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There is no debate over whether estrogen has functions in the brain.
It is clear that estrogen affects the developing brain and centrally
controlled reproductive functions, but there is much more to it than
that. Estrogen also has effects in the brain that are not related to reproductive functions. Estrogen in the brain influences the cardiovascular system, mood, and behavior, as well as neuroprotection and
neurodegeneration. But the mechanisms through which estrogen exerts its actions in these systems are less well understood. One recent
development, which has contributed to a broader understanding of
the role of estrogens in the brain, is the discovery of the second estrogen receptor, ERβ. Awareness of this receptor has changed our
understanding of estrogen action in brain regions that are responsive
to estrogen but lack estrogen receptor α (ERα). Regions such as the
serotoninergic neurons of the dorsal raphe nucleus, the GnRH neurons of the hypothalamus, and the sexually dimorphic supraoptic
nucleus and paraventricular nucleus are being re-evaluated because
of the exclusive presence of ERβ in these regions.
Important advances in our understanding of estrogen action in
the brain have also come from the creation of knockout mice in
which ERα, ERβ, or both receptors have been inactivated. These
animals provide evidence of distinct roles for the two estrogen receptors in the brain. ERβ, in particular, has a role in development of
the cortex during fetal life and in survival of hippocampal neurons
in response to excitatory neurotoxins in adults. Despite this progress
in the laboratory, debate is ongoing over the clinical benefits (or
lack thereof) of hormone replacement therapy (HRT) in postmenopausal women. Because women react to estrogen deficiency
in different ways, replacement with estradiol may, in fact, not be the
optimal HRT. As a prospect in the future, we may look forward to
replacement with selective ERα and ERβ agonists in protocols that
are tailor made to suit the needs of individual women.
Estrogen influences development, plasticity, and survival of neurons (1-3). It is also an important regulator of expression of key enzymes involved in synthesis and turnover of classic neurotransmitters such as noradrenaline (4), dopamine (5), serotonin (6), and
acetylcholine (7), and of transcription of several neuropeptides such
as oxytocin, vasopressin, prolactin, and opioids (8-10). What now
needs to be clearly defined is which estrogen receptor is regulating
neuronal functions in which brain nuclei, and whether estrogen receptors can be selectively activated or inhibited to obtain more specific beneficial actions of estradiol. Through the use of in situ hybridization, the distribution of ERα and ERβ messenger RNAs
(mRNAs) has been evaluated in the rodent brain [for review, see
(11)]. Neurons expressing ERβ mRNA are more widely distributed
throughout the brain than those containing ERα. Both receptors are
expressed in the preoptic area and the bed nucleus of the stria terminalis, and throughout the lower brain stem, as well as in forebrain
areas such as the cerebral cortex and hippocampus (12, 13). A comparison of the distribution of ERβ mRNA in rat and mouse brain
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bution of ERβ. For example, in the mouse brain, ERβ mRNA is
abundant in the suprachiasmatic nucleus, raphe nucleus, and entorhinal cortex, but is less abundant in these areas in the rat brain. In
contrast, amounts of ERβ mRNA in the supraoptic nucleus and preoptic area are high in the rat and markedly lower in the mouse.
Immunohistochemical studies in rodent (15), monkey (16), and
human (17, 18) brains have revealed neuronal populations that express both receptors and some that express only one of the two receptors. Neurons of the supraoptic nucleus, a sexually dimorphic
nucleus that is larger in males than females, express ERβ but not
ERα. In neurons in the anteroventral periventricular nucleus of the
preoptic area (AVPV), which is larger in females than males, ERα
is present but ERβ is not. From the distribution of the two estrogen
receptors, it appears that because ERα is the predominant receptor
subtype in the basal forebrain cholinergic neurons (19), estrogen
probably acts through ERα to enhance cognitive functions by modulating production of acetylcholine. In the anterior dorsal raphe nucleus, ERβ is the only estrogen receptor expressed (20, 21), and it
appears that estrogen increases the amount of mRNA encoding the
serotonin receptor (5-HT 2A), tryptophan hydroxylase, and the
serotonin transporter (22) through ERβ.
In the periphery, estrogen has well-documented effects on cytokines, activity of the transcription factor nuclear factor kappa B
(NF-κB), growth, differentiation, and apoptosis. Estrogen receptors
are ligand-activated transcription factors, so estrogen regulates transcription of many genes (23). If it also regulates cytokines, NF-κB
activity, and apoptosis in the central nervous system (CNS), and
modulates glutamate pathways, then it should affect neuronal survival, neurodegeneration, and the response of the CNS to ischemia
and excitatory neurotoxins. If genes involved in synthesis, uptake,
and degradation of catecholamines and serotonin are estrogen-regulated, then estrogen might affect mood and behavior. Why, then, is it
