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Abstract

Glucocorticoids (GCs) are hormones secreted by the adrenal glands as an endocrine response to
stress. Although the main purpose of GCs is to restore homeostasis when acutely elevated, animal
studies indicate that chronic exposure to these hormones can cause damage to the hippocampus.
This is indicated by reductions in hippocampal volume, and changes in neuronal morphology (i.e..,
decreases in dendritic length and number of dendritic branch points) and ultrastructure (e.qg.,
smaller synapse number). Smaller hippocampal volume has been also reported in humans
diagnosed with major depressive disorder or Cushing's disorder, conditions in which GCs are
endogenously and chronically elevated. Although a number of studies considered neuron loss as
the major factor contributing to the volume reduction, recent findings indicated that this is not the
case. Instead, alterations in dendritic, synaptic and glial processes have been reported. The focus
of this paper is to review the GCs effects on the cell number, dendritic morphology and synapses
in an effort to better understand how these changes may contribute to reductions in hippocampal
volume. Taken together, the data from animal models suggests that hippocampal volumetric
reductions represent volume loss in the neuropil, which, in turn, under represent much larger
losses of dendrites and synapses.
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[. Introduction

A primary endocrine response to stress is the secretion of glucocorticoids (corticosterone in
rats and cortisol in humans). Although glucocorticoids are normally elevated as a
neuroendocrine response to acute threats to maintain homeostasis [1, 2], they are chronically
elevated in a number of neuropsychiatric disorders (e.g., depression, Cushing's syndrome)
[3, 4] as well as during chronic stress [5, 6]. In addition to endogenous elevations,
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glucocorticoids are also elevated through the use of prescription drugs, which serve to
reduce immune responses such as inflammation [7]. The variety of conditions in which
glucocorticoids are chronically elevated raises concerns about the accumulating effects of
the prolonged exposure to this hormone. Systemic effects of long-term glucocorticoid
elevations include heart disease, osteoporosis, and muscle wasting [7]. The finding that
glucocorticoid receptors are also expressed in the brain [8] raised the possibility that
elevated GCs may affect brain structure and function.

Glucocorticoids act on the brain through two known receptor types, the mineralocorticoid
(MR) and glucocorticoid (GR) receptors. The rodent hippocampus has a high density of both
GR and MR, whereas in primates the hippocampus has a high density of MR [9, 10]. The
hippocampus, a structure important for learning and memory [11], mediates the regulation
of glucocorticoid release through its indirect action on the Hypothalamic-Pituitary-Adrenal
axis activity [12, 13]. The hippocampus is not the sole structure providing negative
feedback; additional structures have been involved in the regulation of the Hypothalamic-
Pituitary-Adrenal axis activity [14, 15], the high expression glucocorticoid receptors in the
hippocampus may render this brain structure a target of glucocorticoid elevations. For this
reason, the effects of elevated glucocorticoids have been studied extensively in the
hippocampus, and many investigators have questioned the effects of both acute and chronic
glucocorticoid elevations on hippocampal structure and function. These studies have been
performed by testing for relationships, correlational or causal, between glucocorticoids and
hippocampal structure, and between glucocorticoids and behaviors dependent upon
hippocampal integrity. This review focuses on the relationship between glucocorticoids and
hippocampal structure.

The first studies to address whether high glucocorticoid levels damage the hippocampus
were carried out on animals [16-18]. The initial findings of pyknosis or cell loss [16, 19-21]
and dendritic atrophy [22-24] as a result of glucocorticoid elevations led to the assumption
that these losses would be reflected by a reduction in hippocampal volume. Only a few
studies in animals, which will be discussed below, have directly measured hippocampal
volume. In contrast, brain imaging techniques allow for the study of hippocampal volume in
clinical populations with disorders associated with elevated plasma glucocorticoids (e.g.,
Cushing's syndrome, depression). These studies have caused a surge of interest in the
association between prolonged exposure to glucocorticoids and hippocampal volume. The
focus of this review is primarily on the relationship between chronic glucocorticoid
elevations and their effects on hippocampal volume, cell number and synapses, specifically
exploring the relationship between these three variables in an effort to better inform the
interpretation of volumetric differences reported in clinical conditions that include elevated
glucocorticoids. Specifically, we will briefly review the reports of smaller hippocampal
volume in major depressive disorder and Cushing's syndrome, and then discuss animal
research that addresses the causal relationship between glucocorticoids and hippocampal
volume. The latter studies also address glucocorticoid effects on neuron number, dendritic
atrophy, synapse numbers and how well the glucocorticoid effects on volume reflect changes
in these tissue constituents.
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Il. Human Hippocampal Volume: Relationship to Glucocorticoids

