NEWS AND VIEWS

Glucocorticoids and Hippocampal Atrophy
in Neuropsychiatric Disorders

Robert M. Sapolsky, PhD

n extensive literature stretching back decades has shown that prolonged stress or pro-
longed exposure to glucocorticoids—the adrenal steroids secreted during stress—
can have adverse effects on the rodent hippocampus. More recent findings suggest a
similar phenomenon in the human hippocampus associated with many neuropsychi-
atric disorders. This review examines the evidence for hippocampal atrophy in (1) Cushing syn-
drome, which is characterized by a pathologic oversecretion of glucocorticoids; (2) episodes of
repeated and severe major depression, which is often associated with hypersecretion of glucocor-
ticoids; and (3) posttraumatic stress disorder. Key questions that will be examined include whether
the hippocampal atrophy arises from the neuropsychiatric disorder, or precedes and predisposes
toward it; whether glucocorticoids really are plausible candidates for contributing to the atrophys;
and what cellular mechanisms underlie the overall decreases in hippocampal volume. Explicit memory
deficits have been demonstrated in Cushing syndrome, depression, and posttraumatic stress dis-
order; an extensive literature suggests that hippocampal atrophy of the magnitude found in these

disorders can give rise to such cognitive deficits.

Glucocorticoids (GCs), the adrenal ste-
roids secreted during stress, typify the
double-edged quality of the stress-
response. When secreted transiently (dur-
ing the brief physical challenge typical of
mammalian stress), GCs aid survival. Glu-
cocorticoids mobilize energy, increase car-
diovascular tone, suppress unessentials
such as growth, tissue repair, and repro-
duction, and potentiate aspects of immu-
nity while preventing activity to the point
of autoimmunity.'*

However, excessive GCs, can have
deleterious consequences, including in-
creased risks of hypertension, insulin-
resistant diabetes mellitus, amenorrhea,
impotency, ulcers, and immune suppres-
sion."? In addition, GCs can also have ad-
verse effects in the nervous system, dis-
rupting learning and memory, and synaptic
plasticity.” Glucocorticoids can also have
adverse morphologic effects, particularly
in the hippocampus, a primary neural GC
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target site, with plentiful corticosteroid re-
ceptors. These effects include impairing
neurogenesis, causing atrophy of den-
dritic processes and, at an extreme, a neu-
rotoxic effect.

These data have been derived from
studies of laboratory animals. This ar-
ticle reviews the possibility that GCs have
adverse morphologic effects in humans
with Cushing syndrome, depression, or
posttraumatic stress disorder (PTSD); spe-
cifically, these disorders all seem to in-
volve a volume loss in the hippocampus.

ADVERSE EFFECTS OF GCs ON
HIPPOCAMPAL MORPHOLOGIC
FEATURES IN ANIMALS

In reviewing this subject, it is worth begin-
ning with a brief overview of hippocampal
anatomy and function. The hippocampus
is a bilateral subcortical structure in the tem-
poral lobe, with a laminar organization. Each
such lamella has a characteristic circuitry.
Axonal inputs from the entorhinal cortex
enter the hippocampus and form synapses
on granule neurons in the dentate gyrus.
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Such neurons, in turn, send axonal
projections to CA3 pyramidal neu-
rons that project, in turn, onto
pyramidal neurons in the CA2,
CAl, and subicular regions. Such
neurons then send their projections
outside of the hippocampus. While
there are additional connections to,
from, and within the hippocampus,
this “trisynaptic circuit” is the best
characterized.

The hippocampus has a variety
of functions, but its best docu-
mented one is in the realm of learn-
ing and memory. A vast literature
shows that the structure plays a criti-
cal role in the consolidation of short-
term into long-term explicit memory.*
“Explicit memory” can most readily
be thought of as conscious factual
memory (such as the recall of what
month it is for a human or the cor-
rect route in a maze for a laboratory
animal), and it is typically con-
trasted with “implicit memory” (such
as the knowledge of riding a bicycle
for a human or a conditioned re-
sponse in an animal). The instances
of hippocampal atrophy that will be
considered are likely to be of clinical
significance in the cognitive realm.
This is because subtle hippocampal
damage has been shown often to give
rise to explicit memory deficits, and
such deficits are found in all 3 of these
disorders to be discussed.

Atrophy of Dendritic Processes

(In the interest of brevity in this and
the next 2 sections, readers are di-
rected to more detailed reviews, and
only pertinent studies published
since those reviews will be cited.)
Complexly arborized dendritic pro-
cesses are prerequisites for the for-
mation of elaborate neural net-
works, and GCs can atrophy such
processes. Prolonged stress de-
creases numbers of apical dendritic
branch points and the length of
apical dendrites in hippocampal CA3
neurons in rodents and nonhuman
primates.”® This effect is GC-de-
pendent and can emerge after a few
weeks of GC overexposure in ro-
dents. Moreover, such atrophy cor-
relates with impaired explicit
memory.

Glucocorticoid-induced atro-
phy seems to be mediated by an ex-
cess of excitatory amino acid (EAA)

neurotransmitters such as gluta-
mate. Glucocorticoids increase EAA
concentrations in hippocampal syn-
apses. Pharmacological blockade of
EAA release or EAA receptors (par-
ticularly, the N-methyl-D-aspartic acid
receptor) prevent GC-induced atro-
phy. In addition, GCs can have ad-
verse effects on levels or efficacy of
neurotrophins, particularly brain-
derived neurotrophic factor, that nor-
mally play arole in the maintenance
of normal dendritic arborization.
Thus, transient GC overexpo-
sure can alter neuronal morpho-
logic features in a manner deleteri-
ous to explicit memory. Critical to
evaluating some human data to be
discussed, with the abatement of the
stressor or GC exposure, there is re-
growth of dendritic processes.