so difficult to get clear-cut answers about the effects of estrogen depletion or estrogen replacement in the brain?
One of the reasons, as alluded to above, is the presence of two
separate estrogen receptors with distinct cellular distributions and
functions. As the physiological importance of ERβ becomes clearer
(23), it also becomes evident that estrogen signaling is much more
complex than was previously thought. Before the discovery of ERβ
(24), it was thought that most actions of estrogen could be explained
by the binding of estrogen to a single estrogen receptor (25). This
specific binding resulted in an activated receptor that then could
bind to estrogen response elements (ERE) in the promoters of target
genes and thus regulate transcription of these genes. It is now
known that there are two estrogen receptors and that interaction at
EREs is only one of several ways through which gene transcription
is controlled by estrogen [for review, see (22)]. Estrogen receptors
can interact with several transcription factors and influence their interaction with DNA. However, ERα and ERβ can have opposite effects on some of these pathways (26). In addition, estrogen receptors are not exclusively nuclear. In the CNS, these receptors have
been localized at synaptic membranes and dendritic spines (27).
This localization may explain some of the rapid effects of estrogens
that are unlikely to result from effects on transcription (3).
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There are two other confounding factors in the estrogen story. One
is that there are at least two splice variants of ERβ in humans (28),
ERβ1 and ERβcx. ERβ1 is the estradiol-binding form of the receptor
with affinity for estradiol similar to that of ERα. ERβcx is a splice
variant formed by incorporation of an alternative eighth exon, and it
has no specific affinity for estradiol. When ERα and ERβcx are coexpressed in cells, ERβcx is, in fact, a dominant repressor of ERα.
The second confounding factor is the specificity of ERα and ERβ for
their interactions with co-activator proteins in the transcription machinery (29). Clearly, the mere presence of an estrogen receptor in a
cell does not allow one to predict what effects estrogen will have in
that cell. This information has to be complemented with information
about splice variants of the receptor, their localization in the cell, and
which co-activators and co-repressors are expressed in the cell.
Comparison of gene expression in erβ−/− and wild-type littermates on cDNA arrays confirmed that estrogen regulates the transcription of cytoskeletal and other genes that are required for neurite
growth (30-33). In addition, genes that function in neuronal migration and axonal guidance, such as semaphorin G, syndecan 3, and
reelin, are expressed in smaller amounts in erβ−/− than wild-type
mice. Therefore, it appears that ERβ influences migration of neurons during development and neuronal survival throughout life.
Estrogen regulates expression of several growth factors and
their receptors and, in turn, these peptides can modify the activity
of estrogen receptors. Thus, nerve growth factor (NGF) regulates
estrogen receptor action in the forebrain posttranslationally, possibly by the phosphorylation of regulatory domains in the receptor
protein (34). Epidermal growth factor (EGF) can activate the unliganded estrogen receptor by mitogen-activated protein kinase
(MAPK)-dependent phosphorylation (35). This participation of
estrogen receptors in signal transduction pathways in the absence
of ligands is a confounding factor for neuroendocrinologists struggling to understand estrogen signaling in the brain.
Estrogen enhances the growth and arborization of axons and
dendrites in hypothalamic neurons grown in organotypic cultures (36), and also has growth-promoting effects in other brain
areas (37-40). During neural development, estrogen also influences neurogenesis (41), apoptotic cell death (42), and migration of neuroblasts from the subventricular layer to their appropriate locations in the brain (43). When neural circuits are established, estrogen promotes synapse formation (44).
Studies with the brains of erβ−/− mice showed that in both
males and females, there is a generalized neuronal hypocellularity, or decreased number of neurons, that causes the most severe
deficit in the somatosensory cortex. In the limbic system, but
not in the cortex, erβ−/− mice show increased proliferation of astroglia. As erβ−/− mice age, the number of neurons in the brain
continues to decrease, and by two years of age, neuronal cell
bodies throughout the brain have degenerated (45). This is particularly evident in the substantia nigra, a region where loss of
dopaminergic neurons leads to Parkinson’s disease in humans.
Estrogen influences cognition in both laboratory animals and
women. Memory impairment can be reversed by estrogen administration in aging women (46, 47), in women following natural or surgically induced menopause, and in women suffering from dementia
associated with Alzheimer’s disease. The usefulness of estrogen in
protection against degenerative diseases of aging in women is highly debated. Some (46, 48), but not all (49, 50), epidemiological
studies suggest that estrogen replacement therapy decreases the likelihood of developing Alzheimer’s disease in postmenopausal women. It is not clear that estrogen replacement is of value in reversing,