Effects on Hippocampal Volume

The use of brain imaging techniques has allowed investigators to explore whether
hippocampal damage occurs in individuals who suffer from disorders associated with high
plasma glucocorticoids, two of which are Cushing's syndrome (CS) and major depressive
disorder. Patients with Cushing's syndrome (CS) are exposed to elevated levels of
endogenous cortisol for months to years due to adrenal pathology or hypersecretion of
pituitary adrenocorticotropin hormone (ACTH) (Cushing's disease). Because of the
hypercortisolemia associated with this disorder, the study of CS patients provides valuable
information on the effects of prolonged excessive elevations of glucocorticoids on the human
hippocampus. Starkman et al. [4] reported a negative correlation between the hippocampal
volume and plasma cortisol levels in this clinical population; higher levels of cortisol were
associated with lower volumetric measurements of the hippocampus. The finding that tumor
removal and the consequent reductions in plasma cortisol corresponded to increases in
hippocampal volume [25] perhaps provides the best support obtained from human subjects
for a direct causal relationship between glucocorticoid elevations and hippocampal volume.
As expected, there are reports of cognitive deficits that correspond to the deficits expected
from impaired hippocampal function [4, 26]

The relationship between prolonged glucocorticoid elevations and hippocampal volume is
further supported by studies of patients with major depressive disorder. It is well established
that a large proportion of people suffering from depression are characterized by
hyperactivity of the Hypothalamic-Pituitary-Adrenal axis [27], resulting in plasma cortisol
elevations [3, 28]. As a result, a large number of neuroimaging studies have explored
whether atrophy of the hippocampus, one of several structures implicated in depression, is
associated with depression. Like the hippocampus, the frontal lobe dysfunction has been
implicated in depression [29-31] and the frontal lobe, like the hippocampus undergoes
structural modification in response to glucocorticoids and stress [32-35]. For the sake of
focus, the present review will limit the discussion to the relationship between depression,
glucocoriticoids and hippocampal volume. Sheline [36] and her colleagues were the first to
report smaller volume in both right and left hippocampi of women with a history of major
depression. Since then, many investigators have reported bilateral reductions in depressed
subjects [37-41]. A number of other studies report unilateral volume reductions [42-45].
These findings have been confirmed in drug free depressed patients [46, 47]. However, a
significant number of studies failed to report smaller volume in patients with depression
[48-52]

The lack of consensus regarding an association between depression and hippocampal
volume may result from methodological differences among studies including differences in
disease parameters (e.g., age of onset, duration of illness, number of depressive episodes,
type of depression) or scanning protocols (e.g., MRI resolution and inclusion of the
amygdala). The heterogeneity among patient groups may have prevented a clear conclusion
from being drawn about a relationship between cortisol, depression and hippocampal
volume in this disorder. Trying to explain the inconsistent findings, Sheline and colleagues
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suggested that reductions in hippocampal volume are usually seen in studies that used higher
MRI resolution and tended to include subjects with early-onset unipolar depression, in
contrast to late onset or bipolar forms of the disorder [53]. However, subsequent meta-
analyses of studies that used MRI to assess the volume of the hippocampus in patients with
major depression showed that differences in scanning resolution, age at onset of depression,
severity of depression at the time of MRI scanning, and gender cannot account for the
discrepancy [54-56]. On the contrary, factors such as the duration of depression and number
of episodes or days of untreated depression are inversely correlated with hippocampal
volume [37, 41, 57-59]. The duration of depression and the number of depressive episodes
contribute to an 8%-10% reduction of hippocampal volume in patients with major depressive
syndrome compared to controls [56, 60]. Taken together, these data highlight the critical
interaction between course of illness, and hippocampal volume alterations in major
depressive disorder.

