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Adrenal Hormones Suppress Cell Division in the Adult Rat Dentate

Gyrus

Elizabeth Gould, Heather A. Cameron, Deborah C. Daniels, Catherine S. Woolley and Bruce S. McEwen
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The rat dentate gyrus is unusual among mammalian brain
regions in that it shows cell birth well into adulthood. During
development, dentate gyrus cell birth is regulated by adrenal
steroids. However, it is presently unknown whether cell di-
vision in the adult is also mediated by these same factors.
In order to determine whether this is the case, we combined
adrenalectomy, with or without corticosterone (CORT) re-
placement, and 3H-thymidine autoradiography, Nissl stain-
ing, and immunohistochemistry for the glial cell markers vi-
mentin and glial fibrilary acidic protein (GFAP) as well as
for the neuronal marker neuron-specific enolase. Removal
of circulating adrenal steroids resulted in a greater density
of both GFAP-immunoreactive and vimentin-immunoreactive
cells compared to sham-operated animals; CORT replace-
ment prevented increases in both of these cell types. The
increase in the density of vimentin-immunoreactive cells
probably resulted from an increase in the birth of these cells,
as adrenalectomized rats showed greater numbers of *H-
thymidine-labeled vimentin-positive cells compared to sham
rats. In contrast, no changes in the number of *H-thymidine~
labeled GFAP-positive cells were observed with adrenalec-
tomy, indicating that the increase in this cell type probably
does not involve cell birth. In addition, the density of *H-
thymidine-labeled celis that were not immunoreactive for
either glial cell marker and that showed neuronal charac-
teristics was dramatically increased with adrenalectomy.
These results suggest that adrenal hormones normally sup-
press the birth of both glia and neurons in the adult rat
dentate gyrus.

The dentate gyrus is unique in the mammalian brain in that it
shows many processes, such as cell birth, death, and migration,
into adulthood that are typically observed in other brain regions
only during discrete developmental periods. Several studies have
shown that the adult rat dentate gyrus continues to produce a
small but steady number of both neurons and glia up until at
least a year (Kaplan and Hinds, 1977, Kaplan and Bell, 1984).
The presence of a low but predictable number of pyknotic cells
in the granule cell layer (Gould et al., 1990a) suggests that cell
death is an ongoing process in adults as well. Migration has also
been demonstrated to occur in the adult rat dentate gyrus; newly
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born cells typically arise from the hilar region and travel to the
granule cell layer as rapidly as 24 hr following DNA synthesis
(Cameron et al., 1991).

In most brain regions, radial glia are present only during
development when they presumably guide migrating neurons
to their appropriate destinations (Rakic, 1981). After this neu-
ronal migration has been completed, radial glia are believed to
differentiate into mature astrocytes (Pixley and de Vellis, 1984).
Unlike the majority of neural systems, the rat dentate gyrus
retains radial glia into adulthood (Kosaka and Hama, 1986;
Rickmann et al., 1987). Although mature astrocytes exist in the
adult granule cell layer, their numbers are low compared to other
brain regions (Kosaka and Hama, 1986). This unique pattern
of glial cell distribution is intriguing in that it may be related
to the unusual neuronal characteristics of the adult dentate gy-
rus. For example, it is likely that radial glia persist into adult-
hood in order to provide guidance for newly born migrating
granule cells.

