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THE induction of oxytocin receptor (OTR) synthesis in
the periphery and in the brain by estrogen is critical for
reproductive success. Oxytocin receptors are involved in
the control of parturition, milk ejection, and sexual and
maternal behaviors. The discovery of a second estrogen
receptor (ERB) in the brain and the failure of in witro
transcription studies using OTR promoter constructs to
replicate the in wive transcriptional regulation have
raised questions regarding the molecular mechanisms
involved in the regulatien of the OTR gene by estrogen.
Using mice genetically deficient in estrogen receptor a
(ERa), we demonstrate that ERa is not necessary for
basal OTR synthesis, but is absolutely necessary for the
induction of OTR binding in the brain by estrogen.
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Introduction

Oxytocin receptors (OTR) wn the brain and periphery
are exquisitely sensitive to gonadal steroids. Estradiol
treatment 1in rats results in a several-fold increasc in
OTR mRNA in the brain,’? pituitary- and uterus.™
The induction of OTR in the brain is thought to
be crucial for the cxpression of female sexual and
maternal behavior,*? while the induction of OTR in
the uterus is thought to be involved in the control
of parturition.®

The classic view of cstrogen action involves acti-
vasion of the estrogen receptor (ERa), a ligand-
dependent transcription factor located in the cell
nucleus, which modulates gene transcription through
its interaction with specific DNA sequenccs, termed
estrogen responsc elements (EREs), usually located
in the 5 flanking region of the gene”” Although a
full palindrome and several half palindrome EREs
have been identified on the rat® and mouse OTR
gene,” the molecular mechanisms resulting in the
induction by estrogen remain unclear. f# vitro tran-
scription analysis of the rat OTR promoter in cells
containing ER has failcd to demonstrate robust
SEHSltnln to Estrogen E‘Idﬁ‘ﬂCE Of non- Uenomlc
mechanisms of estrogen action,'>! and pqrtlcularlp
the recent discovery of a second estrogen receptor
(ERB}) has raised new questions regarding the
mechanism of estrogen action for specific physio-
logical processes. We therefore used ERa-defictent

© Rapid Science Ltd

(ERa ) mice to determine whether ER is necessary
tor the induction of OTR in the central nervous
system.

Materials and Methods

Amimals: Mice were of mixed 129/] and C37BL/6]
background. They were housed on 12:12 h light:dark
cvele (lights off at 13.00 h EDT) in the laboratory in
Virginia. Each animal was housed individually at
weaning (18 days of age) and had ad lib access to
food and water. Subjects were generated by crossing
heterozvgotic mating pairs carrving a single copy
of the disrupted ERa gene.!* The resulting offspring
were screened by PCR amplification of tail DNA.
Twelve homozygous ERa-deficient (—/-) and twelve
wild type {+/+) litter mates (six of each sex for each
genotype) were used in the study.

Surgery and hormone treatment:  All animals were
gonadectomized under general anesthesia (20 mg/ml
ketamine and 2 mg/ml xylazine; 0.1 ml/20 g body
weight) as adults. One month after surgery, animals
reccived a s.c. Silastic implant (1.98 mm i.d.; 3.17 mm
0.d.) filled with estradiol (E)} dissolved in sesame oil
(30 p.g in 0.025 ml), or emprty.

Receptor antoradiography: Twelve days following
implantation, animals werc sacrificed by decapitation
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while under general anesthesia, brains were removed,
frozen on crushed dry ice and shipped to Emory.
Due to a problem in shipping, the brains thawed but
remained cool and were refrozen on dry ice. A
second, smaller set of brains which were not thawed
were run in parallel to determine whether thawing
affected the binding. Both sets of brains gave similar
binding intensities and treatment effects, demon-
strating that the brief thawing did not effect the
assay. Only the larger set of brains which had thawed
were used in the statistical analysis. The brains were
sectioned at 20 um and thaw mounted on Super-
frost plus slides (Fisher). Receptor autoradiography
was performed using ['®IJd(CH,)[Tyr(Me), Tyr-
NH,’JOVT (NEN; ['®IJOTA) as previously des-
cribed for the mouse!* with the modification that the
sections were lightly fixed in 0.1% paraformaldehyde
for 2 min prior to the assay. After drying under a
stream of cool air, the slides were exposed to BioMax

MR film (Kodak) for 48 h.