Inhibition of Adult Neurogenesis

Long-standing dogma is that adult
neurons are postmitotic and, as such,
a neuron lost cannot be replaced.
Thus, the recognition that neurogen-
esis does, in fact, occur in the adult
brain is revolutionary®’ (although the
extent and relevance of the phenom-
enon has been questioned by some
investigators®). Such neurogenesis is
particularly pronounced in the hip-
pocampal dentate gyrus, occurs in ro-
dents, nonhuman primates, and hu-
mans, and can be stimulated by
manipulations such as environmen-
tal enrichment. Perhaps most remark-
ably, there is evidence that new neu-
rons can support hippocampal
function.

Glucocorticoids or stress in-
hibit such neurogenesis.®” This seems
to be physiologically significant, in
that the decreased neurogenesis in
aged rats is eliminated by removing
the elevated GC levels typical of ag-
ing.® Of possible relevance to under-
standing this effect, GCs cause cell
cycle arrest in peripheral tissues.**!!
In addition, N-methyl-D-aspartic
acid-receptor activation by gluta-
mate inhibits dentate neurogen-
esis'? and, as noted, GCs elevate syn-
aptic concentrations of glutamate in
the hippocampus.

Neurotoxic Effects

As the most extreme example of the
adverse effects of GCs in the cen-

tral nervous system, the hormone
has neurotoxic effects in the hippo-
campus in some circumstances.>®>1
Prolonged exposure to the levels of
GCs achieved during major stress-
ors for weeks to months in the ro-
dent can kill CA3 neurons and cause
explicit memory deficits and im-
paired synaptic plasticity in the hip-
pocampus. Exposure to stress itself
(eg, restraint, aversive learning tasks)
for similar periods can cause loss of
CA3 neurons in both rodents and
primates. Finally, manipulations
which reduce lifelong GC expo-
sure (adrenalectomy or behavioral
manipulations that chronically de-
crease GC concentrations) de-
crease neuron loss in the aging hip-
pocampus, as well as protect from
some of the cognitive deficits of
aging.

Thus, cumulative lifelong GC
exposure can act as a significant
pacemaker of hippocampal aging
and neuron loss. However, there is
considerable strain and individual
differences in this phenomenon, and
even differences in the amount that
neonatal rats are handled can alter
the susceptibility to GC-induced
neurotoxic effect during aging.

Few studies have examined the
cellular mechanisms underlying
these instances where GC excess
causes neuron loss over the course
of months, because of the obvious
technical difficulties of such stud-
ies. Glucocorticoids can compro-
mise the ability of neurons to sur-
vive a variety of neurologic insults
that involve excesses of glutamate
and calcium (a subject not perti-
nent to the present review), and it
has been speculated that prolonged
exposure to GCs is not actually di-
rectly neurotoxic, but rather sensi-
tizes neurons to extremely mild in-
sults. However, this idea remains to
be tested.

Finally, while an excess of GCs
can have a neurotoxic effect in the
hippocampus, the complete elimi-
nation of GCs by adrenalectomy
leads to apoptotic loss of dentate
granule neurons." This underlines
the use of the complex negative
feedback regulation of GC secre-
tion, in that both pathologic hyper-
secretion and hyposecretion can be
damaging to the hippocampus. As
this short review indicates, GCs
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have a variety of adverse effects in
the hippocampus.

HIPPOCAMPAL ATROPHY IN 3
HUMAN NEUROPSYCHIATRIC
DISORDERS

Cushing Syndrome

Cushing syndrome arises from ad-
renocorticotropic hormone— or cor-
ticotropin-releasing hormone—
secreting tumors, resulting in
hypercortisolism. The numerous
pathogenic consequences of this now
seem to include loss of hippocam-
pal volume.

In the initial report,'® subjects
were patients with Cushing syn-
drome (10 women, 2 men) whose
disorder was estimated to have gone
undiagnosed for 1 to 4 years (based
on patient self-reports and photo-
graphic evidence of when the dis-
ease became apparent). Magnetic
resonance imaging (MRI) indi-
cated no change in total intra-
cranial volume but bilateral hippo-
campal atrophy, expressed as a
percentage of total intracranial vol-
ume. As a problematic issue, no con-
trol group was imaged. Instead, sub-
jects were compared with published
norms derived from healthy age-
matched individuals. Such compari-
sons indicated that 27% of subjects
had hippocampal volumes below the
95% confidence interval. However,
as an important within-group find-
ing, more severe atrophy was asso-
ciated with more severe hypercor-
tisolism.

In a second report,'” patients
with Cushing syndrome (17 women,
5 men) were imaged at the time of
corrective surgery, and at an aver-
age of 17 months later (range, 5-52
months). Hippocampal volume in-
creased bilaterally following the
abatement of the hypercortisolism.
The increase averaged a significant
3% (10% in one case) and was pre-
dicted by the extent to which corti-
sol levels normalized after surgery.
Again, no control group was im-
aged, making it unclear whether the
increase completely normalized the
volume. Neither estimated disease
duration nor time after surgery pre-
dicted the extent of expansion; how-
ever, extent of expansion nega-
tively correlated with age. Finally, in

one subject, surgery did not re-
verse the hypercortisolism; in this in-
dividual, hippocampal volume de-
creased after surgery. Thus, the
hypercortisolism of Cushing syn-
drome seems to be accompanied by
reversible bilateral hippocampal at-
rophy in both sexes in the 2 studies
that have examined the issue.

Depression

Severe, chronic depression may also
be associated with morphologic brain
changes. In the first article to be con-
sidered,'® volumetric MRIs were stud-
ied from 10 women with a history of
prolonged, severe depression, but in
remission from 6 months to 4 de-
cades. Control subjects were matched
for age, sex, height, education, and
handedness. Subjects did not differ
from controls in basal cortisol con-
centrations or responsiveness to dexa-
methasone therapy. There was no
change in overall cerebral volume, but
asignificant 15% reduction in left hip-
pocampal volume, and a significant
12% reduction in right hippocampal
volume. Patients with former depres-
sion also showed large low-signal foci
throughout the hippocampus. Atro-
phy was still demonstrable after con-
trolling for history of alcohol use, an-
tidepressant treatment, depression
severity, and history of electrocon-
vulsive therapy.