An understanding of the factors that permit the persistance
of typically developmental features, that is, cell birth, death,
and the presence of radial glia, in the adult rate dentate gyrus
is of considerable interest in our attempt to identify the cues
that normally terminate these characteristics in other systems
once development is complete. Since cell birth, death, and mi-
gration are generally considered to be developmental processes,
it is likely that factors that regulate their occurrence during
development continue to do so in adulthood. Several lines of
evidence suggest that adrenal steroids mediate cell birth, sur-
vival, and migration in the dentate gyrus during development.
First, maximal cell birth, death, and migration in the developing
dentate gyrus occur during a time, called the stress hyperore-
sponsive period, when adrenal steroid levels are naturally low
(Schlessinger et al., 1975; Rickmann et al., 1987; Gould et al.,
1991a; compare with Sapolsky and Meaney, 1986). Second,
increasing the levels of adrenal steroids during the stress hy-
poresponsive period decreases the rate of cell birth (Bohn, 1980;
Gould et al., 1991¢), cell death (Gould et al., 1991b), and pos-
sibly cell migration in the dentate gyrus (see Gould et al., 1991b,c,
for commentary). Third, adrenalectomy toward the end of the
stress hyporesponsive period, when adrenal steroids begin to
rise naturally, increases the rate of both hippocampal cell di-
vision (Yehuda et al., 1989) and dentate gyrus cell death (Gould
et al., 1991Db).

Recent findings suggest that the survival of adult dentate gyrus
cells depends on adrenal steroids (Sloviter et al., 1989; Gould
et al., 1990a), indicating that these hormones continue to reg-
ulate certain developmental processes throughout adulthood. It
is presently unknown precisely what types of dentate gyrus cells
require adrenal steroids for their survival and whether cell birth



in the adult dentate gyrus is also regulated by these hormones.
In order to determine whether dentate gyrus neurons, glia, or
both require adrenal steroids for their survival and whether the
birth of dentate gyrus cells i1s mediated by adrenal hormones,
we performed *H-thymidine autoradiography, Nissl staining,
and immunohistochemistry for the glial cell markers vimentin
and glial fibrillary acidic protein (GFAP) as well as for the neu-
ronal marker neuron-specific enolase (NSE), on brain tissue from
control and hormonally manipulated adult rats.

Materials and Methods

Experiment 1: to determine whether the density of GFAP- and
vimentin-immunoreactive cells changes with ADX and whether
ADX-induced pyknotic cells are GFAP, vimentin, or NSE
immunoreactive

Animal treatments and histology. Adult (3 months) male Sprague-Daw-
ley rats (Charles River) were group housed and provided with unlimited
access to food and water. These rats were subjected to one of the fol-
lowing treatments: (1) sham operation, (2) bilateral adrenalectomy, or
(3) bilateral adrenalectomy with corticosterone (CORT) replacement in
the drinking water (25 ug/ml). This dose results in blood levels of CORT
that are within the lower range of normal levels (Gould et al., 1990a).
All surgery was performed using aseptic procedures under Metofane
anesthesia. Adrenalectomized rats were provided with 0.9% NaCl in
the drinking water to maintain salt balance. Seven days following sur-
gery, these rats were deeply anesthetized with Metofane and perfused
with 120 ml of 4.0% paraformaldehyde in 0.1 M phosphate buffer with
1.5% (v/v) picric acid. The brains were dissected from the skulls and
postfixed overnight in the perfusion solution. Brain sections 40 um thick
were cut on a Vibratome into a bath of PBS and reacted for either
vimentin, GFAP, or NSE immunohistochemistry as described previ-
ously (Gould et al., 1990b). Briefly, the sections were placed in a solution
of mouse monoclonal antibodies to vimentin (Boehringer Mannheim,
diluted 1:50 in PBS), mouse monoclonal antibodies to GFAP (Boeh-
ringer Mannheim, diluted 1:50 in PBS), or rabbit polyclonal antibodies
to NSE (Polysciences, diluted 1:2000 in PBS) overnight. The sections
were then rinsed in PBS and transferred to a solution containing anti-
mouse or anti-rabbit secondary antibodies (Vector laboratories, diluted
1:50 in PBS with horse or goat normal serum, respectively) for 2 hr.
The sections were again rinsed in PBS and incubated for 2 hr in avidin—
biotin-HRP (Vector Laboratories, diluted 1:50 in PBS). Following this,
the sections were rinsed in PBS and reacted in a solution containing
diaminobenzidine, hydrogen peroxide, and PBS for 15 min. After a final
rinse in PBS, the sections were mounted onto gelatinized slides, dried,
rinsed in distilled water, dehydrated, cleared in Histoclear, and cover-
slipped under Permount. Prior to dehydration, some sections were coun-
terstained for Nissl using cresyl violet. As immunohistochemical con-
trols, the above procedures were performed with omission of the primary
antibody incubation. Examination of this control tissue revealed no
nonspecific staining of the secondary antibody. In an effort to maximize
the reliability of comparisons within and between animals, vimentin,
GFAP, and NSE immunohistochemistry were performed simultaneous-
ly on tissue from brains of all treatment groups.