Data acquisition and analysis:  Film autoradiograms
were analyzed using a Macintosh computer using the
public domain NIH Image program (developed at
the US National Institutes of Health and available
on the Internet at http://rsb.info.nih.gov/nih-image/).
Optical densities were converted to d.p.m./mg tissue
equivalents using '#I-autoradiographic standards
(Amersham). Specific binding was calculated by
subtracting non-specific binding, measured from an
adjacent area containing no receptor, from the total
binding for each area. All sections were coded to
obscure the identity of the tissue and each region of
interest was measured bilaterally from at least two
sections for each animal. OTR binding was quanti-
fied in the lateral septum, claustrum, and the baso-
lateral and cortical nuclei of the amyvgdala. Cortical
OTR binding in a region of the neocortex just adja-
cent to claustrum near the area of the rhinal sulcus
was also quantified. Other areas of the neocortex
were not quantified. Although OTR binding is
also found in the ventromedial nucleus of the hypo-
thalamus (VMH), binding in this area was not quan-
tified because of slight tissue damage in this region
of some of the slides. Earlier studies have demon-
strated that unlike in the rar, OTR binding in this
area in mice is not increased by estrogen and there-
fore the absence of this data does not detract from
the significance the remainder of the data. Neuro-
anatomical nomenclature was taken from an albino
mouse forebrain atlas.”® One-way ANOVA, followed
by Fisher’s least significant difference posr hoc test
where appropriate (p <0.05), was used to evaluate
differences in OTR binding. Since there were no
obvious sex differences in binding, data from males
and females were combined in the statistical analysis.
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Results

In wild-type animals of both sexes, estrogen treat-
ment resulted in significant increases in ['“IJOTA
binding in the claustrum (p < 0.001), a region of the
neocortex just adjacent to claustrum near the area of
the rhinal sulcus (Figs 1,3; p < 0.001), the basolateral
(p < 0.001) and the cortical nuclei of the amygdala
(Figs 2,3; p < 0.001), compared with untreated, gona-
dectomized animals. Binding in the lateral septum
(LS) was slightly increased (Fig. 3, p < 0.05), although
to a2 much lesser extent. ['*IJOTA binding in the
CA3 region of the hippocampus was unaffected by
E treatment (Fig. 3). Basal levels of OTR density
and distribution were identical in control wild-type
and homozygous ERa-deficient mice. However, EB
treatment in the homozygous knockout mice
was completely ineffective at altering receptor
binding in any region affected in the wildtype mice.
No sex differences in OTR binding or regulation by
estrogen were evident in either genotype.

Discussion

Qur results demonstrate that, as in the rat, OTR
binding in the mouse brain is increased several-fold
in response to estrogen treatment, although with
different region specificity. Furthermore, ERa is
essential for this process. The estrogenic induction
of OTR binding was completely abolished in mice
lacking ERa. ERa is not required, however, for basal
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FIG. 1. Photomicrographs illustrating the OTR receptor binding in
the claustrum (CLA) and neocortex (CTX) of female wild-type (top
panels) and ERa-deficient (ERa-) mice (bottom panels). Animals in
the left panels received an empty implant while those in the right
received an implant containing estrogen. Arrows indicate regions
analyzed in the quantitative analysis.
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FIG. 2. Photomicrographs illustrating the OTR receptor binding in
the basolateral (ABL} and (ACO} cortical nuclei of the amygdala in
fernale wild-type (top panels) and ERa-deficient (ERa) mice (bottom
panels). Animals in the left panels received an empty implant while
those in the right received an implant containing estrogen. Arrows
indicate regions analyzed in the quantitative analysis.

OTR expression in estrogen sensitive brain regions,
since OTR binding was similar in untreated wild-
type and ERa-deficient mice. These results are in
contrast to data on progesterone receptor (PR)
mRNA. When ERa-deficient mice are treated with
E, PR mRNA increased in several brain regions,
although to a lesser extent than in wild-type
animals.'®

The regulation of central OTR binding and gene
expression in the brain by gonadal steroids has been
well characterized in the rat.*" As noted before, the
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neuroanatomical pattern of OTR binding in the
mouse brain is quite different from that of the rat."*
The regulation of the mouse OTR binding by
gonadal steroids has been investigated previously. In
males, castration decreased and testosterone treat-
ment increased OTR density in the LS and medial
nucleus of the amygdala, while having no effects in
the cortex."* In contrast to our present results, an
earlier study found that estrogen increased OTR
density only in the LS and had no effect in the amyg-
dala or cortex.' This discrepancy may be explained
by the method of hormone administration (i.e. two
daily s.c. injections vs 12 days of Silastic implants).
Perhaps extended periods of elevated estrogen are
necessary for the maximum increase in OTR density
in these areas.

Recent molecular studies have raised questions
regarding the mechanism by which estrogen modu-
lates OTR binding. A full and several half consensus
estrogen response elements (EREs) have been found
in the 5" flanking of the rat®!® and mouse” OTR genes.
The classic mechanism of estrogen action involves
estrogen activating the ERa, which in turn enhances
transcriptional activity through its direct interactions
with the ERB. The recently discovered ERB is struc-
turally related to the ERa and apparently modulates
gene expression via similar ERE sequences.”” ERB
appears to make up a significant fraction of the ER
mRNA in the brain® and is expressed in several brain
regions which are known to be estrogen sensitive.?!