In a follow-up study of 24
women with histories of severe de-
pression and remission for a mini-
mum of 4 months," controls were
matched for age, sex, height, edu-
cation, and adrenocortical profiles.
Results indicated 10% and 8% re-
ductions in left and right hippocam-
pal volumes, respectively, with no
change in total cerebral or total
amygdaloid volumes. There was no
relation between age and hippocam-
pal volume reduction in patients
with former depression. (Nor had
there been in controls, counter to
prior reports; the authors had ex-
cluded subjects with any medical
problems and speculated that their
controls constituted “supernor-
mal” aged.") Again, longer-duration
depressions predicted greater atro-
phy. Patients with former depres-
sion also had smaller volumes of the
core nuclei of the amygdala, which
correlated with the extent of hippo-

campal atrophy. The hippocampal
atrophy persisted after controlling
for a history of electroconvulsive
therapy, or of estrogen replace-
ment therapy.

A third report concerned 6
women and 10 men with a history of
severe, repeated depressive episodes
but in remission for an average of 7
months (range, 1/2-28 months).?°
Controls were matched for age, sex,
education, handedness, and history of
alcohol abuse. Magnetic resonance
imaging scans revealed atrophy av-
eraging a significant 19% in the left
hippocampus, and a nonsignificant
12% in the right hippocampus. There
was no change in overall brain vol-
ume, or volumes of left amygdala,
caudate, or frontal or temporal lobe.
Surprisingly, there was increased ab-
solute volume of the right amygdala
in patients with former episodes of
depression. The extent of hippocam-
pal atrophy was unrelated to the
number of depressive episodes, of
hospitalizations, duration of remis-
sion, age, or severity of alcohol abuse.

In one study,*! patients with
former episodes of depression con-
stituted a control group, and showed
no evidence of hippocampal atro-
phy, in comparison with controls
with no depressive history. How-
ever, it was not indicated how se-
vere or chronic the depressions were,
making comparison with the other
3 studies impossible. Finally, a num-
ber of studies*** failed to observe
any volume change in the hippo-
campus of patients with severe de-
pression. However, all of these stud-
ies used older and less sensitive MRI
technology with approximately an
order of magnitude of less anatomi-
cal resolution than in the more re-
cent studies just discussed, such that
it was impossible to differentiate be-
tween hippocampus and amygdala
in any of these studies.

To summarize, all 3 studies that
have used MRI technology that can
image the hippocampus alone, and
that have examined volumetric cor-
relates of severe and repeated de-
pression that persist after depres-
sions have resolved all reported
hippocampal atrophy. That extent of
atrophy was not predicted by dura-
tion of remission (in the sole study
examining this?®) suggests that the
atrophy does not resolve over time.
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Instead, tentatively, it appears to be
irreversible.

Posttraumatic Stress Disorder

An initial report® involved 26 male
Vietnam combat veterans with PTSD.
Control subjects were matched for
age, sex, race, education, body size,
socioeconomic status, and years of al-
cohol abuse. This final factor was criti-
cal, given high rates of alcoholism in
patients with PTSD, and the neuro-
toxic effect of alcohol.”” Results indi-
cated a significant 8% right hippo-
campal atrophy, and a nonsignificant
3.8% left hippocampal atrophy. Nei-
ther caudate nor temporal lobe vol-
umes differed.

Gurvits et al”® examined 7 male
Vietnam combat veterans with PTSD,
and included 2 control groups: one
a trauma-free nonveterans (n=8) and
the second, veterans exposed to com-
bat trauma but without PTSD (n=7).
Hippocampal volume did not differ
between the 2 control groups and
data were combined; subjects with
PTSD had 26% and 22% atrophy of
the left and right hippocampi, re-
spectively. Such atrophy remained af-
ter adjusting for age and whole brain
volume, and was weakened, but still
significant for the left hippocam-
pus, when adjusted for cumulative al-
cohol exposure. In contrast, whole
brain volume, ventricular volume,
ventricular-brain ratios, and amyg-
daloid volume did not differ. As an
important covariance in these data,
the subjects with PTSD had more se-
vere combat exposure (as measured
by a standard instrument, the Com-
bat Exposure Scale) than did the
combat controls. Furthermore, the
significant relation between sever-
ity of combat exposure and hippo-
campal volume included data from
both veterans with and without
PTSD, and while the article did not
analyze the relation within the
group, my own analysis indicates no
significant relation in either popu-
lation alone. Thus, hippocampal at-
rophy may be more a function of the
severity of the trauma, rather than
of succumbing to PTSD following
trauma.

Two studies considered PTSD
arising from childhood sexual abuse.
One® concerned 21 women with a
self-reported history of severe abuse.

Control subjects were trauma free and
matched for age, sex, height, weight,
education, handedness, and socio-
economic status. No subjects had his-
tories of head injury. Abused sub-
jects had higher rates of histories of
substance abuse than did controls, but
did not differ in active alcohol abuse.
Left hippocampal volumes (as a per-
centage of brain slice volume) in
abused subjects were a significant
4.9% smaller than in controls, while
right hippocampal volumes were a
nonsignificant 2.9% smaller. Atro-
phy remained after controlling for al-
cohol and drug histories. There was
no relation between hippocampal vol-
ume and age, severity of abuse, or
neuropsychological scores. Smaller
hippocampi among abused subjects
predicted more severe dissociative
symptoms. Importantly, only 15 of
those 21 abused subjects had PTSD.
If atrophy were a function of the
PTSD, there should be a significant
difference in volume between those
6 abused subjects and those with
PTSD. Instead, there was no differ-
ences between those 6 and either the
remaining 15, or controls (M. Stein,
MD, e-mail communication, Octo-
ber 22, 1999). Given the caveat of the
extremely small sample size, this again
raises the issue of whether atrophy is
a function of trauma or of develop-
ing PTSD following trauma.

The final study® compared 5
women and 12 men with PTSD aris-
ing from severe childhood sexual or
physical abuse with controls matched
for age, sex, race, education, body size,
handedness, and years of alcohol
abuse. Subjects with PTSD had a sig-
nificant 12% left hippocampal atro-
phy and a nonsignificant 5% right hip-
pocampal atrophy. Temporal lobe,
caudate, and amygdala volumes were
not different. There were no correla-
tions between hippocampal volume
and age of onset or duration of abuse
and the time since it had stopped
when controlling for age, sex, height,
weight, education, or for substance
abuse history. Importantly, atrophy
was still demonstrable when control-
ling for a history of major depres-
sion along with the PTSD. Thus, with
the exception of one recent abstract
to be considered below, all studies that
have examined hippocampal vol-
ume changes in PTSD have reported
atrophy.