Data analysis. The slides were coded prior to the analysis, and the
code was not broken until the analysis was complete. For each brain, a
minimum of six each of vimentin-immunostained and GFAP-immu-
nostained sections were analyzed. Selected sections were located in the
middle portion of the dentate gyrus. At this level, the dentate gyrus is
located horizontally beneath the corpus callosum and the suprapyrami-
dal and infrapyramidal blades are joined at the crest. The numbers of
GFAP- and vimentin-immunoreactive cell bodies in the granule cell
layer were counted by use of a light microscope (400x). Included in
these counts were immunoreactive cells with somata in the subgranular
zone (the border between the granule cell layer and the hilus) and pro-
cesses extending into the granule cell layer. The granule cell layer was
then traced by use of a camera lucida drawing tube (32 x ), and the cross-
sectional area of the layer was determined with a Zeiss Interactive Dig-
itizing Analysis System (ZIDAS). The data were expressed as the number
of immunoreactive cell bodies per 10¢ um?2. Means of these variables
were determined for each animal, and the data were subjected to one-
way ANOVA followed by Tukey HSD post hoc comparisons.
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The percentages of pyknotic cells immunoreactive for vimentin, GFAP,
and NSE were also determined by counting the numbers of immuno-
reactive and nonimmunoreactive pyknotic cells from a minimum of
four sections for each antigen from each brain. Pyknotic cells were
characterized by the lack of a nuclear membrane, light or absent cyto-
plasm, and the presence of darkly stained circular condensed chromatin
(see Sengelaub and Finlay, 1982; Gould et al., 1991a, for examples).

Experiment 2: to determine whether ADX alters the density of
‘H-thymidine-labeled cells and whether these *H-thymidine—
labeled cells are GFAP, vimentin, or NSE immunoreactive

Animal treatments and histology. Adult (4 months) male Sprague-Daw-
lcy rats (Charles River) were group housed and provided unlimited
access to food and water. These rats were subjected to one of the fol-
lowing treatments: (1) sham operation or (2) bilateral adrenalectomy.
All surgical procedures were performed using aseptic techniques under
Metofane anesthesia. Adrenalectomized animals were provided with
0.9% NaCl in the drinking water. On days 2, 4, and 6 following surgery,
these rats received an intraperitoneal injection of 5.0 xCi/gm body
weight *H-thymidine in water (New England Nuclear; specific activity,
80 Ci/mmol). Twenty-four hours following the last injection, the rats
were deeply anesthetized with Metofane and transcardially perfused as
described for experiment 1. This last survival interval was selected
because it provides enough time for the uptake of thymidine and the
completion of mitosis by granule cell neuroblasts (Lewis, 1978). The
brains were dissected from the cranial cavities and processed for vi-
mentin, GFAP, and NSE immunohistochemistry as described above.
After mounting onto gelatinized slides, the reacted sections were dried,
rinsed in distilled water, and dipped in photographic emulsion (Kodak,
NTB-2). The slides were stored in the dark at 4°C for 6 weeks. The
slides were then developed (Kodak, Dektol), rinsed in distilled water,
fixed (Kodak, Ektaflo), rinsed in running tap water, counterstained for
Nissl using cresyl violet, dehydrated, cleared in Histoclear, and cover-
slipped under Permount.

