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Overview of research themes and achievements:

As a Ph.D. student of the late Alfred E. Mirsky and Vincent G. Allfrey in the early 1960's, | became
fascinated with the notion of environmentally-regulated, variable gene expression and with the possibility
that - in brain - circulating steroid and thyroid hormones coordinate neural with body function by regulating
the expression of nervous system genes. Moreover, the notion that the brain regulates the endocrine
system, and that the endocrine system, in turn, regulates brain function, provides a powerful model to
understand how external events influence behavior and the plasticity of the brain over hours, days and
even years. It should be remembered that, until fairly recently, study of gene expression in the brain was
not fashionable, and that ion movements and neurotransmission were the main focus of neuroscience
research.

When | joined the Neal Miller laboratory in 1966, | set out to elucidate, in cellular and molecular terms,
the basis for long-term effects of sex and stress hormones on the brain that were inferred from the
classical work of Frank Beach, Daniel Lehrman, W.C. Young, among others. | was one of the first
investigators to look for, detect and characterize receptors for steroid hormones in brain tissue in the late
1960's, and the work that has arisen from this has become one of the foundations of the growing
intersection between neurobiology, endocrinology and behavioral science. | consider that my laboratory
has played a major role in this progress.

In a major discovery, in 1968, | found receptors for adrenal steroids in the hippocampus of rats (and
later, rhesus monkeys) that are DNA-binding proteins that are now known to be transcription factors. This
discovery has triggered an ever-growing number of studies throughout the world on the neural effects of
adrenal steroids, secreted in stress and during the diurnal rhythm, on the hippocampal formation, and
some of the key figures in this work have trained in my laboratory. The investigations of stress effects on
hippocampal function and structure now have included the human hippocampus and have shown that it
undergoes atrophy in recurrent depressive illness, post-traumatic stress disorder, Cushing’s syndrome and
the early stages of dementia. These studies point to a role for the hippocampus in neuroendocrine
regulation and for a role of adrenal steroids in regulating neuronal atrophy in stress and the survival and
neurogenesis of dentate gyrus granule neurons, with accompanying changes in cognitive function, and
they have provided a new view of plasticity and vulnerability of the adult brain, which is now expanding to
understanding the actions of estrogens on the hippocampus. For example, my Ph.D. students, Robert
Sapolsky (now at Stanford) and Catherine Woolley (Northwestern) and former postdoctoral fellows,
Michael Meaney (McGill), E.R. deKloet (Leiden), Victoria Luine (Hunter College), Roberta Brinton (USC)
and Elizabeth Gould (Princeton) have each made important contributions — deKloet, having identified two
adrenal steroid receptors subtypes in brain and shown the importance of steroid uptake for access of
stress hormone to the brain; Sapolsky, having elucidated the destructive role of adrenal steroids in aging,
ischemia, excitotoxic damage and stress; Meaney, having shown how early developmental experiences
help determine individual differences in the rate at which the hippocampus ages; deKloet, having
demonstrated two types of adrenal steroid receptors in hippocampus and elucidated their effects on
neuronal excitability; Gould, having demonstrated stress-regulated nerve cell replacement in the dentate
gyrus of old and new world primates, as well as rodents and tree shrews; Woolley, having demonstrated



the estrogen-induced synapse formation (see below) is linked specificially to increased NMDA receptors;
Luine, having elucidated sex differences in stress effects on cognitive function; Brinton, having provided
the cellular basis for estrogen’s neuroprotective effects on nerve cells by managing calcium buffering.

My own recent work on adrenal steroids in hippocampus has begun to distinguish between the
destructive and the protective effects of adrenal steroids on the brain. One of our recent discoveries is that
hippocampal neurons undergo atrophy after repeated psychological, including psychosocial, stress, and
that this process most likely involves a reversible depolymerization or proteolysis of the cytoskeleton.
Recent clinical studies have begun to show that the human hippocampus is subject to the types of effects
first detected in the rat brain, and it may soon be possible to intervene and attempt to reverse human
hippocampal atrophy with agents, such as Dilantin, that we find are able to block atrophy in the rat brain.
In addition, we have found other types of plasticity within the hippocampus regulated by adrenal steroids,
namely, rapid biphasic effects on long-term potentiation and on memory processes and long-term effects
that regulate neurogenesis and cell death in the dentate gyrus and which may be related to seasonal
changes in dentate gyrus volume. Our discovery of neurogenesis in the dentate gyrus is another
prominent example of cellular plasticity in the adult hippocampus that may underlie seasonal changes in
hippocampal volume and cognitive function. In many of these types of plasticity, we have also discovered
that glutamate and NMDA receptors play a key role along with adrenal steroids and we are currently
exploring the mechanisms of these effects. In contrast to the hippocampus, the amygdala shows growth
and enhanced function after single and repeated stress, and new studies indicate that this process
depends on different mediators from those in hippocampus, such as tissue plasminogen activator (tPA).
Enhanced fear and aggression are among the consequences of changes in the amygdala. Now, new
studies in my laboratory are revealing stress-induced remodeling of synapse and dendrites in regions of
the prefrontal cortex, as well as behavioral effects on attention, executive function and extinciton of learned
fear.

Besides adrenal steroids, gonadal hormone action has been a major topic of my research. My first
Ph.D. student, Richard Zigmond, and | were the first to characterize brain estrogen receptors, and this led
to a series of discoveries in my laboratory in four directions.