slowing, or preventing neurodegeneration.
Estrogen exerts its effects on cognition by augmenting the activity
of the N-methyl-D-aspartate (NMDA) glutamate receptors in the hippocampus (51, 52). Stimulation of the NMDA receptor causes a rise
in the concentration of intracellular calcium ([Ca2+]i), which induces
long-term potentiation and storage of information (53). Unfortunately, the drawback of this effect is that overstimulation of these receptors, for example, with the excitatory neurotransmitter kainic acid,
causes prolonged increase in [Ca2+]i followed by neuronal death (54,
55). The role of the two estrogen receptors in the functions of the
hippocampus still need clarification, but studies on erα−/− and erβ−/−
mice suggest that both ERα and ERβ are needed for learning. In the
absence of ERβ, spatial learning is impaired (56) and treatment with
kainic acid causes marked apoptosis in the hippocampus at doses
that do not affect wild-type littermates (Fig. 1). In the absence

Fig. 1. Increased sensitivity of the brains of erβ−/− mice to kainic acid.
Kainic acid dissolved in saline was administered by intraperitoneal injection to 2-month-old erβ−/− mice and their wild-type littermates. The
single dose of kainic acid used (10 mg/kg/day) did not cause severe
seizures as do higher doses of this drug. Four days after dosing,
brains were removed and examined by immunohistochemistry for
apoptosis with the terminal-deoxynucleotidyl-transferase-mediated
deoxyuridine triphosphate nick-end labeling (TUNEL) assay kit
(Boehringer Mannheim).
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of ERα, estradiol either completely blocks or delays learning
acquisition in the spatial water maze task (57). Not only do both
estrogen receptors appear necessary for learning, but ERβ protects cells against calcium-induced apoptosis. Although estrogen is only one of many factors influencing the complex pathways involved in memory and apoptosis in the brain, the overall
action of estrogen on these two endpoints may result from a balance between the activities of ERα and ERβ.
There is a firm scientific basis for the reported beneficial effects of estrogen in the CNS. But because of the complex nature
of estrogen signaling in the brain, it is not surprising that epidemiological data on the benefits of HRT deliver a mixed message. A great deal of work is needed to fully understand estrogen action in the brain. Central to this effort must be clarification of the roles of the two estrogen receptors ERα and ERβ in
regulating neurotransmitter systems, brain cytokines, oxidative
stress, β-amyloid deposition, apoptosis, glial cell function, and
neuronal imprinting. The natural hormone estradiol is a rather
nonspecific drug, so development of selective ligands for ERα
and ERβ will permit a sharper dissection of the functions of the
two receptors and provide insight into when agonists or antagonists of either receptor would provide the optimal therapeutic
intervention.
References
1. B. S. McEwen, Estrogens effects on the brain: Multiple sites and molecular
mechanisms. J. Appl. Physiol. 91, 2785-2801 (2001).
2. L. M. Garcia-Segura, P. Cardona-Gomez, F. Naftolin, J. A. Chowen, Estradiol upregulates Bcl-2 expression in adult brain neurons. Neuroreport 9, 593597 (1998).
3. T. Ivanova, P. Mendez, L. M. Garcia-Segura, C. Beyer, Rapid stimulation of
the PI3-kinase/Akt signalling pathway in developing midbrain neurones by
oestrogen. J. Neuroendocrinol. 14, 73-79 (2002).
4. J. J. Liaw, J. R. He, R. D. Hartman, C. A. Barraclough, Changes in tyrosine
hydroxylase mRNA levels in medullary A1 and A2 neurons and locus
coeruleus following castration and oestrogen replacement in rats. Brain
Res. Mol. Brain Res. 13, 231-238 (1992).
5. T. Di Paolo, Modulation of brain dopamine transmission by sex steroids.
Rev. Neurosci. 5, 27-41 (1994).
6. M. K. Osterlund, C. Halldin, Y. L. Hurd, Effects of chronic 17β-estradiol
treatment on the serotonin 5-HT(1A) receptor mRNA and binding levels in
the rat brain. Synapse 35, 39-44 (2000).
7. C. A. Singer, P. J. McMillan, D. J. Dobie, D. M. Dorsa, Effects of estrogen replacement on choline acetyltransferase and trkA mRNA expression in the
basal forebrain of aged rats. Brain Res. 789, 343-346 (1998).
8. C. Beyer, Estrogen and the developing mammalian brain. Anat. Embryol.
199, 379-390 (1999).
9. R. E. Harlan, Regulation of neuropeptide gene expression by steroid hormones. Mol. Neurobiol. 2, 183-200 (1998).
10. G. J. De Vries, Sex differences in neurotransmitter systems. J. Neuroendocrinol. 2, 1-13 (1990).
11. I. Merchenthaler, P.J. Shugrue, Estrogen receptor-β: a novel mediator of
estrogen action in brain and reproductive tissues: Morphological considerations. J. Endocrinol. Invest. 22, 10-12 (1999).
12. M. Osterlund, G. G. Kuiper, J-Å. Gustafsson, Y. L. Hurd, Differential distribution and regulation of estrogen receptor-α and -β mRNA within the female
rat brain. Brain Res. Mol. Brain Res. 54, 175-180 (1998).
13. S. M. Belcher, Regulated expression of estrogen receptor α and β mRNA
in granule cells during development of the rat cerebellum. Brain Res. Dev.
Brain Res. 115, 57-69 (1999).
14. P. J. Shughrue, P. Scrimo, M. Lane, R. Askew, I. Merchenthaler, The distribution of estrogen receptor-β mRNA in forebrain regions of the estrogen
receptor-α knock-out mouse. Endocrinology 138, 5649-5652 (1997).
15. X. Li, P. E. Schwartz, E. F. Rissman, Distribution of estrogen receptor-β-like
immunoreactivity in rat forebrain. Neuroendocrinology 66, 63-67 (1997).
16. C. Gundlah, S. G. Kohama, S. J. Mirkes, V. T. Garyfallou, H. F. Urbanski, C.
L. Bethea, Distribution of estrogen receptor beta (ERβ) mRNA in hypothalamus, midbrain and temporal lobe of spayed macaque: Continued expression with hormone replacement. Brain Res. Mol. Brain Res. 76, 191-204
(2000).
17. M. K. Osterlund, Y. L. Hurd, Estrogen receptors in the human forebrain and
the relation to neuropsychiatric disorders. Prog. Neurobiol. 64, 251-267