The human data are correlational. Without data on causation, it is difficult to fully exclude
the possibility that smaller volume increases the vulnerability to multiple episodes of
depression. One study of PTSD utilizing twins to explore the relationship between PTSD
and hippocampal volume concluded that a smaller volume can predispose an individual to
PTSD [61]. That raises the concern that individuals with smaller hippocampal volume may
be predisposed to have a greater number of depression episodes and days untreated. Further
raising concern that volume may precede rather than follow depression is a finding that
variance in hippocampal volume in children is as great as in adulthood, and greater than the
difference in volume reported between controls and patients with depression [62]. To further
address this issue, a 3 year prospective study was conducted. Consistent with previous
studies, individuals with depression had lower hippocampal volume than controls. Over the
course of the three years, patients with incomplete remission and relapses had larger volume
declines in the hippocampus, thereby supporting an active process of decline [63]. Because
the population studies required in-patient treatment, the population studied had more severe
depression than populations from other studies. Altogether, the severity of the disease
appears to be correlated with the volume loss in the left hippocampus, and there is some
support for progressive loss over the course of severe depression. The prospective study
provides the strongest support for active volume reductions in the course of severe and
recurrent depression. But these data do not directly address whether glucocorticoids
elevations in depression cause such a reduction.

Although there is strong support for hippocampal volume reduction in depression, and some
support for the reduction to result from an active process, there is little direct support for a
glucocorticoid role in that process. There is a superficial correspondence between smaller
volume and disorders with symptoms that include elevated plasma glucocorticoids. Few
studies, however, have directly tested the relationship between glucocorticoid levels and
hippocampal volume within samples. When the correlation between glucocorticoid
concentrations and hippocampal volume was tested within samples with depression, neither
study found a significant correlation [45, 51]. These results are surprising given the negative
relationship between cortisol and hippocampal volume after tumor resection in Cushing's
disease [25], and raise questions regarding whether the relationships are present only when
plasma glucocorticoid concentrations are in extreme ranges. More generally, such studies
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raise the question of causality. Animal models offer the opportunity to directly test whether
glucocorticoids can cause a reduction in hippocampal volume.

lll. Glucocorticoid-induced Morphological Alterations in Hippocampus:

Animal Models

The intriguing possibility that sustained cortisol elevations may decrease hippocampal
volume is difficult to fully investigate in human subjects. The studies cited thus far have the
advantage of measuring volume in humans at the time of a depression episode, and in some
studies over time. The limitations, however, are the inability to investigate cells and
ultrastructure at a time point close to volumetric measurement in order to understand how
such changes contribute to volume reductions. Last, in many cases, it is difficult to control
the duration of sustained cortisol, the magnitude of the elevations or the antidepressant naive
state to be certain that cortisol is the significant factor. Our understanding of the relations
between glucocorticoids and hippocampal volume will be better understood by incorporating
the use of animals models. These models provide the ability to test causal relations with the
exclusion of confounding variables associated with disease states, treatments, variable
environments and variable plasma glucocorticoid levels. They further provide the ability to
carry out high resolution morphological analyses allowing for identification of the changes
in dendritic, cellular and synapse changes related to volumetric reductions.

The incorporation of additional methods allow for higher resolution analysis of subregions,
cells and ultrastructure. To date, subregional analysis in human subjects has been limited to
analysis of the dorsal and ventral tails of hippocampus [64], whereas anatomical analysis in
animals is typically divided into analysis of the dentate gyrus, CA3 and CA1 subregions,
with further divisions into the layers such as the pyramidal cell layer, stratum oriens, and the
neuropil containing the apical dendrites, which includes the stratum lucidum, radiatum and
molecular (see Figure 1). The earliest focus was on whether or not glucocorticoid elevations
affected hippocampal cell number. Subsequent studies focused on dendritic atrophy, synapse
numbers, and overall volume.