- The first was to detect estrogen receptors in the developing brain and to demonstrate the role of
aromatization of testosterone in rat brain sexual differentiation.

- The second was to determine key events in estrogen action on the brain, including induction of
progestin receptors, certain neurotransmitter receptors and some key enzymes, such as choline
acetyltransferase, and to demonstrate, in the ventromedial nuclei of the hypothalamus, a critical role for
protein synthesis, including progestin receptor and oxytocin receptor induction, in the activation of female
sexual behavior. This work provided the first substantive details of the molecular events and cellular
changes which underlie hormonal activation of a behavior. My studies with Victoria Luine (now at Hunter
College), of choline acetyltransferase induction by estrogens in basal forebrain of rats, were the basis of
the first trial of estrogens as a treatment for Alzheimer's disease in postmenopausal women at Rockefeller
Unversity, by Dr. Howard Fillit in the mid-1980’s, a topic that has recently been revived with new
epidemiological data that estrogens may protect the brain from dementia.

- The third was to discover that estradiol induces structural changes, including synaptogenesis, in the
adult ventromedial hypothalamus and in the hippocampus; and that these are cyclic events in the estrous
cycle of the female rat. Cyclic synaptogenesis in the hippocampus is perhaps the most dramatic example
of synaptic plasticity in the adult brain, and its existence may help explain the protective and cognition
enhancing effects of estrogen replacement in post-menopausal and demented women. We have found
that, like neurogenesis and dendritic atrophy, estrogen induction of new synapses also requires the
participation of NMDA receptors and, therefore, must reflect interactions between circulating hormones
and excitatory neuronal activity. This is a novel concept with implications for the mechanisms of hormone
action and neural plasticity.

- The fourth is to identify estrogen receptors outside of the cell nucleus in hippocampus, where they
participate in non-genomic actions of estradiol via second messenger systems such as Akt. A recent
demonstration of this is the finding that estradiol stimulated Akt phosphorylation, which in turn, regulates
phophorylation of a regulatory subunit of a eukaryotic translation initiation factor, leading to increased de
novo synthesis of a post-synaptic anchoring protein, PSD-95, a constituent of dendritic spines.



| have made contributions in five other research areas, spanning almost 40 years. First, Bernice
Grafstein and | published, in 1968, the first characterization of the rapid axonal transport of newly-
synthesized proteins in particulate material in the goldfish optic nerve, and followed this with papers
characterizing components of that transported material. Second, in the 1970's, David Quartermain and |
published several important papers demonstrating the reversibility, by a "reminder" procedure, of
retrograde amnesia induced by protein synthesis inhibitors and electroconvulsive shock; this finding cast
doubt on the permanence of retrograde amnesia and on the "consolidation" model of passive avoidance
learning. This top has been reactivated recently in the work on “reconsolidation” of fear conditioning.
Third, in 1987, Kelvin Gee, Roberta Brinton and | published a paper showing that A-ring reduced
metabolites facilitated opening of the chloride channel of the GABAa receptor at 50 nanomolar
concentrations when GABA was included in the incubation buffer. This paper provided the impetus for
regarding the A-ring metabolites of progesterone and desoxycorticosterone as endogenous modulators of
the GABAa receptor and led Kelvin Gee to form a biotech company, CoCensys, of which | was a founding
member and advisor. Neurosteroids related to allopregnanolone are now important in the mechanism of
disorders such as PMDD (premenstrual disphoric disorder).

Fourth, over the past 16 years | have worked with two research networks of the MacArthur Foundation
Health Program and more recently the National Council on the Developing Child to apply concepts of
stress neurobiology to understand how stressful experiences affect health. Together with the late Elliot
Stellar, | developed a concept called “allostatic load” which refers to the cost to the body and brain of
adaptation to chronic stress. Validation and measurement of “allostatic load” continues as an alternative to
more conventional measures of stress, and | am involved in a MacArthur Research Network on
Socioeconomic Status and Health in applying the concept to understanding why gradients of health exist
across the range of socioeconomic status and not merely at the extreme bottom of the scale. Besides a
publication for the public called “Reaching for a Healthier Life” with my Network colleagues, this also
resulted in my co-authoring a successful book, The End of Stress as We Know It, published in 2002. Fifth,
MacArthur support enabled my laboratory to support a project dealing with stress effects on immune
function that has shown that acute stress enhances immune function by promoting immune cell
movements to locations in the body where they are needed to fight an infection. This work has also
provided a vehicle for the training of another outstanding young scientist, Dr. Firdaus Dhabhar, who
received his Ph.D. at Rockefeller and then postdoctoral training and is now an Associate Professor at
Stanford University. Sixth, with the ending of the MacArthur Research Network at the end of 2009, | have
joined the National Council on the Developing Child, headed by Dr. Jack Shonkoff, M.D., Harvard
Uniiversity, to further apply principles of stress neurobiology to the important area of the lasting effects of
adversity early in life on brain and body. Recently, | co-authored a widely cited review in JAMA [Shonkoff,
J.P., Boyce, W.T., and McEwen, B.S. Neuroscience, molecular biology, and the childhood roots of health
disparities. JAMA 301:2252-2259 (2009]. Moreover, growing out of the MacArthur and National Council
activities, | was an organizer and chair of the Science Section of the National Summit on Integrative
Medicine at the National Academy in February, 2009, the report of which will be released in Fall, 2009.
This effort is providing further scientific substance to the Health Care Reform efforts within Congress.
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