Data analysis. The slides were coded prior to quantitative analysis,
and the code was not broken until the analysis was finished. For each
brain, a minimum of four sections each of vimentin-immunoreactive,
GFAP-immunoreactive, and NSE-immunoreactive tissue were ana-
lyzed for this experiment. As indicated above, selected sections were
located in the middle portion of the dentate gyrus. For each section, the
numbers of immunoreactive and nonimmunoreactive *H-thymidine-
labeled cells were determined. These counts included cells with somata
in the subgranular zone but not the hilus itself. The cross-sectional area
of the granule cell layer was determined as described above, and these
values were expressed as number of cells per 10® um?. Means of these
variables were determined for each animal, and the data were subjected
to two-tailed Student’s ¢ tests. In order to confirm the results of exper-
iment 1, the percentages of pyknotic cells immunoreactive for GFAP,
vimentin, and NSE were also determined.

Experiment 3: to determine whether ADX affects the density of
‘H-thymidine-labeled cells with glial and neuronal
morphologies and to determine whether ADX alters the density
of healthy cells

Animal treatments and histology. Adult (5 months) male Sprague-Daw-
ley rats (Charles River) were group housed and provided unlimited
access to food and water. These rats received either sham operation or
bilateral adrenalectomy using aseptic procedures under Metofane an-
esthesia. Adrenalectomized rats received 0.9% NaCl in the drinking
water. All rats involved in this study received a single injection of 5.0
uCi/gm body weight of *H-thymidine (New England Nuclear; specific
activity, 80 Ci/mmol) 6 d after surgery. Twenty-four hours after this
injection, the rats were transcardially perfused as described above. This
survival interval between injection and perfusion was selected because
it provides adequate time for the uptake of thymidine by dividing cells
and the completion of mitosis by granule cell neuroblasts (Lewis, 1978).
After postfixation, these brains were placed in 30% sucrose in PBS until
they sank. The brains were then frozen on dry ice, and sections 18 um
thick were cut on a cryostat and thaw mounted onto gelatinized slides.
The slides were then dipped in photographic emulsion, incubated, and
developed as described for experiment 2. The slides were Nissl stained
using cresyl violet, dehydrated, cleared in Histoclear, and coverslipped
under Permount.
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Figure 1. The density of GFAP-immunoreactive cell bodies (mean +
SEM) in the granule cell layer of sham-operated, ADX, and ADX+CORT
rats (n = 6 for each group). Single asterisk represents significant differ-
ence (p < 0.05, one-way ANOVA followed by Tukey HSD post hoc
comparisons) from both sham and ADX+CORT. Double asterisk rep-
resents significant difference (p < 0.05) from sham and ADX.

Data analysis. The slides were coded prior to light microscopic anal-
ysis, and the code was not broken until the analysis was complete. For
each brain, a minimum of four sections were analyzed. In order to avoid
the necessity of correcting for twice-counted cells, the selected sections
were at least 36 um apart. For each selected section, the number of *H-
thymidine-labeled cells was determined. Each *H-thymidine-labeled

Figure 2. Photomicrographs of representative vimentin-immunoreac-
tive cells (arrows) in the granule cell layer of sham-operated (4) and
ADX rats (B). The density of these cells is greater in B than A. Scale
bar, 30 um for both A and B.
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Figure 3. The density of vimentin-immunoreactive cell bodies (mean
+ SEM) in the granule cell layer of sham operated, ADX, and
ADX+CORT rats (n = 6 for each group). Asterisk represents significant
difference (p < 0.05, one-way ANOVA followed by Tukey HSD post
hoc comparisons) from both sham and ADX+CORT.

cell was rated as showing either glial morphology, i.e., small (<70 ym?
cross-sectional cell body area) irregularly shaped cell bodies, or neuronal
morphology, i.e., medium-sized (> 70 pm? cross-sectional cell body area)
round or oval shaped cell bodies. These criteria are likely to underes-
timate the number of neurons because newly born neurons may be
smaller than mature ones and may be elongated during migration. In
addition, the numbers of pyknotic and of healthy cells, that is, not
pyknotic, within the granule cell layer were counted. A cell was counted
as healthy if it showed a distinct boundary and appeared to be whole;
cell fragments were not included in the analysis. The cross-sectional
area of the granule cell layer was determined as described above, and
the data were expressed as number of cells per 10¢ um?. Means of the
above-described variables were determined for each animal, and the
data were subjected to two-tailed Student’s 1 tests.