Effects on hippocampal cell number

Tissue volume reduction is typically assumed to reflect cell loss. Although cell loss in the
hippocampus had been considered as a major factor contributing to the volume reduction
[65], Czeh and Lucassen [66] have concluded that factors other than cell loss, such as
alterations in dendritic, axonal, synaptic and glial processes are likely to explain the volume
differences in the population of depressed patients. Studies of human post mortem tissue
from people exposed to chronic elevations of glucocorticoids failed to support massive
hippocampal pyramidal cell loss [67] or suppression of neurogenesis [68]. Hippocampal
histological examination showed no loss of pyramidal cells in major-depressed patients [67,
69, 70]. Furthermore, the same patients exhibited no signs of apoptosis in CA3, as estimated
by immunohistochemical labeling of a sensitive marker for cell death-associated DNA
fragmentation [68].
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In animals, the effects of elevated glucocorticoid levels on hippocampal neuronal number
have been the focus of many researchers. The earliest research demonstrated that elevating
cortisone increased pyknosis [16]. Subsequent investigators found a correlation between
plasma adrenocorticoids and and astrocyte reactivity [18] and that controlling plastma
adrenoscorticoids over age reduced cell loss [17]. Three month exposure of adult rats to
corticosterone (5mg/day) caused a reduction in the neuronal density in the CA3 subfield of
the hippocampus [19]. Similarly, CA3 neuronal loss was also reported after the same
duration of corticosterone treatment [21] or one month of stress [20]. However, other
researchers failed to detect neuronal loss in hippocampal areas after 3 months of
corticosterone treatment [71]. All of these studies utilized traditional counting methods that
rely on cell densities in single sections and are subject to bias from changes in cell size and
volume of the brain. Such a bias is of particular concern because Sapolsky et al. [19]
reported that corticosterone also reduced cell size. In the one study that controlled for cell
size [71], cell loss was not reported. Thus, in the earlier studies, smaller cells may have been
counted less often because they have a lower probability of lying within the section plane.

Subsequent investigators used unbiased counting methods and failed to find cell loss, despite
using higher glucocorticoid doses. For example, no changes in the neuronal density in the
dorsal CA3 hippocampal subfield have been reported after 56 days [72] of subcutaneous
corticosterone injections of 27mg/kg. Even higher doses (40mg/kg) for one or three months
failed to cause cell loss [73-75]. The absence of neuronal loss as a result of elevated
glucocorticoids is further supported by the finding that corticosterone administration did not
cause a reduction in the cell layer volume of the CA3 hippocampal area [72-74]. Consistent
with the above findings, chronic cortisol administration (1 year) to nonhuman primates
(macaques) [76] or exposure of tree shrews to psychosocial stress [77] failed to cause
neuronal loss in the CA3 or CA1 hippocampal fields.

Although the parameters of treatment in the above studies vary, they have in common that
they all used unbiased stereological methods. Each study using these methods has failed to
support cell loss after prolonged glucocorticoid elevations. The only stereological estimates
of cell loss to confirm fewer cells in CA3 have been reported in rats treated with
corticosterone during the neonatal period [73]. The elevations occur during a critical period
of development characterized by a “hypo-responsive” hypothalamic-pituitary-adrenal axis
which serves to protect the developing brain from the catabolic actions of glucocorticoid
elevations [78]. The mechanism of reduced cell number is likely to be through a suppression
of neurogenesis [79]. Bypassing this protective mechanism through exogenous elevations
demonstrates the susceptibility of the hippocampus during this developmental period.
Elevation of glucocorticoids during this susceptible period may have permanent
consequences. Similarly, in the original report of cell loss, the animals were older [19].
Thus, it seems possible that there are windows of vulnerability across the lifespan in which
corticosterone could cause cell loss, but that it does not seem to do so in young adult
animals. It has been proposed that repeated exposure to elevated glucocorticoids, producing
dendritic retraction, could lead to greater vulnerability to cell loss from metabolic challenge
or mechanical trauma [80].
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Altogether the data suggest that cell body loss is unlikely to contribute to volume differences
in adult populations with disorders associated with elevated plasma glucocorticoids. Even if
cells were to die, the cell bodies themselves contribute to less than 20% of the CA3 volume.
More specifically, Sousa et al. [83] report that the cell body layer in DG, CA3 and CAl is
17%, 22% and 14% of the overall volume, respectively. We have collected similar measures
from the dorsal hippocampus (Tata, unpublished data, see Figure 2), making this layer alone
unlikely to contribute significantly to a loss of overall volume. In contrast, the neuropil,
which in hippocampus contains primarily dendrites, and axons and a very small proportion
of glial processes, makes up 78-86% of the volume. A reduction of neuropil volume would
be expected to contribute more to a loss of hippocampal volume. Thus, the general failure to
support cell loss from glucocorticoid administration in rats does not preclude the possibility
that glucocorticoids reduce volume. Instead, volume reduction may be more closely tied to a
reduction in neuropil volume that could reflect dendritic atrophy and synapse loss.

In conclusion, modern stereological methods have provided evidence that exposure to
elevated glucocorticoids does not cause neuronal loss in the hippocampus of young and adult
animals, although it can reduce cell number in neonates. Many of the earliest reports of loss
more likely reflect undercounting small cells, or the use of aged rats with a more susceptible
cell population. Overall, when unbiased counting methods were employed, the data from
animal models fails to find glucocorticoid-induced cell loss in the hippocampus, and is
consistent with conclusions from post-mortem studies, which failed to implicate
hippocampal cell loss in the hippocampal volume reduction reported in depression.