Collectively, hippocampal at-
rophy can be associated with Cush-
ing syndrome, prolonged major de-
pression, and PTSD following
combat trauma or childhood abuse.
Such atrophy is demonstrable in
both sexes and ranges from 5% to
26%. (There is profound hippocam-
pal atrophy in Alzheimer disease, as
well as reports of such atrophy in
schizophrenia; neither are consid-
ered herein, in that the atrophy in
Alzheimer disease is well under-
stood and the defining feature of
the disease, while the atrophy in
schizophrenia is far from consis-
tently demonstrated.)

SOME KEY ISSUES
Are These Effects Lateralized?

While there is not an asymmetry in
volume in the normal human hippo-
campus, there is evidence for lateral-
ization of function in that the left hip-
pocampus seems to play more of a
role in verbal performance on cogni-
tive tasks whereas the right hip-
pocampus plays more of a role in
spatial tasks.’! Thus, it becomes of
interest to determine whether the hip-
pocampal volume loss reported in
these disorders is symmetric. Some in-
vestigators® suggest that right hip-
pocampal atrophy predominates in
PTSD arising from adulthood (as in
Bremner et al?® but not Gurvits et al*®),
whereas left atrophy predominates in
PTSD arising from childhood.?**°
Given the small number of studies,
plus the minimal laterality in some
cases (eg, 4.9% vs 2.9% atrophy in left
vs right side??), more study is needed.
In depression, all 3 reports indicate
greater atrophy in the left hippocam-
pus'®2; again, however, the differ-
ences are small (eg, 15% vs 12% at-
rophy in left vs right side'®). Finally,
data from patients with Cushing syn-
drome indicate no asymmetry.

How Much Anatomical
Specificity Is There to the
Hippocampal Atrophy?

Is the atrophy restricted to the hip-
pocampus? (One might also ask
whether atrophy is selective to spe-
cific hippocampal cell fields, but this
requires an anatomical resolution be-
yond the means of current MRI
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technology.) The Cushing syn-
drome study that demonstrated in-
creased hippocampal volume after
normalization of cortisol levels also
demonstrated a significant, albeit
smaller, increase in caudate vol-
ume. Furthermore, cortical and cer-
ebellar atrophy and ventricular en-
largement occurs in patients with
Cushing syndrome.*® Thus, the hip-
pocampus seems to be one of a num-
ber of sites morphologically altered
in Cushing syndrome.

In the case of patients with
former episodes of depression, there
were no changes in overall brain vol-
ume,'®2° or in volumes of the left
amygdala, caudate, or frontal or tem-
poral lobe.?® One group reported
smaller volumes of the core nuclei
of the amygdala,'®** while another
reported increased absolute vol-
ume of the right amygdala.?

Studies of individuals with on-
going chronic depressions indicate
less consistent and more diffuse
brain changes. Changes include en-
larged ventricles and diffuse corti-
cal and subcortical atrophy (includ-
ing the hippocampus).?*>*¢ One of
those studies®® concerned psy-
chotic depression, which may well
be a different illness with different
pathology, while another study?®
concerned geriatric patients with de-
pression, where there was the con-
found of comorbid medical ill-
nesses that were likely to have
neurologic components). In one of
those studies®! patients with depres-
sion had normal adrenocortical pro-
files at the time of the MRIs. Imag-
ing studies have indicated volume
loss in prefrontal cortex, and post-
mortem studies suggest that these
arise from loss and shrinkage of neu-
rons and/or glia in prefrontal cor-
tex.’”*! The imaging studies of pa-
tients with former depression have
not reported on frontal cortical vol-
ume; however, the postmortem dem-
onstration of cell loss underlying the
volume loss suggests that the latter
should persist with the resolution
of depression. Finally, bilateral loss
of caudate or putamen volume in
ongoing depression has been
reported in some** but not all
studies.?*®

Thus, studies of ongoing de-
pressions report ventricular enlarge-
ment and loss of gray matter in the

cortical and subcortical regions.
With the resolution of depression,
the most consistent residual change
reported by MRI is hippocampal at-
rophy, ranging from 8% to 19% (and
with volume loss in frontal cortical
regions likely as well). Finally, the
hippocampal atrophy of PTSD ap-
pears to be fairly specific in that
atrophy is not consistently ob-
served in whole brain, temporal lobe,
ventricular, caudate, or amygda-
loid volume.

Thus, there is some sugges-
tion of volume changes in many ad-
ditional brain regions in these dis-
orders. As one of the organizing
ideas of this review, GCs may play
a role in mediating the hippocam-
pal atrophy demonstrated. Despite
the evidence for that, to be dis-
cussed later, there is no reason to be-
lieve that the additional brain vol-
ume changes reported could have
been predicted by the brain-wide dis-
tribution of GC receptors (ie, re-
gions with great receptor concen-
trations are more likely to have
shown atrophy). For example, atro-
phy has been reported in regions
with both plentiful and sparse num-
bers of such receptors (frontal cor-
tex and cerebellum, respectively),
while there is evidence of both de-
creased and increased volume in an-
other region rich in such receptors
(the amygdala).

Does the Hippocampal Atrophy
Have Functional Consequences?