Results

Experiment 1

Examination of the dentate gyrus from control brains revealed
low numbers of GFAP-immunoreactive astrocytes in the gran-
ule cell layer compared to the surrounding regions. Quantitative
analysis of the density of GFAP-immunoreactive cells in the
granule cell layer revealed significant increases with adrenalec-
tomy (p < 0.05; Fig. 1). CORT replacement to adrenalectomized
rats prevented this increase in the density of GFAP-immuno-
reactive cells (Fig. 1).

Light microscopic examination of the dentate gyrus of control
rats revealed vimentin-immunoreactive cells that appeared to
be radial glia, that is, small cell bodies with radial processes
(Fig. 2). The cell bodies of these glia were usually located in the
subgranular zone, and their processes extended into the granule
cell layer. Quantitative analysis of the density of vimentin-im-
munoreactive cell bodies in the dentate gyrus across treatment
groups revealed significant overall differences (p < 0.05; Fig. 3).
Specifically, adrenalectomy resulted in a significant increase in
the number of vimentin-immunoreactive cells compared to sham
operation (Figs. 2, 3). CORT replacement to adrenalectomized
rats prevented this increase in vimentin-immunoreactive cells
(Fig. 3).




As previously reported (see Gould et al., 1990a), quantitative
analysis of the density of pyknotic cells revealed a large increase
with adrenalectomy that was prevented with CORT treatment
(mean number of pyknotic cells/10¢ um? = 3.8 + 1.0 for sham,
519.4 + 189.6 for ADX, 4.9 + 0.7 for ADX + CORT). In
addition, a general relationship between the magnitude of pyk-
nosis and the density of GFAP- and vimentin-positive cells was
observed. The brains that showed the greatest density of pyk-
notic cells were the brains that showed the greatest density of
GFAP- and vimentin-immunoreactive cells. Examination of
immunoreactive tissue from adrenalectomized rats counter-
stained for Nissl revealed some pyknotic cells that were im-
munoreactive for vimentin (approximately 35% of the total
number of pyknotic cells), some pyknotic cells that were im-
munoreactive for NSE (approximately 25% of the total number
of pyknotic cells), and no examples of GFAP-immunoreactive
pyknotic cells (Fig. 4).

Experiment 2

In control brains, a small but significant number of vimentin-
immunoreactive *H-thymidine-labeled cells that appeared to
be radial glia were observed in the dentate gyrus (Figs. 5, 6).
Quantitative analysis of vimentin-immunoreactive *H-thymi-
dine-labeled cells revealed a significant increase with adrena-
lectomy (p < 0.05; Fig. 6). The distribution of *H-thymidine-
labeled vimentin-immunoreactive cells was no different from
that observed for non-thymidine-labeled vimentin-immuno-
reactive cells; cell bodies were typically located in the subgran-
ular zone with processes extending through the granule cell layer.
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Figure 4. Templates showing the cel-
lular identity and distribution of pyk-
notic cells (4) and *H-thymidine-la-
beled cells (B) in the granule cell layer
(Gr) of ADX rats. Solid triangles rep-
resent vimentin-immunoreactive pyk-
notic cells, asterisks represent NSE-im-
munoreactive pyknotic cells, open circles
represent nonimmunoreactive pyknot-
ic cells (1 symbol = 5 pyknotic cells).
Open triangles represent vimentin-im-
munoreactive *H-thymidine-labeled
cells, open squares represent GFAP-im-
munoreactive *H-thymidine-labeled
cells, solid circles represent nonimmu-
noreactive *H-thymidine-labeled cells
(1 symbol = 1 3H-thymidine-labeled
cell). These values represent the mean
number of each cell type for a single
section.