Changes in hippocampal neuronal morphology and ultrastructure

Golgi staining of hippocampal cell dendritic fields revealed that 21 days of restraint stress,
which elevates plasma glucocorticoids, decreased the number of dendritic branch points and
the total dendritic length of CA3 apical dendrites in rats [23]. Dendritic alterations also have
been reported after corticosterone treatment of the same or longer duration [22, 81] and after
social or unpredictable stress in rats and tree shrews [24, 82]. These alterations correspond to
a reduction in dendritic length in dentate gyrus and CA3, in terminal segments of CA3 and
CAL1 pyramidal cells and in branch point density of dentate gyrus granule cells. Although
atrophy of dendrites could contribute to a volume reduction, it is also possible that atrophy
would be compensated by glial hypertrophy, thereby canceling any effect on volume.

Evidence for glucocorticoid influence over hippocampal volume in animal models is mixed.
Sousa et al. [73] showed that one or three months of corticosterone treatment (40mg/kg)
during adulthood resulted in volumetric reduction in the nonsomatic layers of dentate gyrus
(hilus) and CA3 (stratum radiatum-laconosum moleculare). The neuropil that contains apical
dendrites makes up 66% of the CA3 subregion of the dorsal hippocampus (Tata, unpublished
data, see Figure 1). If a 10% volume reduction in CA3 was selectively dependent upon
volume loss in the neuropil that contains apical dendrites, that layer of neuropil would have
to be 15% smaller. We found a non-significant 15% reduction in the apical dendritic neuropil
in CA3 after daily s.c. injections of corticosterone over a two month period (Tata,
unpublished observations). Sousa et al., [83] reported a 13% reduction in the CA3 neuropil
layer with the same dose administered for only 30 days, which was statistically significant in
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five month old rats. Tata et al. (unpublished observations) and Sousa et al., [83] both found a
non-significant 10% reduction after combining volume from all areas of the hippocampus.
In younger rats, Sousa et al., [73] had non-significant reductions after 90 days, but no
reduction after 30 days. Overall, there is support for the possibility that glucocorticoids can
influence hippocampal volume via loss of the neuropil containing apical dendrites. The
magnitude of glucocorticoid elevations, duration of plasma elevation, recovery and age may
all be factors that influence these effects.

Within the neuropil containing the apical dendrites, neuronal processes (both dendrites and
axons) make up ~93% of the volume [74]. Accordingly, while the whole CA3 apical
dendritic neuropi/would have to be reduced by 15% for a 10% volume reduction overall,
dendrites in the neuropil would have to atrophy at a magnitude greater than 15% given that
they make up less than 93% of the neuropil. The magnitudes of dendritic atrophy previously
reported are consistent with these estimates. Woolley et al., [22] reported a 25% reduction in
total length of apical dendrites after 21 days of corticosterone administration. Using a
similar dose for 4 weeks, Sousa et al., [24] reported a 41% reduction in dendritic length in
CA3 apical dendrites. Considering the data from these reports together, we can form the
hypothesis that volume loss, which is reported to be around 10% overall, may be represented
by an approximately 15% loss of apical dendrite containing neuropil volume, which is
accounted by for a much larger atrophy of apical dendrites; thus a 10% volume reduction in
major depressive disorder is likely to be the result of dendritic atrophy, and further is likely
to grossly under-represent the magnitude of that atrophy.

Looking at corticosterone administration from postnatal day 0, Sousa et al. [73] reported that
administration for the first 30 days decreased hippocampal volume with the reduction
partially dependent upon decreases in the dentate gyrus molecular layer, CA3 and CAl
apical dendritic neuropil layers. Corticosterone administered later, from postnatal days
90-180, decreased the volume of the hippocampal formation, with reductions in the dentate
gyrus molecular layer, but not reductions in the CA1 and CA3 apical dendrite containing
neuropil. Corticosterone administered between days 150 and 180 was not sufficient to
reduce overall volume or volume in any of these regions of neuropil that make up over half
of the hippocampal volume. Sixty days of the same dose (40 mg/kg) of corticosterone also
failed to significantly reduce the volume of the CA3 apical dendrite containing neuropil
[74]. The dose used significantly elevates plasma corticosterone [84], and can have a
dramatic effect on organ weights [74]. Therefore, the data suggest that corticosterone can
affect hippocampal volume, but only does so when administered at an age equivalent to a
prenatal period in humans, or for as long as 90 days [73]. Further work is needed to
understand whether the plasma elevations serve as an appropriate representation of those
seen in Cushing's disease and major depressive disorder [85, 86].