Three types of evidence suggest this
to be the case. First, in normative hu-
man aging a small hippocampus and
deficits in consolidation of long-
term explicit memory as well as and
elevated cortisol concentrations all
covary. ¥

Second, reports preceding the
MRI studies under discussion indi-
cate explicit memory deficits in
Cushing syndrome,* depression,*
severe depression in remission,'® and
PTSD.*#

A final form of evidence is the
demonstration of cognitive deficits
in the same studies demonstrating
hippocampal atrophy. In patients
with Cushing syndrome, the ex-
tent of hippocampal atrophy, of hy-
percortisolism, and of deficits in ex-
plicit memory all covaried.'® One

study of patients with former epi-
sodes of depression indicated ex-
plicit memory deficits’; however,
this was not correlated with the ex-
tent of atrophy. Finally, in the case
of PTSD, studies reporting the great-
est degrees of atrophy (12%-
26%%?®) demonstrated explicit
memory deficits, whereas the study
reporting the least significant atro-
phy (4.9%?°) found no such impair-
ments. Stein et al* speculated that
the absence of cognitive problems
could reflect the minimal degree of
atrophy coupled with its presumed
emergence early in life (this was a
childhood abuse study), allowing for
developmental compensation. Those
authors observed that more severe
hippocampal atrophy predicted
more severe dissociative symp-
toms. Dissociation is thought to re-
flect a failure of integration of as-
pects of identify and consciousness
with memory® and, thus, may re-
flect memory deficits more subtle
than revealed by the neuropsycho-
logical tests employed.*

These studies suggest that the
hippocampal atrophy found in these
disorders may have cognitive con-
sequences. Moreover, similar cog-
nitive impairments have been re-
ported in response to excessive
exposure to GCs.?

When Does Hippocampal
Volume Loss Occur?

Does hippocampal atrophy emerge
as a consequence of Cushing syn-
drome, prolonged depression, or
PTSD, or is it possible that the at-
rophy precedes and predisposes to-
ward those disorders?

In Cushing syndrome, there
seems to be no plausible route by
which a small hippocampus might
predispose toward an adrenocorti-
cotropic hormone—secreting carci-
noma of the lungs, or a pituitary mi-
croadenoma (2 common causes of
Cushing syndrome). This strongly
implies that hippocampal atrophy
emerges as a consequences of the
syndrome.

In depression, investigators tac-
itly assume that atrophy is a conse-
quence of depression.'® Specula-
tions about the causality being
reversed could involve the idea of the
cognitive consequences of a small
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hippocampus predisposing toward
depression. Recall, however, that
hippocampal atrophy in patients
with former episodes of depression
correlated with longer cumulative
durations of, but not with more se-
vere, depression, or more depres-
sive episodes."® It seems difficult to
posit a model in which more severe
hippocampal atrophy predisposes to
more prolonged depression but not
to more severe depression or more
depressive episodes. This seems to
argue against the idea of atrophy pre-
ceding depression.

In the more complicated situ-
ation of PTSD, the question be-
comes whether atrophy occurs prior
to trauma, as a result of trauma, or
as a result of the stress disorder fol-
lowing trauma. As the first possibil-
ity, a small hippocampus could pre-
cede the trauma and predispose
toward developing PTSD in re-
sponse to it, an idea aired in both
combat trauma articles. This is be-
cause the prevalence of PTSD among
combat veterans is only 15% at any
given time and 30% lifetime,’! sug-
gesting some sort of vulnerability
among that subset of individuals
arising from prior biological and/or
environmental factors. Supporting
this, there is a significant concor-
dance among twins in vulnerability
to PTSD following combat.’* Fur-
thermore, succumbing to PTSD is
more likely among combat veter-
ans with childhood soft neurologic
signs (ie, attention deficit, hyperac-
tivity, learning problems, and en-
uresis),’® or with lower 1Q scores at
the time of enlistment.”* These find-
ings make more plausible the idea
of a smaller hippocampus preced-
ing the trauma as well. It has been
postulated that the smaller hippo-
campus and lower IQ may increase
the likelihood of being exposed to
certain types of trauma (eg, increas-
ing the likelihood of being as-
signed to front line combat> or may
limit coping mechanisms for deal-
ing with trauma).>*

Some points argue against the
predisposition idea, however. First,
as discussed, some data suggest that
hippocampal atrophy is more asso-
ciated with trauma itself, than with
succumbing to PTSD. Second, most
victims (67%) of repeated rape de-
velop PTSD.”® These findings can be

reconciled with the predisposition
idea only in the implausible situa-
tion where a small hippocampus in-
creases the likelihood of being re-
peatedly raped (or of being a victim
of childhood abuse). Finally, in a re-
cent prospective study, MRIs were
carried out near the time of a trauma
(in most cases, a serious car acci-
dent) and at intervals thereafter; a
demonstration that individuals des-
tined to develop PTSD already had
small hippocampi at the time of the
trauma would confirm the predis-
position idea. Instead, atrophy was
not yet demonstrable among those
succumbing to PTSD even 6 months
after trauma.”” As a second possibil-
ity, atrophy may arise as a result of
the trauma itself. Such atrophy need
not necessarily be demonstrable im-
mediately after trauma; it must
merely be that an even slowly emerg-
ing atrophy arises from biological
features of the trauma, rather than
of the posttraumatic period. Favor-
ing this are findings hinting that at-
rophy is more a correlate of trauma
itself, rather than of PTSD. One ex-
ample concerned atrophy among
victims of childhood abuse?’; PTSD
developed in a subset of individu-
als, but hippocampal volume in
the non-PTSD trauma survivors did
not differ from volume in subjects
with PTSD (M. Stein, MD, e-mail
communication, October 22, 1999).
As the second example, individuals
who succumbed to PTSD following
combat trauma were also those ex-
posed to the most severe trauma.
Thus, it is unclear whether it is
trauma itself, or succumbing to
PTSD afterward, which predicts at-
rophy.?

Potentially arguing against at-
rophy being rooted in the trauma,
rather than the posttraumatic pe-
riod is the abstract reporting that
at 6 months following the trauma
of a serious car accident, there was
still no difference in hippocampal
volume between those with and
without PTSD.”” Again, those data
will be pertinent only if those with
PTSD ultimately do demonstrate
atrophy.

Finally, some data argue against
atrophy emerging as a conse-
quence of the PTSD. Since PTSD is
an ongoing pathology (ie, these are
not studies of individuals “for-

merly with PTSD”), any atrophy
caused by PTSD might well be an on-
going process as well. This would pre-
dict that the magnitude of atrophy
should increase with time since
trauma. Moreover, in atrophy in
adults associated with childhood
abuse, age should be a proxy for time
since trauma, and atrophy should also
increase as a function of age. How-
ever, extent of atrophy does not cor-
relate with either age* or time since
trauma.” This needs further study.