Moreover, despite the dramatic increase in *H-thymidine-la-
beled cells with adrenalectomy, no difference in the distribution
of these cells was observed with treatment. The number of *H-
thymidine-labeled cells in these same sections that were not
immunoreactive for vimentin determined from these same sec-
tions also increased with adrenalectomy (p < 0.05; Figs. 5, 6).
In contrast, no change in the number of GFAP-immunoreactive
3H-thymidine-labeled cells was observed with adrenalectomy
(p > 0.1; Fig. 7). The number of *H-thymidine-labeled cells
that were not immunoreactive for GFAP increased appreciably
with adrenalectomy (p < 0.05; Fig. 7). In addition, as seen for
experiment 1, the number of GFAP-immunoreactive cells that
were not labeled with *H-thymidine was much greater in brains
of adrenalectomized rats compared to controls.

Light microscopic examination of NSE-immunoreactive *H-
thymidine-labeled tissue revealed no double labeled cells in the
dentate gyrus of either sham-operated or adrenalectomized an-
imals. However, many *H-thymidine-labeled cells showed neu-
ronal characteristics and were not immunoreactive for glial cell
markers (Fig. 5). The numbers of these profiles increased with
adrenalectomy (Fig. 4).

As shown for experiment 1, no GFAP-immunoreactive pyk-
notic cells were observed in brains of either sham operated or
adrenalectomized rats but many of the pyknotic cells in the
latter treatment group were vimentin immunoreactive (approx-
imately 35%) or NSE immunoreactive (approximately 25%}) (Fig.
4). Although an occasional 3H-thymidine-labeled cell was pyk-
notic, no change in these profiles was observed with adrenalec-
tomy. In no instance were vimentin-, NSE-, or GFAP-immu-
noreactive *H-thymidine-labeled pyknotic cells observed.
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A

Figure 5. Photomicrographs of rep-
resentative *H-thymidine-labeled cells
(long arrows) that are vimentin-posi-
tive (4) and vimentin-negative (B) from
the adult rat dentate gyrus. Short arrow
in B indicates a pyknotic cell. Scale bar,
20 pm for both 4 and B.

Experiment 3

Light microscopic examination of *H-thymidine—labeled Nissl-
stained thin sections revealed labeled cells scattered throughout
the dentate gyrus. The majority of these labeled cells were lo-
cated in the subgranular zone, with fewer seen in the hilus or
the granule cell layer itself. In sham-operated brains, approxi-
mately 65% of all labeled cells showed glial morphologies, that
is, small, irregularly shaped cell bodies, whereas the remaining
3H-thymidine-labeled cells (approximately 35%) showed neu-
ronal characteristics, that is, medium sized round or oval cell
bodies (Fig. 8). The density of *H-thymidine-labeled cells in-
creased with adrenalectomy (p < 0.05; Fig. 9). Despite this
observation, no change in the proportion of labeled cells with
neuronal versus glial morphologies was observed. In addition,
the number of healthy cells showed a slight but significant de-
crease with adrenalectomy (p < 0.05; Fig. 10). The results of
experiments 1-3 are summarized in Table 1.
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Figure 6. Density of *H-thymidine-labeled cells (mean + SEM) that
are immunoreactive for vimentin and *H-thymidine-labeled cells that
are vimentin-negative in the dentate gyrus of sham-operated (open bar)
and ADX (solid bar) rats (n = 5 for each group). Asterisks represent
significant difference (p < 0.05, Student’s ¢ tests) from sham value for
same cell type.

Discussion

The results of this study show that removal of adrenal hormones
results in numerous cellular changes in the adult rate dentate
gyrus. Adrenalectomy results in an increase in the density of
GFAP- and vimentin-immunoreactive cells; this effect can be
prevented by providing CORT replacement. Adrenalectomy also
results in an increase in the numbers of both degenerating cells
and newly born cells in the dentate gyrus; these populations are
probably comprised of both glia and neurons (see Table 1 for
summary).