So far we have seen that glucocorticoids can cause a volume reduction [73] and dendritic
atrophy [87] but these measures are not direct measures of synaptic contacts. Dendritic
length indirectly reflects synaptic input since it decreases the dendritic receptive surface
available for synaptic contacts, but does not directly represent synapse numbers, which
could simply increase in density to compensate for atrophy. Direct measures of synapse
numbers have been collected through the use of electron microscopy. One month of
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corticosterone treatment (40mg/kg) or unpredictable stress caused a significant decrease in
the total number of mossy fiber-CA3 synapses as well as a reduction in the volume of the
mossy fiber terminals and surface area of their plasmalemma [24]. Sandie et al. [88] found
that 21 days of restraint stress caused a loss of total synapse number in the stratum lucidum.
Restraint stress, which would elevate glucocorticoids, increased the density of vesicles in the
mossy fiber terminals and caused a relocalization of vesicles near the active zones [89]
suggesting that more vesicles are available for glutamate release. While the direction of
synapse loss is consistent with the loss expected from reports of reduced neuropil volume,
these effects do not fully explain a volume reduction, because the type of synapses measured
in these studies are located in a relatively thin layer above the cell bodies, stratum lucidum,
and contact only the most proximal dendrites, which could not be atrophied.

Measuring total synapse number in the neuropil that contains all apical dendrites (proximal
and distal), Tata reported that 2-month administration of corticosterone (40mg/kg),
influences the fofa/ number of synapses. In these studies all layers of apical neuropil were
represented in proportion to their size. Since the stratum lucidum makes up only a small
proportion of the apical dendritic neuropil, the synapses in this layer represent only a small
proportion of the synapse population estimated. Synapse density in the proximal and middle
CA3 were measured with unbiased stereological methods which allow direct counting of
synapses irrespective of synapse size. The corticosterone-treated group had a 40% loss of
synapses. The magnitude of loss is fairly large, but corresponds to the magnitude of
dendritic atrophy reported (25-40%) [22, 24] for the dose used.

In summary, growing evidence indicates that elevated plasma glucocorticoids concentrations
after corticosterone treatment or stress alter hippocampal morphology and ultrastructure.
Changes reported include a decrease in apical dendritic length and number of branch points.
Consistent with dendritic atrophy, some studies report decreases in neuropil volume in CA3.
Ultrastructural analyses yielded a loss of mossy fiber-CA3 synapses, as well as a loss of total
synapse numbers in the CA3 apical dendritic neuropil. Considering the large proportion of
volume contributed by the neuropil layers that contain the apical dendrites, the neuropil
volume loss would have to be greater than 15% to produce a 10% overall volume reduction,
with a much larger loss of dendritic processes, since they do not solely make up neuropil
volume. The 25-40% loss of dendrites, and 40% loss of synapses reported after
glucocorticoid administration support the hypothesis that volume loss can be accounted for
by dendritic atrophy and synapse loss without cell loss. These calculations suggest that small
volume reductions may represent much larger reductions in synaptic contacts.

Effects on hippocampal glial cells

Although most studies of the relationship between glucocorticoids and hippocampal cell
morphology have focused on neurons, a subset of studies have focused on glucocorticoid
effects on glial cells. Glial cells express both MR and GR [90, 91], although at lower levels
than in neurons [92]. Accordingly, it is possible that glucocorticoids could act directly or
indirectly on glial cells to influence their contribution to volume. Glial volume reductions
could be expected to lead to an overall volume reduction without requiring a reduction in the
neuronal population. Alternatively, neuronal atrophy could be compensated by increases in
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glial process volume to leave total volume unaffected. For example, in aging rats, astrocytic
volume fraction increases in the dentate gyrus whereas thickness of the molecular layer does
not change [93].