Thus, at present, it seems most
likely that atrophy emerges as a con-
sequence of Cushing syndrome or
prolonged depression. With PTSD,
there are still insufficient data to dis-
tinguish among atrophy as predis-
posing, as a consequence of the
trauma, or as a consequence of the
posttraumatic period. Distinguish-
ing among those possibilities will re-
quire more data indicating when at-
rophy is first demonstrable (with
respect to the trauma), whether it
worsens with time after trauma, and
the extent to which atrophy is a cor-
relate of trauma itself, as opposed to
PTSD.

What Are the Likely Cellular
Mechanisms Underlying the
Hippocampal Atrophy?

Three broad possible cellular mecha-
nisms might give rise to hippocam-
pal atrophy: (1) a loss of neuropil
volume, owing to regression of den-
dritic processes; (2) an inhibition of
the genesis of new neurons and/or
glia; and (3) the loss of preexisting
neurons and/or glia. In addition, at-
rophy could result from a noncel-
lular mechanism, namely, compres-
sion of the hippocampus owing to
loss of brain water content or ven-
tricular enlargement.

Which of these mechanisms
likely contribute to the cases of at-
rophy discussed? Tissue compres-
sion could potentially give rise to the
atrophy in Cushing syndrome. Glu-
cocorticoids, through their anti-
inflammatory effects, decrease brain
water volume by inhibiting blood-
brain barrier permeability.”®*° Com-
mensurate with this, as noted, there
is ventricular enlargement and dif-
fuse cortical atrophy in Cushing syn-
drome.?? Furthermore, the cerebro-
vascular effects of GCs are reversible;
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as discussed, the hippocampal atro-
phy in Cushing syndrome is revers-
ible as well, with the abatement of
hypercortisolism.

Tissue compression is unlikely
to play a role in the other 2 neuro-
psychiatric disorders. While ventricu-
lar enlargement has been reported in
depression,?'*>3° there are no re-
ports of it persisting decades after the
resolution of depression. In the case
of PTSD, there have been no reports
of ventricular enlargement.

Regression of dendritic pro-
cesses may play a role in hippocam-
pal atrophy in Cushing syndrome.
As noted, such stress- or GC-
induced regression is reversible, and
thus may account for the reversible
atrophy in Cushing syndrome. How-
ever, it is unlikely to be relevant to
the persistent atrophy of depres-
sion. Whether such regression might
explain the atrophy in PTSD is com-
plicated. Should atrophy, demon-
strable long after the trauma, result
from factors preceding or arising
from trauma, it is unlikely that re-
gression of dendritic processes
would be a contributing factor. This
is because of the reversibility of the
regression, and the seeming lack of
reversibility of the atrophy. How-
ever, if atrophy results from ongo-
ing PTSD itself, it is unknown
whether atrophy would reverse
should the PTSD abate.

Loss of neurons and/or glia is
unlikely to explain the atrophy in
Cushing syndrome because of the
reversible nature of the atrophy.
However, it could help explain the
persistent atrophy in depression.
Supporting this is the reported loss
of prefrontal cortical glia and neu-
rons in depression®”*; equivalent
studies are needed in the hippocam-
pus. Cell loss could also be perti-
nent to PTSD, whether the atrophy
precedes the trauma or emerges as
a consequence of the trauma or of
the PTSD. Should atrophy precede
the trauma, a lack of neurons and/or
glia could reflect a neurodevelop-
mental abnormality.

The volume loss could also be
secondary to inhibition of neuro-
genesis and/or gliogenesis; while vir-
tually nothing is known about the
latter, neurogenesis in the adult brain
is a subject of intense current re-
search. Two findings are pertinent,

the first being the ability, as noted,
of stress or GCs to inhibit neuro-
genesis; the second is the occur-
rence of neurogenesis alongside on-
going normative neuronal loss,
resulting in a steady turnover of neu-
rons. Inhibition of neurogenesis,
with no change in the rate of nor-
mative neuronal loss, should pro-
duce a progressive depletion of neu-
rons. The duration of the Cushing
syndrome, of repeated depres-
sions, of trauma, or of the posttrau-
matic period ranged from months to
years in the studies discussed. Is this
sufficient time for an excess of neu-
ronal loss, relative to neuronal re-
placement, to produce hippocam-
pal atrophy of up to 25%? While any
answer is speculative, the extent of
neurogenesis (and thus the conse-
quences of its inhibition) appears to
be quite large.”'? Thus, inhibition of
neurogenesis could be relevant to
some instances of atrophy. As an im-
portant additional anatomical is-
sue, such neurogenesis predomi-
nately occurs in the dentate gyrus
of the hippocampus; thus, if in-
hibition of neurogenesis were a ma-
jor contributor to atrophy, such
atrophy should be centered in the
dentate. At present, it is impossible
to determine if this is the case, in that
MRIs do not have the anatomical
resolution to allow this to be deter-
mined, and there are only minimal
suggestions in the literature that at-
rophy of the dentate would have
different functional consequences
that, say, atrophy of pyramidal neu-
rons in the CA3 region in the hip-
pocampus.

Evaluating which instances
involve inhibition of neurogenesis
relies on information currently un-
available, namely, what happens to
rates of neurogenesis after the inhi-
bition ceases. There are 3 broad pos-
sibilities. First, inhibition of neuro-
genesis might never recover back to
baseline. In this scenario, the mag-
nitude of atrophy should progres-
sively worsen. This model would not
apply to these instances of atrophy
since there is no correlation be-
tween the extent of atrophy and time
since normalization of cortisol lev-
els in patients with Cushing syn-
drome, duration since the abate-
ment of depressions, or time since
trauma in the PTSD studies.

As a second possibility, neuro-
genesis rates indeed recover to the
baseline. This results in no further
atrophy, but no recovery either. This
could thus be applicable to the per-
sistent and stable atrophy in pa-
tients with former episodes of de-
pression. It would also be applicable
if the atrophy in PTSD arises prior
to or during the trauma. Finally, it
would not be applicable to the re-
versible atrophy in Cushing syn-
drome.