(2001).
18. R. S. Carroll, J. Zhang, P. M. Black, Expression of estrogen receptors α and
β in human meningiomas. J. Neurooncol. 42, 109-116 (1999).
19. P. J. Shughrue, P. J. Scrimo, I. Merchenthaler, Estrogen binding and estrogen receptor characterization (ERα and ERβ) in the cholinergic neurons of
the rat basal forebrain. Neuroscience 96, 41-49 (2000).
20. C. Gundlah, N. Z. Lu, S. J. Mirkes, C. L. Bethea, Estrogen receptor beta
(ERβ) mRNA and protein in serotonin neurons of macaques. Brain Res.
Mol. Brain Res. 91, 14-22 (2001).
21. H. Lu, H. Ozawa, M. Nishi, T. Ito, M. Kawata, Serotonergic neurones in the
dorsal raphe nucleus that project into the medial preoptic area contain oestrogen receptor β. J. Neuroendocrinol. 13, 839-845 (2001).
22. B. E. Sumner, K. E. Grant, R. Rosie, C. Hegele-Hartung, K. H. Fritzemeier,
G. Fink, Effects of tamoxifen on serotonin transporter and 5-hydroxytryptamine(2A) receptor binding sites and mRNA levels in the brain of
ovariectomized rats with or without acute estradiol replacement. Brain Res.
Mol. Brain Res. 73, 119-128 (1999).
23. S. Nilsson, S. Makela, E. Treuter, M. Tujague, J. Thomsen, G. Andersson, E.
Enmark, K. Pettersson, M. Warner, J-Å. Gustafsson, Mechanisms of estrogen action. Physiol. Rev. 81, 1535-1565 (2001).
24. G. G. Kuiper, E. Enmark, M. Pelto-Huikko, S. Nilsson, J-Å. Gustafsson,
Cloning of a novel receptor expressed in rat prostate and ovary. Proc. Natl.
Acad. Sci. U.S.A. 93, 5925-5930 (1996).
25. E. V. Jensen, H. I. Jacobsen, Basic guides to the mechanism of estrogen
action. Recent Prog. Horm. Res. 18, 387-414 (1962).
26. K. Paech, P. Webb, G. G. Kuiper, S. Nilsson, J-Å. Gustafsson, P. J. Kushner,
T. S. Scanlan, Differential ligand activation of estrogen receptors ERα and
ERβ at AP1 sites. Science 277, 1508-1510 (1997).
27. T. A. Milner, B. S. McEwen, S. Hayashi, C. J. Li, L. P. Reagan, S. E. Alves,
Ultrastructural evidence that hippocampal α estrogen receptors are located
at extranuclear sites. J. Comp. Neurol. 429, 355-371 (2001).
28. S. Ogawa, S. Inoue, T. Watanabe, A. Orimo, T. Hosoi, Y. Ouchi, M. Muramatsu, Molecular cloning and characterization of human estrogen receptor β
cx: A potential inhibitor of estrogen action in human. Nucleic Acids Res. 26,
3505-3512 (1998).
29. C. W. Wong, B. Komm, B. J. Cheskis, Structure-function evaluation of ER α
and β interplay with SRC family coactivators: ER selective ligands.
Biochemistry 40, 6756-6765 (2001).
30. A. Ferreira, A. Caceres, Estrogen-enhanced neurite growth: Evidence for a