In animals, regulation of GFAP, the major intermediate filament protein in mature astrocytes
[94], has received the most attention. Short or long-term administration of corticosterone
decreased the concentration of GFAP in rat hippocampal astrocytes [95-97]. The regulation
of GFAP by glucocorticoids is further supported by increases in GFAP levels after
adrenalectomy, an effect that is reversed by corticosterone replacement [96-98]. In addition,
short or long exposure of cerebral cortex astrocyte cultures to corticosterone increased
GFAP gene expression [99, 100]. It is interesting to note that the corticosterone effects on
GFAP are mediated by neuronal interactions [100]. Although GFAP is easy to label, and
would seem to be an indirect measure of astrocyte number, it is not a valid indirect measure
of volume, because the neurofilaments that contain GFAP are dense within the astrocyte
body and primary processes and sparse within the thin processes that extend out to be
interspersed among the neuronal processes [101, 102].

Glial cells are greater in number than neurons in the hippocampus [103], but their volume is
significantly smaller than that of neurons [74], leaving them to make up only 8-20% of
neuropil volume. The glial contribution to volume can be measured directly in electron
micrographs [72, 102, 104, 105]. Glial cells in the CA3 region account for ~6.5% (Coburn-
Litvak et al., 2004; Tata et al., 2006) of the neuropil volume in CA3, and 9.4% of volume in
the dentate gyrus [104]. The glial volume fraction in these areas is far lower than in the CAl
region, where glial processes make up ~15% of the volume [105], which is closer to reports
from the cerebellar molecular layer (~18%) [102]. Therefore, the potential for glial atrophy
to contribute to volume loss depends upon the subregion of the hippocampus, but it is still
relatively limited based on the small proportion of volume accounted for by glia. The small
proportion of volume representing glial cell volume reduces the potential for glial volume
loss to contribute to overall volume loss. Instead, glial cells have more potential for growth
and partial compensation for neuronal process loss.

Studies of glucocorticoid effects on glial volume yield mixed results. Two-month
corticosterone treatment (27 mg/kg,) had no effect on glial volume fraction [72]. Using a
higher dose (40mg/kg) for the same period of time the effects were mixed. In one CA3
subregion, corticosterone administration produced a tendency toward /increased glial volume
that appeared to compensate for synapse loss so that volume appeared unchanged, whereas
in another subregion, corticosterone produced no change in glial volume with synapse loss,
therefore producing a tendency for a decrease in overall volume [74]. These data suggest
that glial compensation varies by region and subregion.

Altogether, cell culture studies support the possibility that changes in GFAP reported in
post-mortem samples from patients with depression could have been decreased by
glucocorticoids, but the data from animal models suggest that corticosterone produces no
effect on glial volume or produces tendencies toward glial process growth that compensates
for synapse loss, leaving no change in overall volume in select regions [72, 74]. Overall, if
there is any effect of glucocorticoids on glial cell volume, it may be one toward growth
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rather than atrophy. This is critical because it suggests that glial hypertrophy may
compensate for neuronal volume loss, leaving volume to further under-represent neuronal
atrophy.

IV. Association between Hippocampal Volume, Cell Number, Morphology

and Ultrastructure: Concluding Remarks

By studying hippocampal volume differences in rats following treatment conditions that
elevate glucocorticoids, we can address the causal relationships that may explain the
differences in hippocampal volume reported in clinical populations without confounding
factors such as differences in treatment parameters, age, duration and severity of illness.
Volume reduction is often assumed to reflect a loss of cells without the understanding that
packing density may increase, thus all cells may be intact with a higher density in a smaller
volume. Experimental data fails to support the proposed cell loss following glucocorticoid
elevations. Based on the experimental findings presented above we see clearly that volume
loss is not dependent upon cell loss. Similarly, data from post mortem studies of humans
exposed to high levels of glucocorticoids failed to support hippocampal cell loss [66].
Although previous investigators have also reported the appearance of pyknotic cells in
primate CA3 after exposure to glucocorticoids [106-109], our qualitative observations in
tissue handled to avoid artifacts with appearances similar to pyknoses yielded no indicators
of dying cells [72]. The latter observations are in agreement with the failure to detect signs
of apoptosis in CA3 post-mortem analysis of subjects with major depressive disorder [68].

Corticosterone administration (40 mg/kg) for at least 90 days in rats can decrease
hippocampal volume [73], but does not decrease volume after 30 [75] or 60 days [74]. It is
unclear how well the dose and duration in these studies represents the glucocorticoid
elevations in depression.