Identity of pyknotic cells in the adult dentate gyrus

The results of this report indicate that the population of cells
that degenerates with adrenalectomy comprises neurons and
glia, but not mature astrocytes. Qur previous studies have shown
that adrenalectomy results in a dramatic increase in the density
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Figure 7. Density of *H-thymidine-labeled cells (mean + SEM) that
are GFAP-positive and *H-thymidine labeled cells that are GFAP-neg-
ative in the dentate gyrus of sham-operated (open bar) and ADX (solid
bar) rats (n = 5 for each group). Asterisk represents significant difference
(p < 0.05, Student’s ¢ tests) from sham value for same cell type.



of pyknotic cells in the granule cell layer (Gould et al., 1990a;
Woolley et al., 1991). Although these degenerating cells were
observed in the granule cell layer, a region that contains a rel-
atively low density of glial cells (Kosaka and Hama, 1986), it
was unknown whether these pyknotic cells were glial or neu-
ronal. A single-section Golgi study indicating that adrenalec-
tomy results in a decrease in the number of dendritic branch
points and cell body area of granule cells (Gould et al., 1990a)
suggests that neurons are in fact degenerating. The results of the
present study showing that some pyknotic cells express NSE
provides direct evidence to support this contention. The data
reported here showing that adrenalectomy results in a net in-
crease in GFAP-immunoreactive and vimentin-immunoreac-
tive cells and a net decrease in total cells also support the notion
that most degenerating cells are neurons. However, the presence
of a large proportion of vimentin-immunoreactive pyknotic cells
(approximately 35% of all pyknotic cells) indicates that many
glal cells are dying as well. It is likely that the vimentin-im-
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Figure 9. Density of *H-thymidine-labeled cells (mean + SEM) in the
granule cell layer of Nissl-stained tissue from sham-operated and ADX
rats (n = 5 for each group). Asterisk represents significant difference (p
< (.05, Student’s ¢ test) from sham.
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A Figure 8. Photomicrographs of rep-
resentative *H-thymidine-labeled
Nissl-stained cells showing morphol-
ogy characteristic of glia (long arrows)
and neurons (short arrow). Scale bar, 20
pm for both 4 and B.

munoreactive cells that are degenerating represent a separate
population of glial cells from those that are dividing in response
to adrenalectomy since no examples of vimentin-immunoreac-
tive H-thymidine—labeled pyknotic cells were observed. Al-
though many pyknotic cells appear to be vimentin immuno-
reactive or NSE immunoreactive, a large proportion of these
degenerating cells were not immunoreactive for either antigen.
Although the identity of these pyknotic cells is unknown, it is
likely that cells become nonimmunoreactive for antigens they
previously expressed as degeneration proceeds.

Identity of *H-thymidine labeled cells in the adult dentate
gyrus

The results of this study indicate that the population of *H-
thymidine-labeled cells in the adult rat dentate gyrus comprises
both glia and neurons. Since GFAP has been shown to be a
marker for mature astrocytes (Pixley and de Vellis, 1984), it is
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Figure 10. Density of healthy cells (mean + SEM) in the granule cell
layer of Nissl-stained tissue from sham-operated and ADX rats (n = 5
for each group). Asterisk represents significant difference (p < 0.035,
Student’s ¢ test) from sham.
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Table 1. Summary of changes in different cell types with ADX

Vimentin GFAP NSE Nissl
stained stained stained stained
+ - + - + -
Healthy cells 1 * 1 * * % 1
‘H-thymidine—
labeled cells T 1 - 1 0o 1 i
Pyknotic cells T 1 0 1 1 1 1

Arrows pointing up indicate increases and arrows pointing down indicate decreases
in the density of this cell type with ADX. Horizontal arrows indicate no change
in this cell type with ADX. Zeros indicate no cells of this particular type observed,
and asterisks represent no data collected for this cell type.