In wvitro transcription studies in MCF7 cells using
reporter genes driven by the rat OTR 5' flanking
region containing the ERE failed to show robust
induction of gene expression in response to estrogen.
This raises the possibility that other mechanisms
may be acting independently from the ERE in vivo.
For example, estrogen induces a rapid (i.e. less than

+H+ - +H+ - +H+ -
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FIG. 3. Quantitative analysis of ['*|JOTA binding in wild-type {+/+) and ERa deficient {~/~) mice. Estrogen treatment resulted in increases
in binding in the lateral septum (LS), claustrum (CLA), neocortex (CTX), and the basolateral (ABL) and cortical {ACO) nuclei of the amyg-
dala in wildtype but not knockout animals. Receptor binding was unaffected by estrogen in the hippocampus {HIPPO).
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15 min} phosphorylation of the cAMP response
element binding proteins in the brain,'’ which may
influence genc transcription by interacting with
the cyclic AMP response clements (CRE)' The rat
and mouse OTR 5’ flanking regions contain CRE
sequences.™ It 1s unclear whether the modulation of
gene expression by a cAMP mechanism involves a
nuclear ER or perhaps a membranc receptor. The
present data can not rule our a potential contribu-
tion of alternate mechanisms, however the darta
clearly demonstrates that ERa is required for the
regulation of OTR by estrogen.

Oxyrocin and OTR are invelved in the control
of both male and female sexual behavior as well as
other social behaviors,” Both male and female ERa-
deficient mice exhibit impaired sexual behavior, ™
Many of the behavioral effects of oxvtocin are poten-
tiated by estrogen. For example, induction of female
receptivity in rats requires the upregulation of OTR
by E* It is possible that some of the behavioral
deficits found in ERa-deficient mice arc attributable
in part to the lack of induction of OTR by gonadal
steroids.

Conclusion

As in the rai, estrogen treatment increases OTR
binding several-fold in specic brain regions of
the mouse. There arc multiple possible mechanism
which could be responsible for this induction of
OTR binding, including those involving ERa, ERB,
induction of ¢cAMP and membrane receprors. The
present results in mice genetically deficient in ERa
clearly demonstrate that ERa is absolutely essential
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for the several-told induction of OTR binding in the
brain.

References

1. Bale TL and Dorsa DM. Endocrinology 136, 5135-5138 {1985},

2. Quinones-Jenab ¥, Jensb 5, Ogawa S &t & Neurpendocrinplogy %6, 517
118971

3. Larcher A, Necuicia J, Breton C et al. Endocrinofogy 136, 5350-5356

{1995},
. Schumacher M, Cairini H, Pfaff DW et al. Science 260, 691-854 119901,
. Pedersen CA, Caldwell J[, Walker C ef al. Szhav Mevrosci 108, 11631177
11994},

6. Zingg HH, fozen F, Chu K ei al. Recent Prog Horm Res B0, 255-273 (1895).

7. Carson-Jurica MA, Schrader WT and O'Malley BW. Endocrine Aev 11,
201-220 11950),

4. Bale TL and Dorsa DM. Endocrinofogy 138, 1157-1168 (18471,

9. Kubota ¥, Kimura T, Hashimoto K et al. Mol Cell Endocrinol 124, 25-32
11896).

10. Aronica SM, Kraus WL and Katzenellenbogen B5. Proc Natt Acad Sei USA
91. B517-8521 (1994).

11. Zhou Y, Watters JJ and Dorsa DM. Endocrinofogy Y37, 2163-2166 (1996,

12. Kuiper GGJM, Enmark E, Pelto-Huikko M st al. Proc Nan Acad Sci (15A 83,
53255930 (19961

13, Lubahn DB, Moyer JS, Golding TS et af. Proc Natl Acad Sci USA 90,
11162-11166 11933).

14, Insel TR, Young L, Wit DM ¢ al. J Nevrogndocrined B, 619-628 {1893},

15, Slotnick, BM and Leorard CM. A Stersotaxic Adlas of the Albine Mouse
Farebrain. Rockville MD: US Department of Health, Education and Welfare,
1875,

16, Moffatt CA, Rissman EF and Blaustein JO. Soc Neurosci Abstr 23, 830.12
{19971

17, Cainni H, Johnson, AE and McEwen BS. Newvraendocrinalogy 50, 133-158
119881,

18, McCarthy MM, McDonald CH, Brooks PJ et al. Physiol Behav 80, 12081215
4195961

13, Rozen F, Russo C, Banwille K et al, Endocrinol 138, 863870 {1395].

20, Kuiper GGEJM, Carlsson 8, Gandien K ef af. Endocringlogy 138, 863-87%
11887,

21. Li X, Schwartz, PE and Rissman EF. Newrcendocrimofogy 66, 8387
(19871,

22 inset TR. Young L and Wang Z. Rev Reprod 2, 28-37 {1897}

23 Rissman EF. Early AH, Taylor JA et & Endocrinology 138, 507-51%
119971,

24, Ogawa 5, Lubshn DB, Korach KS et &l Proc Naif Acad Seci USA 94,
14761481 118371

o g

ACKNOWLEDGEMENTS: We thank Dennis Luban for providing us with heterozy-
gotic breeding pairs and Emily Linde for tachnical assistance. This work was
supported by MH 58387 1o LY. MHB4554 to ZW., and MH 01349 and NSF
|1BM9412505 to E R.

Received 19 November 1997;
accepted 16 January 1998





