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Berthold, 1849

1. Hormone implants in brain  - reprod function 1960’s
2. Gender differences  Raisman and Fields 1972
3. Testosterone metabolism -aromatization, DHT
4. Sex hormone actions - nuclear and non-nuclear 
5. Implications for medicine - women’s health programs
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Developmental Effects of Estrogen in Brain
• Neurogenesis Dr. Dominique 

Toran-Allerand,
Columbia University• Neuronal survival

Endogenous Estrogen Exogenous Estrogen dt-a

• Neuronal growth and differentiation





Extra-hypothalamic brain systems affected by estrogens

Basal forebrain cholinergic
Mesolimbic dopamine
Nigrostriatal dopamine

Brain stem noradrenergic
Midbrain serotonin

Cerebellum
Hippocampus

Cerebral cortex
Spinal cord



Monoamines in forebrain



Acetylcholine



Memory and Synapse Formation

Amygdala

Hippocampus

Prefrontal cortex

Spatial, episodic, declarative,
contextual and working memory



Verbal memory improved by estrogen replacement



Dendritic spine density in stratum radiatum 
of CA1 fluctuates over the estrus cycle

E-induction of spine synapses takes several days. 

Progesterone causes rapid-down regulation within 12h.

NMDA receptor blockade prevents synapse formation.

E treatment enhances hippocampal- dependent memory in rodents
and humans.

ER α in interneuron
Cell nuclei







Possible Components of ER Rapid Signaling

Cartoon depicting basic components of estrogen receptor rapid signaling. Estrogen receptorα (ERα) and ERß are expressed in TG. ER that 
participate in rapid signaling may be present in the cytosol, membrane and/or associated with lipid rafts within the membrane. GPR30 is a 
seven transmembrane spanning receptor that has been shown to confer estrogen sensitivity to cells lacking the classical ER(� or ß). Also 
presented are simplified diagrams of cellular signaling pathways that have been shown to be activated rapidly (< 15 min) by estrogen. For 
clarity, arrows interconnecting the signaling pathways with ER and with each other have been omitted (and in many cases are not known), 
as have the numerous accessory molecules and molecular isoforms. Numerals in the figure refer to the key below containing selected 



Non-nuclear ER alpha in dendritic spines

By EM, ERα-I is detected in dendritic spines in the CA1 
region of the hippocampus (Teri Milner, Weill College of 

Medicine, Cornell).



Estradiol increases input from different neurons on CA1 cells
Catherine Woolley  PNAS 2001



Dendritic filopodia initiate synaptic 
contacts with nearby axons.

Dr. Steve Smith, Stanford



Cofilin, an actin depolymerizing factor

Cofilin
Cofilin

Actin polymerization

Cofilin- P



spinophilin

PSD-95

Dr. Shelley Halpain   Scripps Institute
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The number of pAKT immunogold particles on 
endoplasmic reticula and polyribosomes in 
dendritic shafts is higher in proestrus rats

Number of immunogold particles determined from a total of 50 
dendritic profiles per animal (N = 2/condition).

ER

*

Milner T, Znamensky V, Akama K, McEwen B



Summary: Distributed sites 
of estrogen actions

• 1-- Cell nuclear ER in GABA neurons;  E 
stimulates removal of E inhibition 

• 2-- Cell nuclei of CA1 - E activation of pCREB; 
regulation of spinophilin, other genes?

• 3-- E regulation of LIMK and cofilin - actin 
polymerization.

• 4--E induced translation of mRNA in dendrites via 
PI3 kinase and Akt.



Rapid estrogen actions



Some major issues

1. Aging

2. Hormone therapy:  E and P

3.What about males?

4. Sex and stress



Michelle Adams, John Morrison et.al.
Mt. Sinai Medical Center,  New York

Adams M, Shah RA, Janssen WF, Morrison J
PNAS 98:8071-6, 2001

Half as many
non-nuclear
ERα

1.  The aging hippocampus





2. Hormone Therapy - Estrogen and “Progestin”

Combined Therapy - MPA vs Progesterone





Selective-Estrogen Response Modulator (SERM) Strategy

1. SERM’s enhance cholinergic function but at least
one SERM blocks E-induced synapse formation.

2. SERM’s increase vasomotor symptoms (hot flashes).

3. Since SERM’s suppress cancer and protect bone, one
strategy is to use SERM’s that do not enter the CNS and
then give low dose E to aid the brain.







Parkinson’s story:  a lesson in estrogen dose

1. Early, high dose E - increased Parkinson’s symptoms;
“anti-dopaminergic”

Eg. Bedard PJ, Lengelier P, Villeneuve A  Estrogens and the extrapyramidal system.
The Lancet 1977;2: 1367-8

2. Later, low dose E - enhances DA effects; 
“pro-dopaminerigic”

Eg. Becker JB Estrogen rapidly potentiates amphetamine-induced striatal DA release and 
Rotational behavior. Neurosci Lett  1990;118:169-171.

3. Some evidence that E is neuroprotective in MPTP models
of Parkinson’s disease.

Eg. Dluzen DE Neuroprotective effects of estrogen on the nigrostriatal DA system.
J. Neurocytology 2000;29:387-99.

Callier S,  Morissette M, Grandbois M, Di Paolo T  Stereospecific prevention by estradiol
17β of MPTP-induced DA depletion in mice.  Synapse 2000;37:245-51.



Oligodendrocytes express ER alpha and ER beta

Estradiol 17 beta protects them against 
cytotoxicity-induced cell death.

Blocked by ICI 182 780

Takao T, Flint N, Lee L, Ying X, Merrill J, Chandross KJ
J. Neurochem 89: 660-673 (2004)

Microglial cells and astrocytes also respond to E



Aromatization of testosterone

Androgen 
receptor

ER alpha
ER beta
Other?





Model: Synthesis of Neurosteroids
Courtesy of Prof. Kawato
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Estradiol - Cerebellum



3. What about males…and androgens?

Androgen 
receptor

ER alpha
ER beta
Other?





4.  Gender and stress

Sex differences in stress effects on classical conditioning point
other brain regions than the hippocampus - eg. cerebellum

Wood and Shors  PNAS, US 95: 4066, 1998



Testosterone reverses
females.

Prenatal cyproterone
acetate reverses males.

PNAS 99: 13955, 2002



Prolactin and Oxytocin

1. Anxiolytic effect of prolactin

2. “Anti-stress” effect of oxytocin

3. Role of oxytocin in maternal care.





PNAS 23: 12736-41, 2001 





It Ain’t Just Sex Anymore!
1. Gonadal hormones - widespread influences on brain
2. Many non-reproductive functions affected
3. Neuroprotection - eg stroke and aging
4. Estrogens, progesterone and progestins
5. Genomic and non-genomic mechanisms
6. Widespread role for aromatization of testosterone?
7. Developmentally-programmed gender differences
8. Sex-based differences in response to stressors
9. Important roles for pituitary hormones - prolactin, 

oxytocin in anxiety and stress responsiveness.
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E effects on Spinophilin, PSD95, and 
Syntaxin  RICC
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1. Synthesis: pathway of brain neurosteroid synthesis�
Biophys. Biochim. Acta (2003) 1619
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