding the mice with a high-fat
diet containing 60% of kcal form fat compared with a control diet
with 10% kcal from fat. However, wild-type and homozygous
Gpr30-lacZ mice gained the same weight and no differences re-
garding thebodycompositionwereobserved (supplementalFig. 3).
Furthermore, glucose tolerance testing did not reveal reproducible
differences between Gpr30-lacZ mice and wild-type siblings fed
with the control or high fat diet, respectively (supplemental Fig. 4).

In parallel, a primary phenotype screen was performed at the
German Mouse Clinic �http://www.mouseclinic.de (30)� that in-
cludedthe followingmethods:behavior (openfield,acoustic startle,
prepulse inhibition); cardiovascular (blood pressure, heart weight,
echocardiography); clinical chemistry (simplified ip glucose toler-
ance test, clinical chemical analysis, hematology);dysmorphology
(dual-energy x-ray absorptiometry); energy metabolism (calorim-
etry); eye (eye size, ophthalmoscopy, slit lamp); immunology and
allergy (FACS analysis of peripherial blood cells, immune globulin
concentrations); lung function (plethysmography); neurology
(mod. SHIRPA1 protocol, grip strength, rotarod); nociception (hot
plate); pathology (macro- and microscopic analysis); steroid me-
tabolism (dehydroepiandrosterone, testosterone); and molecular
phenotyping (cDNA microarrays).

A significant difference in Gpr30-lacZ mice when compared
with wild-type siblings was found in the immunology screen.
Under baseline conditions, the proportion of T cells in peripheral
blood leukocytes (CD45�) was decreased in Gpr30-lacZ mice
(Table 1). The fraction of CD4� cells was reduced by 24.8% in
females and 30.2% in males. The number of CD8� cells was
lowered by 20.6% in females and 28.2% in males. Moreover, the
proportion of cells expressing CD62L within the T cell compart-
ment was significantly lower in Gpr30-lacZ mice (59.0% in fe-
males, 44.9% in males). These results have been confirmed with
a second bleeding in an independent group. Full reports of the
immunology screen are shown in supplemental Table 1. Parts of
the primary phenotype assessment was performed following the
EMPReSSslim protocols (31). The data set will be available on
the EuroPhenome web page (http://www. europhenome.org/).

1SmithKline Beecham Pharmaceuticals; Harwell, MRC Mouse Genome Centre and Mam-
malian Genetics Unit; Imperial College School of Medicine at Saint Mary’s; Royal London
Hospital, Saint Bartholomew’s and the Royal London School of Medicine; Phenotype
Assessment.

FIG. 4. X-gal staining of frozen sections from the stomach of heterozygous
Gpr30-lacZ mice (A and B) and wild-type controls (C and D). LacZ-positive gastric
chief cells were found in the gastric fundus (blue nuclei in A and B). Whole-
mount X-gal staining of the adrenal (E and F) and pituitary gland (G and H). LacZ-
positive cells were located in the medulla of the adrenal gland (E) and the
intermediate and anterior lobe of the pituitary gland (G). In corresponding wild-
type controls (F and H), the LacZ-activity was absent. Me, Medulla; Co, cortex;
Ne, neurohypophysis; In, intermediate lobe; An, anterior lobe.
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Discussion

Expression of Gpr30 has been reported for numerous murine
and human tissues, suggesting a ubiquitous expression of the
receptor at low levels (23). However, the cellular basis of the
expression profile remained unknown due to a lack of specific
methods that enable the detection of Gpr30 protein within tis-
sues. To tackle this question, we analyzed the expression of a
LacZ reporter in Gpr30-lacZ mice and characterized the iden-
tified cell types by colocalization of LacZ along with cell type-
specific markers. This approach is especially useful if low ex-
pression levels are assumed because the LacZ assay allows
remarkable signal amplification.

Using this strategy, we identified the following Gpr30-ex-
pressing cell populations: 1) an endothelial cell subpopulation
in small arterial vessels of multiple tissues (e.g. kidney, heart,
peritoneum, genital tract), 2) smooth muscle cells and peri-
cytes in the brain, 3) gastric chief cells in the stomach, 4)
neuronal subpopulations in layer II of the cortex as well as in

the polymorph layer of the dentate gyrus,
and 5) cell populations in the intermediate
lobe and adenohypophysis of the pituitary
gland, and 6) chromaffin cells in the me-
dulla of adrenal glands.