selective induction of tau and stable microtubules. J. Neurosci. 11, 393-400
(1991).
31. L. C. Rogers, M-P. Junier, S. R. Farmer, S. R. Ojeda, A sex-related difference in the developmental expression of class IIβ-tubulin messenger RNA
in rat hypothalamus. Mol. Cell Neurosci. 2, 130-138 (1991).
32. R. H. Lustig, M. Sudol, D. W. Pfaff, H. J. Fedoroff, Estrogen regulation of sex
dimorphism in growth-associated protein 43 kDa (GAP-43) mRNA in the
rat. Brain Res. Mol. Brain Res. 11, 125-132 (1991).
33. S. A. Scoville, S. M. Bufton, F. J. Liuzzi, Estrogen regulates neurofilament
gene expression in adult female rat dorsal root ganglion neurons. Exp.
Neurol. 146, 596-599 (1997).
34. R. C. Miranda, F. Sohraji, M. Singh, C. D. Toran-Allerand, Nerve growth factor (NGF) regulation of estrogen receptor in explant cultures of the developing forebrain. J. Neurobiol. 31, 77-87 (1996).
35. G. Bunone, P. A. Briand, R. J. Miksicek, D. Picard, Activation of the unliganded estrogen receptor by EGF involves the MAP-kinase pathway and
direct phosphorylation. EMBO J. 15, 2174-2183 (1996).
36. C. D. Toran-Allerand, Sex steroids and the development of the newborn
mouse hypothalamus and preoptic area in vitro: Implications for sexual
differentiation. Brain Res. 106, 407-412 (1976).
37. I. Reisert, V. Han, E. Lieth, C. D. Toran-Allerand, C. Pilgrim, J. Lauder, Sex
steroids promote neurite outgrowth in mesencephalic tyrosine hydroxylase
immunoreactive neurons in vitro. Int. J. Dev. Neurosci. 5, 91-98 (1987).
38. L. M. Garcia-Segura, G. Olmos, R. J. Robbins, P. Hernandez, J. H. Meyer, F.
Naftolin, Estradiol induces rapid remodelling of plasma membranes in developing rat cerebrocortical neurons in culture. Brain Res. 498, 339-343
(1989).
39. E. Gould, C. S. Wolley, M. Frankfurt, B. S. McEwen, Gonadal steroids regulate dendritic spine density in hippocampal pyramidal cells in adulthood. J.
Neurosci. 10, 1286-1291 (1990).
40. V. G. VanderHorst, G. Holstege, Estrogen induces axonal outgrowth in the
nucleus retroambiguus-lumbosacral motorneural pathway in the adult female cat. J. Neurosci. 17, 1122-1136 (1997).
41. R. E. Dodson, J. E. Shryne, J. Gorski, Hormonal modification of the number
of total and late-arising neurons in culture: Sex difference and estrogen effects. J. Neurosci. Res. 33, 266-281 (1988).
42. Y. Arai, Y. Sekine, S. Murakami, Estrogen and apoptosis in the developing
sexually dimorphic preoptic area in female rats. Neurosci. Res. 25, 403407 (1996).
43. R. A. Gorski, Sexual dimorphisms of the brain. J. Anim. Sci. 61 (suppl. 3),
38-61 (1985).