The largest compartment contributing to hippocampal volume is the neuropil. Thus changes
in the hippocampal volume may be attributed to changes in neuropil volume. Neuropil
volume contains primarily dendrites, and axons and a very small proportion of glial
processes. Sousa and colleagues [73] were the first to report a decrease in the volume of the
nonsomatic layers of the CA3 area, a decrease that seems to be selective to the middle
subregion of this area [74]. A number of studies have reported dendritic atrophy after
exposure to stress [23, 110, 111] or corticosterone administration [22, 24, 112]. Few studies
have measured both volume and dendritic atrophy to understand whether they co-occur.

Dendrites receive the large majority of synaptic contacts onto a cell. Consistent with their
role in receiving input, and the loss of receptive surface area from atrophy [24, 87], there are
reports of glucocorticoid-induced synapse loss [24, 74](Sousa et al., 2000; Tata et al., 2006).
So we see that volume reductions and synapse loss can both occur after corticosterone
treatment, but it is important to note that in studies with a direct comparison, the magnitude
of the synapse loss exceeds the magnitude of the volume reduction [74]. In direct
comparisons within studies, glial hypertrophy may partially compensate for synapse loss in
some subregions of the CA3 [74]. These data raise the possibility that volume reductions in
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clinical disorders with elevated glucocorticoids could grossly under-represent the loss of
dendrites and synapses.

To date, animal models support the potential for elevated glucocorticoids to affect
hippocampal volume, dendritic atrophy and synapse loss. The largest proportion of volume
in the hippocampus is constituted by the neuropil layers that contain the large neuronal
processes, along with axons, and terminals, and to a far lesser extent glial processes. Thus
for volume loss, the loss must be occurring in the neuropil, and is not dependent upon cell
loss. When unbiased counting methods are used, there is no evidence that glucocorticoids
cause cell loss. Glial processes may hypertrophy to partially compensate for dendritic loss.
The data leave open the possibility that volume reductions under represent the loss of
neuronal process volume. Future studies are needed to further our understanding of the
relationship between dose and duration of glucocorticoid administration and hippocampal
anatomical change. The animal studies reporting anatomical effects of glucocorticoids to
date have used the same dose (40 mg/kg). It is unclear whether this dose is representative of
the elevations in glucocorticoids seen in disorders or whether lower doses need to be tested.
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Figure 1.
The hippocampus contains the dentate gyrus (DG) and Ammon's horn, which contains the

CA3, CA2 and CA1 subregions. The dentate gyrus is the medial and inferior v-shaped
structure that caps off the CA3 of Ammon's horn. The primary projection neurons of the DG
are the granule cells, whose somata lie within a distinct layer (the granule cell layer: see gran
on figure) and project dendrites into the molecular (MOL) layer. There are two blades of the
dentate gyrus, the upper and lower blade, which together form the shape of a V. Within these
blades lies another layer of the DG, the hilus (previously referred to as CA4), as well as a
portion of the CA3. Extending laterally from DG is the remaining CA3 subregion. The CA3
region has distinct layers. The projection neurons are pyramidal cells whose cell bodies lie
tightly packed in the Stratum Pyramidale. These cell bodies have basilar dendrites that
project into the lower region, Stratum Oriens. The apical dendrites project upward through
three layers, the through the Stratum Lucidum, Stratum Radiatrum and Stratum Lacunosum
and Molecular. Since these distinct layers cannot be identified in Nissle stained or Golgi
stained tissue, they have often been lumped together and referred to as the apical dendritic
neuropil. Also unidentifiable in Nissl stained sections is the CA2 region, which shares many
characteristics with the CA3 region except that cells in the CA3 region receive input from
the DG granule cells in the form of mossy fiber projections forming contact in the Stratum
Lucidum and this layer is missing in CA2. In Nissl stained sections it is possible to identify
a thinning of the pyradmidal cell layer (S.Pyr) as a sign of the border between CA2 and
CAL. CAL1 has similar layers as those described for CA3, but without the S. Lucidum. For a
thorough description of hippocampal anatomy see [113].
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Figure 2.
Volume of the hippocampal subregion layers (millimeter cubed) from the dorsal

hippocampus, which corresponds to the region in which pyramidal cell dendritic lengths
have been measured from whole hippocampus (A, as reported in [83] and dorsal
hippocampus (B, Tata, unpublished observations). The layers containing the apical dendrites
(labeled stratum radiatum, but including stratum lacunosum and molecular) makes up
greater than 50% of the volume in the CA3 and CAL1 subregions. Accordingly, neuronal
process atrophy without cell loss is sufficient for a reduction in hippocampal volume.
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