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Hormone implants in brain - reprod function 1960’s
Gender differences Raisman and Fields 1972
Testosterone metabolism -aromatization, DHT

Sex hormone actions - nuclear and non-nuclear
Implications for medicine - women’s health programs
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behavior

Estrogen induction of oxytocin receptors



Developmental Effects of Estrogen in Brain

* Neurogenesis Dr. Dominique
. Toran-Allerand,
e Neuronal survival Columbia University

® Neuronal growth and differentiation

Endogenous Estrogen Exogenous Estrogen



Ovarian Hormones - Non-
Reproductive Actions

+ Motor coordination.

+ Epilepsy

4+ Premenstrual syndrome
4+ Depression

+ Stroke

+ Pain

+ Cognitive function

+ Dementia



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

Serofonin

Mood and Depres.s.i.:}n
Noradrenaline

Attention and Cognition



Acetylcholine




Memory and Synapse Formation

Amygdala
Hippocampus

Spatial, episodic, declarative,
contextual and working memory



“Add-Back” Estrogen Reverses Cognitive Deficits
Induced by a Gonadotropin-Releasing Hormone Agonist
in Women with Leiomyomata Uteri*

BARBARA B. SHERWIN axp TOGAS TULANDI

Depariments of Psychology (B.B.5.) and Obstetrics and Gynecology (B.B.S., T.T.), McGill University,

Montreal, Quebec, Canada H3A 1B]

ABSTRACT

Treatment of women with uterine myvomas with GnRH agonists
sesults in symptoms of hypoestrogenism which can be prevented by
concurrent “add-back” estrogen administration. We took advantage of
these induced endocrine changes to investigate their effects on cog-
nitive functioning in young women with myomas. Nineteen women
with uterine myomas were tested before treatment. They all received
the GnRH agonist, leuprolide acetate depot (LAD), every 4 weeks for
12 weeks and were then randomized to receive LAD plus estrogen or
LAD plus placebo every 4 weeks for 8 additional weeks, Levels of all
sex hormones decreased after 12 weeks of LAD treatment (P < 0.01),
and only estradiol (E,) levels increased (F < 0.01) following 8 weeks
of subsequent treatment in the group that received LAD plus E,

Seores on neuropsychological tests of verbal memory decreased from
pretreatment to 12 weeks posttreatment with LAD (P < 0.05). These
memory deficits were reversed in the group that received LAD plus
E; for 8 weeks coincident with an increase in plasma E,, whereas
memory scores remained depressed in the group that received LAD
plus placebo, These findings are consistent with those from gtudies on
surgically menopausal women and strongly suggest that estrogen
serves to maintain verbal memory in women. These results provide
support for the efficacy of add-back estrogen regimens in women
treated with GniH agonists and also imply that estrogen may be
important for maintaining memory in the postmenopause. (J Clin
Endocrinel Metab BL: 2545-2549, 1996)

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.

ER o in interneuron
Cell nuclei

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



Estrogen Replacement Increases
Spinophilin-immunoreactive Spine Number
in the Prefrontal Cortex of Female Rhesus
Monkeys

L Yale Universily

nd “Department of
I\u.w'h Preshyte Luke 's Med
12, USA

While studies have shown that estrogen affects hippocampal spine
density and function, behavioral studies in humans and nonhuman
primates have also implicated the prefrontal cortex in the effects of
estrogen on cognition. However, the potential for similar estropen-
induced increases |n spin nd synapses in the prefrontal cortex
has not been inw ted in primates. Moreover, it is not known if
such an estrogen effect would be manifested throughout the
neocortex or primarily in the regions involved in cognition. Therefore,
i gated the effects of estropen on dendritic spines in the
prefrontal and primary wisual cortices of young rhesus monkeys.
Young female monkeys were ovariectomized and administered either
estradiol cypionate or vehicle by intramuscular injection. Using an
antibody against the spine ciated protein, spinophilin, spine
numbers were estimated in layer | of area 46 and in layer | of the
opercular portion of area W1 |'U'Ia| Spine numbers in layer | of area
46 were significantly incres in the ovariectomy + estrogen
group compared to the I)'IHI'IECTOFIIY + vehicle group. yet spine
numbers in layer | of area V1o were equivalent across the two
groups. The present result
synaptic organization influence
in a primate model, and provide a morphological basis for enhanced
prefrontal cortical functions following estrogen replacement.

ines, hormone [E'LILEI:EI'I'IEFI[. macague




Cell Membrane and Nuclear
Estrogen Receptors (ERs) Originate
from a Single Transcript: Studies of
ER« and ERp Expressed in Chinese
Hamster Ovary Cells

Mahnaz Razandi, Ali Pedram, Geoffrey L. Greene, and
Ellis R. Levin
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Molecular Endocrinology 13: 307-319, 1999




Possible Components of ER Rapid Signaling

GPR30
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Cartoon depicting basic components of estrogen receptor rapid signaling. Estrogen receptora. (ERa) and ERB 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 ). 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, ERa-l 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
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Dendritic filopodia initiate synaptic
contacts with nearby axons.