Finally, neurogenesis rates
might transiently overshoot base-
line. Such supranormal rates would
lead to a reversal of atrophy, thus,
of relevance to Cushing syndrome.
Thus, data regarding recovery rates
of neurogenesis are needed to de-
termine which of the 3 instances of
atrophy may involve inhibition of
neurogenesis.

Are GCs the Damaging Agents?

As reviewed, GCs have varied ad-
verse effects in the hippocampus that
could cause loss of hippocampal vol-
ume. How likely are GCs to contrib-
ute to atrophy?

The common theme across the
various tumors underlying Cush-
ing syndrome is hypercortisolism.
Thus, GCs are plausible contribu-
tors to the atrophy, particularly given
that the extent of hypercortisolism
predicts the extent of atrophy, while
the extent of recovery from the hy-
percortisolism predicts the extent of
volume recovery.

The issue is more complicated
in depression. Hypercortisolism oc-
curs in approximately half of the pa-
tients with depression, with only a
subset of them demonstrating basal
hypercortisolism (as opposed to
dexamethasone resistance).** Un-
fortunately, no studies reporting hip-
pocampal atrophy were able to docu-
ment adrenocortical histories,
making it impossible to determine
whether a history of hypercorti-
solism predicted atrophy. In the ab-
sence of such data, one might pre-
dict that atrophy should occur in
well under 50% of patients with
former episodes of depression (ie,
those who had been basally hyper-
cortisolemic for prolonged peri-
ods) were an excess of GCs to be
critical to the atrophy.
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In contrast, atrophy seems to be
demonstrable in a far higher per-
centage of individuals under study,
seemingly arguing against the rel-
evance of GCs. However, subjects in
these studies had long histories of re-
peated and severe depression, in-
volving hospitalization and electro-
convulsive therapy. Such depressive
profiles most frequently involve hy-
percortisolism,” prompting the con-
vincing assertion that despite the
lack of cortisol data, most subjects
in these studies were likely to have
been hypercortisolemic when de-
pressed.?

The role of GCs in PTSD is con-
troversial. To begin, if hippocam-
pal atrophy precedes trauma and
predisposes toward PTSD, GCs and
stress are irrelevant, as that model
does not require prior trauma. A role
for GCs is more likely should atro-
phy arise from trauma itself, par-
ticularly if the trauma were chronic.
(This is because the instances of GC-
induced hippocampal damage re-
quire prolonged or repeated bursts
of GC excess.) Such chronicity is a
defining feature of childhood abuse,
while GC hypersecretion in re-
sponse to each incident can only be
inferred. In the case of combat
trauma, hypercortisolism has been
demonstrated (eg, a 4-fold increase
in urinary corticosteroid levels in sol-
diers being shelled®"). Moreover, a
high score on the Combat Expo-
sure Scale (which predicts greater
hippocampal atrophy) predomi-
nately reflects exposure to multiple
traumas, rather than to a single se-
vere trauma,’! suggesting that the re-
quirement for chronicity is met as
well.

There are no data published
testing whether hippocampal atro-
phy occurs in PTSD arising from sin-
gular traumas (such as a car crash).
Were such atrophy to be demon-
strated, it seems unlikely that GCs
would play a role. Theoretically, a
single trauma could produce GC-
mediated atrophy if secretion was of
an unprecedented magnitude, in-
voking previously unrecognized
mechanisms of damage. Arguing
against this, cortisol levels in women
shortly after being raped, while el-
evated (276-1931 nmol/L>%%%) are
within the physiological range.
(Rape, while a singular event, pro-

duces sustained and profound dis-
tress, such distress, by definition
constitutes posttraumatic features).
Thus, GC excess may be contribu-
tory if atrophy arises from chronic
trauma, but is less likely should at-
rophy be shown to arise from single
traumas.

Could GC excess be contribu-
tory if atrophy arises from the post-
traumatic period? This is controver-
sial, because of uncertainty about GC
concentrations in PTSD. Basal GC
levels in PTSD have been reported
to be lower than normal,***" and they
may be due to enhanced adrenocor-
tical sensitivity to feedback regula-
tion, given reports of enhanced dexa-
methasone suppressibility in
PTSD.%®% Thus, if PTSD involves hy-
posecretion of GCs, the steroids can
be candidates for damaging only if
there is abnormal hippocampal sen-
sitivity to GCs. While this is conso-
nant with the enhanced feedback
sensitivity to GCs, there is no di-
rect evidence for this idea.

However, there have also been
reports of normal levels of GCs,™"2
or of hypersecretion,”"® in PTSD
even after controlling for depres-
sion in some cases. There have also
been reports of normal dexametha-
sone responsiveness in PTSD.7>"7
Some of these inconsistencies might
be explained by differing control
groups among studies (ie, trauma
survivors without PTSD in some
cases, nontrauma or non-PTSD in
others), or failure to control for de-
pression or alcohol abuse. Thus, be-
cause of these contradictory find-
ings, itis unclear whether GC excess
contributes to atrophy, should it arise
during the posttrauma period.