www.stke.org/cgi/content/full/sigtrans;2002/138/pe29

Page 3

PERSPECTIVE
44. A. Matsumoto, Y. Arai, Effect of estrogen on early postnatal development of
synaptic formation in the hypothalamic arcuate nucleus of female rats.
Neurosci. Lett. 2, 79-82 (1976).
45. L. Wang, S. Andersson, M. Warner, J-Å. Gustafsson, Morphological abnormalities in the brains of estrogen receptor β knockout mice. Proc. Natl.
Acad. Sci. U.S.A. 98, 2792-2796 (2001).
46. S. Palacios, Current perspectives on the benefits of HRT in menopausal
women. Maturitas 33, S1-S13 (1999).
47. D. E. Brenner, W. A. Kukull, A. Stergachis, G. van Belle, J. D. Bowen, W. C.
McCormick, L. Teri, E. B. Larson, Postmenopausal estrogen replacement
therapy and the risk of Alzheimer’s disease: a population-based case-control study. Am. J. Epidemiol. 140, 262-267 (1994).
48. A. J. Slooter, J. Bronzova, J. C. Witteman, C. Van Broeckhoven, A. Hofman,
C. M. van Duijn, Estrogen use and early onset Alzheimer’s disease: A population-based study. J. Neurol. Neurosurg. Psychiatry 67, 779-781 (1999).
49. R. A. Mulnard, C. W. Cotman, C. Kawas, C. H. van Dyck, M. Sano, R. Doody, E. Koss, E. Pfeiffer, S. Jin, A. Gamst, M. Grundman, R. Thomas, L. J.
Thal, Estrogen replacement therapy for treatment of mild to moderate
Alzheimer’s disease: A randomized controlled trial. Alzheimer’s Disease
Cooperative Study. JAMA 283, 1007-1015 (2000).
50. M. X. Tang, D. Jacobs, Y. Stern, K. Marder, P. Schofield, B. Gurland, H. Andrews, R. Mayeux, Effect of oestrogen during menopause on risk and age
at onset of Alzheimer’s disease. Lancet 348, 429-432 (1996).
51. C. S. Woolley, N. G. Weiland, B. S. McEwen, P. A. Schwartzkroin, Estradiol
increases the sensitivity of hippocampal CA1 pyramidal cells to NMDA

52.

53.

54.
55.

56.

57.

receptor-mediated synaptic input: Correlation with dendritic spine density.
J. Neurosci. 17, 1848-1859 (1997).
A. H. Gazzaley, N. G. Weiland, B. S. McEwen, J. H. Morrison, Differential
regulation of NMDAR1 mRNA and protein by estradiol in the rat hippocampus. J. Neurosci. 16, 6830-6838 (1996).
S. E. Lauri, Z. A. Bortolotto, D. Bleakman, P. L. Ornstein, D. Lodge, J. T.
Isaac, G. L. Collingridge, A critical role of a facilitatory presynaptic kainate
receptor in mossy fiber LTP. Neuron 32, 697-709 (2001).
M. Vignes, G. L. Collingridge, The synaptic activation of kainate receptors.
Nature 388, 179-182 (1996).
J. Nilsen, S. Chen, R. D. Brinton, Dual action of estrogen on glutamate-induced calcium signaling: Mechanisms requiring interaction between estrogen receptors and src/mitogen activated protein kinase pathway. Brain
Res. 930, 216-234 (2002).
E. F. Rissman, A. L. Heck, J. E. Leonard, M. A. Shupnik, J-Å. Gustafsson,
Disruption of estrogen receptor β gene impairs spatial learning in female
mice. Proc. Natl. Acad. Sci. U.S.A. 99, 3996-4001 (2002).
H. N. Fugger, S. G. Cunningham, E. F. Rissman, T. C. Foster, Sex differences in the activational effect of ERα on spatial learning. Horm. Behav.
34, 163-170 (1998).

Citation: L. Wang, S. Andersson, M. Warner, J.-Å. Gustafsson, Estrogen
actions in the brain. Science’s STKE (2002), http://www.stke.org/cgi/
content/full/sigtrans;2002/138/pe29.

www.stke.org/cgi/content/full/sigtrans;2002/138/pe29

Page 4