Dr. Steve Smith, Stanford




Cofilin, an actin depolymerizing factor




Axon Terminal
Glutamate-Receptors: (presynaptic; with
ﬁ NMDA-receptors vesicles containing

glutamate)

I Cell adhesion molecules
PSD

§ Scaffold proteins | Dendritic Spine

[ S PR
(POSISYNaptiC)

2oy F-actin

¢ Actin binding proteins PSD-95
“\ER

& PG spinophilin

Phosphatases

Kinases

Dendrite Shaft

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

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.



Rapid estrogen actions
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Rapid Enhancement of Visual and Place Memory by
Estrogens in Rats
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Some major issues
1. Aging
2. Hormone therapy: E and P
3.What about males?

4. Sex and stress



1. The aging hippocampus

YOUNG

AGED

+ ESTROGEN

MORE NMDA R1
PER SYNAPSE

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
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Long-term treatment with estrogen and progesterone enhances
acquisition of a spatial memory task by ovariectomized aged rats™

Robert B. Gibhs*

Departmend af Pharmacentical Sclences, Uplversify af Pitlsingrgh Eechool of Pharmacy, T Sall Hall, Plasivegl, PA 15208, URA

Raceived 14 October 1999 receivad in revised fomm 24 January 2000; accepted 24 Janary 2000

Abstract

Female Spragus—Dawley rats were ovariectomized at 13 months of age. Four groups received different regimens of estrogen or estrogen
plus progesterone replacement beginning either immediately, 3 months, or 10 months after ovariectomy and were compared with
non-hommone-treated contrals, Eight to twelve months after owvariectomy, animals were trained on a delayved matching-to-position (DR P)
spatial memory task. Long-term treatment with estrogen or estrogen plus progesterons sigmficantly enhanced acquisition of the DMP task
by aged animals after long-term loss of ovarian function. Weekly administration of estrogen and progesterone was at least as effective as,
if not more effective than, continuous treatment with estrogen alone. In addition, treatment initiated 3 months, but not 10 months, after
ovariectomy was as effective at enhancing DMP acquisition as continuous estropen treatment initiated immediately after ovariectomy,
suggesting a window of opportunity after the loss of ovarian function during which hormone replacement can effectively prevent the effects
of aging and homone deprivation on cognitive function. These findings suggest that repeated treatment with estrogen and progesterons
initiated within a specific period of time after the loss of ovaran function may be effective at preventing specific negative effects of hormone
deprivation on brain aging and cognitive decline. © 2000 Elsevier Science Ine. All rights reserved.

Kevwardy: Hommong replacement; Aging; Alzheimer’s disease; Learning




2. Hormone Therapy - Estrogen and “Progestin”

210 Endorindogy, January 3002, 14301206212 Nilsen and Brinkon » Progestins Impat Neuroprolectbion
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Ultralow-Dose Micronized 17-Estradiol and
Bone Density and Bone Metabolism

in Older Women
A Randomized Controlled Trial
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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.



Estrogen receptor «, not 3, is a critical link in
estradiol-mediated protection against
brain injury
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Hippocampal Excitability Increases during the Estrous
Cycle in the Rat: A Potential Role for Brain-Derived
Neurotrophic Factor
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Parkinson’s story: alesson 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
178 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

H
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g Androgen
/ H receptor
Sa Dihydrotestosterone
H
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Testosterone
ER alpha
ER beta

Estradiol 178 Other?
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Courtesy of Prof. Kawat:
Model: Synthesis of Neurosteroids

Neurosteroids
Estradiol

Testosterone

glutamate

Src

NMDA . € PBK ——
receptor ‘ MAPK

cholesterol

P450scc

P45017a

17—HSD

3-HSD
P450arom

P45011P



Estradiol - Cerebellum
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Dendritic Growth and Spine Formation in Response to
Estrogen in the Developing PurKinje Cell
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3. What about males...and androgens?

H
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Estradiol 178 Other?