To summarize this last sec-
tion, there is good evidence for a role
for GCs in the atrophy in Cushing
syndrome, indirect evidence in the
case of depression, and an unclear
role in PTSD. Furthermore, there are
no other disorders of hippocampal
atrophy that do not involve el-
evated GC levels. Nevertheless, what
might be mechanisms independent
of GCs that could contribute to these
instances of hippocampal atrophy?
Should the atrophy precede any of
these disorders, there is obviously a
wide array of genetic and environ-
mental factors, beginning with fe-
tal life and running the gamut of de-

velopmental biology, that could
explain individual differences in hip-
pocampal volume. Should atrophy
be emerging during or after the on-
set of these disorders, there are many
non-GC mechanisms as well. As one
example, an enormous literature
now testifies to the key roles played
by various neurotrophins in regulat-
ing the division, survival, and den-
dritic arborization of neurons, and it
is of considerable interest that stress
decreases the levels of brain-derived
neurotrophic factor messenger RNA
in the hippocampus. Importantly,
some of this stress-induced inhibi-
tion is GC independent.”™ This is par-
ticularly interesting in light of an ap-
pealing theoretical model about the
role of stress-induced inhibition of
neurotrophin levels in the origin of
depression.”™

A second possible GC-indepen-
dent mechanism involves EAA neu-
rotransmitters such as glutamate. An
excess of EAAs is central to ne-
crotic neuron death, and seems to
play arole in reversible dendritic at-
rophy.”® There is ample evidence
that GCs and stress can increase glu-
tamatergic tone in the hippocam-
pus (as discussed early in this
review). However, the vast array of
additional factors that regulate glu-
tamate neurotransmission consti-
tutes one of the most active areas of
neurochemistry. As an intriguing
possible link between glutamate ex-
cess and the neurobiology of depres-
sion, lamotrigine, traditionally an an-
tiepileptic drug that inhibits the
excitatory effects of EAAs,® has been
used successfully in some cases as
a mood stabilizer.®*

CONCLUSIONS AND FUTURE
RESEARCH DIRECTIONS

Three neuropsychiatric disorders are
associated with somewhat selective
atrophy of the hippocampus. These
findings begin to allow some in-
sight as to the causes, parameters,
and consequences of the atrophy in
all 3 cases (Table).

This represents a considerable
increase in knowledge, as com-
pared with a few years ago.®® The
consistency of the atrophy is im-
pressive, given inherent method-
ological difficulties (appropriately
controlling for the high rates of co-
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Features of Hippocampal Atrophy in 3 Neuropsychiatric Disorders*

Feature

Cushing Syndrome

Depression

PTSD

Range of notable atrophy
Laterality of atrophy

Anatomical specificity

Functional consequencest
When atrophy occurs

Likely mechanisms underlying
atrophy

Role for glucocorticoids

NA
None

Volume loss reported in
hippocampus, caudate, and
cortex; ventricles enlarged

Strong evidence for deficits in
explicit memory

No evidence for atrophy prior to
disease onset

Tissue compression, regression
of dendrites, and inhibition of
neurogenesis?

Highly likely

8%-19%

Trend toward left-sided
atrophy>right-sided atrophy

Volume loss reported in
hippocampus; frontal cortical
and cell loss reported; and
conflicting data regarding
amygdaloid volume

Evidence for deficits in explicit
memory

No evidence for atrophy prior to
disease onset

Cell loss and inhibition of
neurogenesis?

Indirectly implicated

5%-26%
Conflicting data

Volume loss reported in
hippocampus

Strong evidence deficits in
explicit memory
Mixed evidencet

Cell loss and inhibition of
neurogenesis?

No role if atrophy precedes

trauma; indirectly implicated
if atrophy arises from trauma,
conflicting evidence if trauma
arises from PTSD

*Depression indicates patients who had former episodes of depression; PTSD, posttraumatic stress disorder; NA, not available because of the form of the

presentation data.

tStrong evidence indicates that there is a correlation between the extent of hippocampal atrophy and the extent of cognitive impairments, either within or
between studies. Evidence indicates cognitive impairments demonstrated, but not correlating, with the extent of atrophy. Explicit memory can be thought of as
conscious factual memory, eg, the recall of what month it is.

tMixed evidence indicates evidence both for and against atrophy preceding the trauma, atrophy arising as a result of the trauma, and atrophy arising as a result

of the posttraumatic disorder.

morbidity in depression and PTSD,
particularly the high rates of sub-
stance abuse and depression in the
latter). What should be the focus of
future studies?

In the case of Cushing syn-
drome, a first key requirement is that
imaging studies be carried out with
appropriate non-Cushingoid con-
trol groups, rather than reliance on
published norms. While the atro-
phy reported to date is provoca-
tive, particularly in light of the cor-
relation between the extent of
hypercortisolism and of hippocam-
pal volume, such intrastudy con-
trols are essential. Should the atro-
phy be demonstrable under those
conditions, post mortems are needed
from individuals at the point where
atrophy is demonstrable, as well as
from later time points when suc-
cessful treatment of the Cushing syn-
drome has resulted in a recovery of
hippocampal volume. Such studies
would aid in identifying the cell bi-
ology underlying the reversible at-
rophy in this disorder.

In studies with depression,
postmortem studies would help de-
termine whether there is indeed cell
loss, much as with the similar cor-
tical studies.””* It must also be de-
termined whether it is basally hy-

percortisolemic depressions that
predict hippocampal atrophy. Pro-
spective MRI studies are needed, be-
ginning at the time of initial diag-
nosis, to test the idea of atrophy as
preceding and predisposing to-
ward depression, as well as to test
with longitudinal data whether at-
rophy worsens as depressive dura-
tion increases. Finally, MRI might be
carried out on high-risk “never de-
pressed” relatives of individuals with
depression; this would help deter-
mine whether atrophy might exist
prior to depression.

Posttraumatic stress disorder
studies should test whether atro-
phy occurs in PTSD associated with
single traumas. Prospective studies
are needed to determine when, with
respect to the trauma, atrophy oc-
curs. More data are needed regard-
ing GC levels during traumas and
during PTSD itself. Clarification is
needed as to whether atrophy is a
function of trauma, or of succumb-
ing to PTSD afterward. This will be
particularly difficult since likeli-
hood of succumbing to PTSD and se-
verity of trauma tend to be highly
correlated (see Gurvits et al?®); as
such, controls exposed to trauma but
not succumbing to PTSD typically
have had less severe traumas than

the PTSD group. Postmortem stud-
ies indicating whether hippocam-
pal volume loss involves cell loss are
also needed. Finally, an understand-
ing of the likely biological hetero-
geneity of PTSD is also essential.

Basic science findings stretch-
ing back decades suggest that stress,
trauma, and, most broadly, experi-
ence can alter morphology of the
adult brain in rodents and nonhu-
man primates. Amid the clear need
for more human studies in this
realm, those reviewed suggest that
that adverse experience might also
alter the morphology of the human
brain as well.
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