The expression profile of LacZ resem-
bled the expression profile of the wild-
type transcript as shown by real-time
PCR. A ubiquitous expression of Gpr30
mRNA at low levels might correspond to
LacZ-positive vessel-associated cells
found in Gpr30-lacZ mice. Published data
obtained by ribonuclease protection assays re-
vealed prominent expression of Gpr30
mRNA in the stomach, followed by the ad-
renal gland (23). These findings are consis-
tent with our results describing LacZ-posi-
tive chief cells in the gastric fundus and
chromaffin cells in the medulla of the adre-
nal glands. In agreement with published
data (23, 27), we did not detect Gpr30
mRNA as well as LacZ reporter activity in
the liver and thymus. We therefore con-
cluded that Gpr30-lacZ mice represent a
valid Gpr30 reporter model.

Two studies reported that Gpr30 is ex-
pressed by oxytocin-positive neurons in the
paraventricular and supraoptic nuclei of the
rat hypothalamus (19, 20). The expression
of Gpr30 was determined by immunohisto-
chemistry using an antiserum directed
against the C-terminal domain (14) of the
human GPR30 (19, 20) and in situ hybrid-
ization (20). In contrast to these reports, we
did not observe LacZ-positive neurons in
the paraventricular and supraoptic nuclei of
Gpr30-lacZ mice. In the hypothalamus, all
identified LacZ-positive cells were associ-
ated to vessels and colocalized with �-SMC

actin. In addition to oxytocin-positive neurons (20), granulosa
cells of preantral follicles as well as mammary and uterine epi-
thelial cells were found to express Gpr30 in an estrous cycle-
dependent manner (17, 18). Conversely, in our study granulosa,
mammary, and uterine epithelial cells were negative for LacZ
expression. However, we found LacZ-positive cells located in
blood vessels, which may explain the expression of Gpr30
mRNA in these tissues. As demonstrated already in other Gpr30
mutant mouse models (23, 24, 27), Gpr30-lacZ mice were fertile
and showed no reproductive abnormalities. These findings ex-
clude a direct function of Gpr30 in the reproductive system of
mice.

Matsuda et al. (28) recently reported the expression of
GPR30 in pyramidal cells of the hippocampal regions CA1-3 and
granule cells of the dentate gyrus detected by in situ hybridization
and immunohistochemistry. In contrast, we found lacZ-positive
neurons only in the polymorphic layer of the dentate gyrus. This
layer contains many interneurons and axons of granule cells that

FIG. 5. X-gal staining followed by immunohistochemistry and Nissel staining of frozen sections from the
brain. LacZ-positive cells were present in the polymorphic layer of the dentate gyrus (A–C) and the cortex
(A and D). LacZ-positive cells colocalized with the Nissel staining that indicates neuronal cells (green signal)
in the dentate gyrus (E–I) and the cortex (J-N). No colocalization was detected with the astrocyte marker
GFAP (red signal). LacZ-positive nuclei are indicated by white arrows in the merged images.
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pass the polymorphic layer. We therefore assume that these cells
are interneurons and not granule cells.

Several reasons need to be considered to explain the incon-
sistent expression pattern of LacZ compared with previous re-
ports. We and others (23, 24, 27) were unable to show the ab-
sence of the protein in Gpr30 mutant mice. This underlines the
difficulty to detect Gpr30 protein in tissues, probably due to low
expression of Gpr30, its lipophilic properties as a seven-trans-
membrane receptor, and the lack of specific antibodies detecting
mouse Gpr30. However, cell type-specific differences in the ac-
tivity of the internal ribosomal entry site element initiating LacZ
translation may also influence the results masking low expres-
sion of Gpr30.

In line with our findings that LacZ reporter expression is
prominent in small arterial vessels of multiple tissues, an elevated
blood pressure and an increased media to lumen ratio of second-
order mesenteric arteries was described in 9-month-old female
Gpr30-deficient mice (27). Moreover, expression of GPR30
mRNA was recently reported for human internal mammary ar-
teries and saphenous veins (32). Our own attempts to detect
changes in blood pressure failed, probably because the mice were
of younger age.

In contradiction to recently published data by Martensson et al.
(27), we did not detect significant genotype-related differences
concerning the body weight or glucose metabolism in female
Gpr30-lacZ mice. Feeding of Gpr30-lacZ mice with a high-fat
diet induced the same weight gain as in wild-type control siblings.
Our results are in line with another Gpr30-deficient model on a
pure C57BL/6 background that did not show a body weight
phenotype (23). Because the mice in the study of Martensson et
al. were on a mixed background, and it remained unclear
whether the control groups were littermates or C57BL/6 mice,
strain-specific differences may have influenced the results.