1588 - The Journal of He

Brief Communication
Gonadal Hormones Affect Spine Synaptic Density in the CA1l
Hippocampal Subfield of Male Rats

icine, New Haven, Connectic d ‘Center for

1590 - | Newressci, March 1,

Spine Synapse Density in the CA1
Hippocampal Subfield of Male Rats

Ly B
E
gt
]
=8
-
& 0E
1]
=N
L.
£ G
)
w)
-
g
|
=]
8 n
E
=
Z o

Control GDX GDX+TP GDX+DHT GDX+E2

Bar graph shows the result of the unbiase
inthe sratum radiatu CAT subfi




4. Gender and stress

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

g 8

% CONDITIONED RESPOMSES
b1
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TRIALS

Fi. |.  Effcets of sex and stress on acquisition of the conditioned
cycblink response. (4) In males, exposure to the siressor facilitated
acquisition of the CR 24 h after stressor cessation. (8) In females,
exposure to the same stressor impaired acquisition of the CR 24 h after
stressor cessation. Unstressed females elicited more CRs than uo-
stressed males during the first day of training (1-300 trials), but were
nol significantly different from each other by the second day of
training (301600 1rials). Spontancous (SPON} cyeblink activity was
not affected by sex.

Wood and Shors PNAS, US 95: 4066, 1998



Testosterone in utero and at birth dictates how
stressful experience will affect learning
in adulthood

Tracey ). Shors* and George Miesegaes

Department of Psychology and Center for Collaborative Meuroscience, Rutgers University

Edited by Bruce 5. McEwen, The Rockefeller Univel

Exposure to an acute stressful event can enhance learning in male
rats, whereas exposure to the same event dramatically impairs
performandce in females. Here we tested whether the presence of
sex hormones during early development erganizes these opposite
effects of stress on learning in males vs. females. In the first
experiment, males were castrated at birth whereas females were
injected with testosterone. Rats were trained as adults on the
hippocampal-dependent learning task of trace eyeblink condition-
ing. Performance in adult males that had been castrated at birth
was still enhanced by exposure to an acute stressful experience.
However, adult females injected with testosterone at birth re-
sponded in the opposite direction, i.e., exposure to the stressor

hanced their levels of

testosterone antagonist. After foster rearing, adult offspring were
exposad to the stressor and trained on the hippocam pal-dependent
learning task of tra

nhancement of conditioning
ited. Thus, the presence of sex
lopment organizes whether

after stress in adult males was
hormones during gestation and d
and how acute stressful experience will affect the ability to acquire
new information in adulthood. As with many sexual behaviors,
these cognitive responses to stress appear to be masculinized by
exposure to testosterone and feminized by its absence during very
early development.

e York, MY, and ap

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.




The Joumal of Neurcscience, May 1, 2001, 27(95:3207-3214

Anxiolytic and Anti-Stress Effects of Brain Prolactin: Improved
Efficacy of Antisense Targeting of the Prolactin Receptor by
Molecular Modeling

Luz Torner, Nicola Toschi, Agnes Pohlinger, Rainer Landgraf, and Inga D. Neumann

Max Flanck Institute of Peychiatry, 80804 Munich, Germany

We provide the first evidence that prolactin is a neuromodulator
of behavioral and neurcendocrine stress coping in the rat. In
virgin female and male rats, intracerebral infusion of ovine
prolactin (oPRL) into the lateral cerebral ventricle (intracerebro-
ventricular) exerted an anxiolytic effect on the elevated plus-
maze in a dose-dependent manner (0.1 and 1.0 pug/5 ul; p

0.01). In contrast, downregulation of the expression of the long
form of brain prolactin receptors by chronic intracerebroven-
tricular infusion of an antisense oligodeoxynuclectide (CDN)
{osmotic minipump, 0.5 pug-0.5 wl™'-hr"; 5 d) increased
anxiety-related behavior on the plus-maze compared with
mixed bases-treated and vehicle-treated rats (p < 0.01), again
demonstrating an anxiolytic effect of PRL acting at brain level.
Furthermore, in jugular wvein-catheterized female rats, the
stress-induced increase of coricotropin secretion was de-
creased after chronic intracerebroventricular infusion of oPRL

(osmotic minipump, 1.0 pg 0.5 wl™ " -hr~"; p = 0.05) and, in
contrast, was further elevated by antisense targsting of the
brain prolactin receptors { p < 0.01). This provides evidence for
a receptor-mediated attenuation of the responsiveness of the
hypothalamo-pituitary-adrenal (HPA) axis by prolactin. The an-
tisense ODN sequence was selected on the basis of secondary
structure molecular modeling of the target mBNA to improve
antisense ODN-mRMNA hybridization. Receptor autoradiogra-
phy confirmed the expected improvement in the efficacy of
downregulation of prolactin receptor expression [empirically
designed antisense, 30%; p = 0.05, not significant; adjustment
of target position after mRANA modeling, 72%; p = 0.05). Taken
together, prolactin acting at brain level has to be considerad as
a novel regulator of both emotionality and HPA axis reactivity.