Flow cytometric analysis of peripheral blood in the primary
German Mouse Clinic Immunology Screen revealed statistically
lower frequencies of T cells in Gpr30-lacZ mice compared with
wild-type controls. Within the T cell cluster, the amount of
CD62L expressing cells was clearly reduced. CD62L-expressing

T cells represent the naive T cell compartment newly produced
in the thymus (33). The phenotype of Gpr30-lacZ mice might be
explained by a lower rate of T cells produced in the thymus. A T
cell phenotype has been already reported in a Gpr30-deficient
mouse model by Wang et al. (24), whereas the authors suggested
a function of Gpr30 for thymocyte apoptosis during estrogen-
induced thymic atrophy. In agreement with our findings, the
apoptosis rate in T-cell receptor ��/low double-positive (CD4�,
CD8�) thymocytes was doubled in Gpr30-deficient mice when
compared with wild-type controls. Therefore, the lower fre-
quency of CD4� and CD8� T cells in the peripheral blood found
here can be explained by pronounced apoptosis of these cells in
the thymus. However, several lines of evidence question the role
of estrogen in this process: 1) the T-cell phenotype is not sexually
dimorphic in Gpr30-lacZ mice, 2) the finding that ER� defi-
ciency is not sufficient to block estrogen-induced thymic atrophy
completely is based on findings in hypomorphic ER�-mutant
mice that express functional splicing variants (34), 3) the in-
creased apoptosis rate in Gpr30-deficient mice may mask the
effect of estrogen, and 4) a critical experiment involving the
GPR30 agonist G1 could not be reproduced by others (16).
Moreover, the T cell phenotype identified here and by Wang et
al. might also be caused by a linkage of the mutation to genes
from the 129 strain or the presence of the neomycin cassette. For
both models, ES cells of the 129Sv background have been used
and neomycin cassettes have not been removed from the Gpr30
locus. In contradiction to a direct function of Gpr30 in the thy-
mus, Gpr30 mRNA expression (23) and LacZ-positive cells were
absent in the thymus.

In summary, we expect that our findings concerning the LacZ
expression in Gpr30-lacZ mice are important and provide a cel-
lular basis for future studies of Gpr30-deficient mouse models.
These studies, however, should be performed with mouse models
on a pure genetic background that are devoid of resistance and
reporter cassettes. Furthermore, the analysis of conditional
knockouts will be necessary to dissect the functions of Gpr30 in
different tissues.

TABLE 1. Frequencies of T cell subsets �percent of viable CD45� leukocytes� and CD62L� cells within the T cell compartment of
homozygous Gpr30-lacZ mice and wild-type littermates (n � 10 per group)

First bleeding Second bleeding

Parameter Gpr30-lacZ Wild type P value Gpr30-lacZ Wild type P value

Females
CD3� 21.5 	 0.9 26.6 	 1.6 
 0.05 18.7 	 0.9 24.0 	 1.7 
 0.05
CD3e�/CD4� 9.7 	 0.5 12.9 	 1.1 
 0.05 8.5 	 0.4 11.6 	 1.0 
 0.05
CD3e�/CD8a� 8.5 	 0.4 10.7 	 0.7 
 0.05 7.4 	 0.4 9.9 	 0.7 
 0.01
CD4�/CD62L� 16.8 	 4.8 40.1 	 6.4 
 0.01 25.6 	 5.2 58.9 	 6.0 
 0.001
CD8a�/CD62L� 19.0 	 5.6 47.4 	 7.2 
 0.01 29.8 	 5.6 66.3 	 6.8 
 0.001

Males
CD3� 13.6 	 1.3 18.7 	 1.0 
 0.01 12.3 	 1.0 17.2 	 1.0 
 0.01
CD3e�/CD4� 6.0 	 0.6 8.6 	 0.6 
 0.01 5.1 	 0.5 7.43 	 0.6 
 0.01
CD3e�/CD8a� 5.6 	 0.5 7.8 	 0.5 
 0.01 5.9 	 0.5 8.06 	 0.4 
 0.01
CD4�/CD62L� 22.6 	 7.1 43.4 	 7.1 n.s. 16.8 	 2.8 42.6 	 7.9 
 0.01
CD8a�/CD62L� 28.2 	 7.1 48.6 	 7.2 n.s. 24.2 	 3.4 50.1 	 8.1 
 0.05

Results of two independent bleedings are shown. Values are given as means 	 SEM.
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