Key words: ACTH; anxiety: choroid plexus; plus-maze; HFA
axis; mANA secondary structure




Naturally occurring variations in maternal behavior in
the rat are associated with differences in estrogen-
inducible central oxytocin receptors
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Naturally ococurring variations in maternal licking /grooming influ-
ence neural development and are transmitted from mother to
female offspring. We found that the induction of maternal behav-
ior in virgin females through constant exposure to pups (pup
sensitization) was significantly shorter in the offspring of High
ompared with Low licking/greoming mothers, suggesting differ-
in maternal respon . In randomly selected females
screened for individual dif ces in maternal respon y and
subsequently mated, there was a significant and negative corre-
lation (r = —0.73) between the latency to exhibit maternal behav-
ior in the pup sensitization paradigm and the frequency of pup
licking,/grooming during lactation. Females that were more ma-
ternally responsive to pups and that showed increased levels of
pup licking,/grooming also showed significantly higher oxytodn
receptor levels in the medial preoptic area, the lateral septum, the
central nucleus (n.) of the amygdala, the paraventricular n. of the
hypothalamus, and the bed n. of the stria terminalis. Intracerebro-
ventricular administration of an oxytocin receptor antagonist to
mothers on postpartum day 3 completely eliminated the differ-
i icking/grooming, suggesting that differences in

s are functionally related to maternal be-

Y. estrogen treatment of virgin females sign ntly

increased oxytocin receptor binding in the medial preoptic area
and |-¢.-|Il.-_'l‘d| :pptum of fumalp offqpnnu of ngh but not Low,
; nal

ions that regulate maternal behavior, providing
hanism for the intergenerational transmission of
individual differences in matemal behavior.

PNAS 23: 12736-41, 2001
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BRAIN OXYTOCIN: DIFFERENTIAL INHIBITION OF NEUROENDOCRINE STRESS
RESPONSES AND ANXIETY-RELATED BEHAVIOUR IN VIRGIN, PREGNANT AND
LACTATING RATS

[. D. NEUMANN.* L. TORNER and A. WIGGER

Max Planck Institute of Psychiatry, Kraepelinstr. 2, 80804 Munich, Germany

Abstract—The involvernent of brain oxytocin in the attenuated responsiveness of the hypothalamo-pituitary—adrenal axis and the
oxytocin systems to external stressors found in pregnant and lactating rats has been studied, including both neurcendocrine and
behavioural aspects. Intracerebroventricular infusion of an oxytocin receptor antagonist (0.75 pg/5 pl). but not of vehicle, elevated
basal corticotropin and corticosterone secretion into blood of virgin female, but not of late pregnant or lactating rats. Oxytocin
antagonist treatment further elevated the stress-induced (exposure to the elevated plus-maze or forced swimming) secretion of both
corticotropin and eorticosterone, but only in virgin and not in pregnant or lactating rats. Thus, corficotropin and corticosterone
plasma concentrations remained attenuated in antagonist-treated pregnant and lactating animals. In contrast, infusion of the
oxytocin antagonist significantly elevated the stress-induced seeretion of oxytocin into blood in pregnant and lactating, but net
inwvirgin, animals, indicating an autoinhibitory influence of intracerebral oxytocin on neurohypophysial oxytocin secretion induced
by non-reproduction-related stimuli. Treatment with oxytocin antagonist 10 min prior to behavioural testing on the elevated plus-
maze significantly reduced the anxiety-related behaviour in both pregnant and lactating rats, without exerting similar effects in
virgin female rats.

The results demonstrate a tonie inhibitory effect of endogenous oxytocin on corticotropin and, consequently, corticosterane
secretion in virgin female rats, an effect which is absent in the peripartum period. In contrast, an anxiolytic action of endogenous
oxytocin was detectable exclusively in pregnant and lactating rats. Therefore, we conclude that the actions of intracerebral oxytocin
include independent effects on the responses of the hypothalamo-pituitary—adrenal axis and oxytocin systems to stressors and the
anxiety-related behaviour which are modulated by the reproductive state of the animals. © 1999 [BRO. Published by Elsevier
Seience Ltd.

Key words: HPA axis, ACTH, corticosterone, elevated plus-maze, oxytocin, swinmming.
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It Ain’t Just Sex Anymore!

Gonadal hormones - widespread influences on brain
Many non-reproductive functions affected
Neuroprotection - eg stroke and aging

Estrogens, progesterone and progestins

Genomic and non-genomic mechanisms
Widespread role for aromatization of testosterone?
Developmentally-programmed gender differences
Sex-based differences in response to stressors
Important roles for pituitary hormones - prolactin,
oxytocin in anxiety and stress responsiveness.



Radioimmunocytochemistry (RICC)
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Estrogen treatment of OVX rats induces spinophilin
Immunoreactivity - blocked by a SERM, CI-628
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E effects on Spinophilin, PSD95, and
Syntaxin RICC
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