likely that the small number of GFAP-immunoreactive *H-
thymidine-labeled cells observed in this study are glia. Vimentin
has been shown to be a marker for immature glial cells (Pixley
and de Vellis, 1984). The majority of 3H-thymidine-labeled
vimentin-immunoreactive cells observed in our study possessed
radial glial morphologies: small cell bodies with thin processes
radiating through the granule cell layer. Recent studies per-
formed in the neural pathways mediating canary bird song have
led to the suggestion that radial glia differentiate into neurons
(see Alvarez-Buylla, 1990, for commentary). Future time course
studies will be required in order to determine whether decreases
in the number of *H-thymidine-labeled radial glia coincide with
increases in the number of H-thymidine-labeled neurons in the
adult rat dentate gyrus.

Although it is likely that the *H-thymidine-labeled cells that
are immunoreactive for GFAP and vimentin are glial cells, it
is not clear what population of cells is represented by the *H-
thymidine-labeled nonimmunoreactive cells. It is likely that a
substantial proportion of the *H-thymidine-labeled GFAP-neg-
ative cells represent vimentin-immunoreactive cells. However,
it is not likely that a substantial proportion of the dividing
vimentin-negative cells represent GFAP-immunoreactive cells
because the number of vimentin-negative *H-thymidine-la-
beled cells dramatically increased with adrenalectomy whereas
the number of GFAP-immunoreactive *H-thymidine-labeled
cells remained very low.

Previous studies have shown that neurons are generated in
the adult rat dentate gyrus (Kaplan and Hinds, 1977; Kaplan
and Bell, 1984). In the normal adult rat dentate gyrus, *H-
thymidine-labeled cells have been shown to possess synapses
(Kaplan and Hinds, 1977; Kaplan and Bell, 1984) and to extend
axons into target sites (Trice and Stanfield, 1986). Since many
of'the *H-thymidine-labeled nonimmunoreactive cells observed
in the present study are relatively large and show neuronal mor-
phologies, it is likely that at least some of these cells are neurons.
It 1s possible that the low level of neurogenesis that normally
occurs in the rat dentate gyrus is increased by adrenalectomy.
Although the absence of any NSE-immunoreactive *H-thymi-
dine-labeled cells in this experiment weighs against this hy-
pothesis, it is important to note that, during development, neu-
rons do not express NSE until migration is complete and mature
synaptic connections are formed (Schmechel et al., 1980). Since
the longest interval between *H-thymidine injection and per-
fusion in this study was less than 1 week, it is likely that more
time is required for newly born neurons to express this protein
in this system. Indeed, preliminary evidence from our labora-
tory suggests that by 1 month following *H-thymidine injection

many *H-thymidine-labeled cells in the normal adult rat dentate
gyrus are NSE immunoreactive (H. A. Cameron and E. Gould,
unpublished observation). Whether a similar time lag exists for
NSE expression in the adrenalectomized rat dentate gyrus re-
mains to be determined.

Functional significance of changes in GFAP-immunoreactive
cells

Since adrenalectomy results in degeneration of cells in the gran-
ule cell layer (Gould et al., 1990a), it is possible that the increase
in the density of GFAP-immunoreactive cells that we noted in
this brain region is an astrocytic reaction to neuronal death.
Astrocytes have been shown to migrate, hypertrophy, and/or
divide in response to neuronal damage (Smith et al., 1986). The
reaction of astrocytes in response to neuronal damage is thought
to be an important step in the removal of cellular debris. The
timing of adrenalectomy-induced increases in GFAP mRNA is
consistent with this possibility; the onset of increased pyknosis
in the granule cell layer precedes the increase in hippocampal
GFAP mRNA (Gould et al., 1990a; compare with Nichols et
al., 1990). It is unlikely that the increase in GFAP-immuno-
reactive cells is due to the division of astrocytes since we found
no increase in the number of *H-thymidine~labeled GFAP-im-
munoreactive cells with adrenalectomy. However, the possi-
bility exists that these cells either migrate into the dentate gyrus
or express higher levels of GFAP in response to neuronal dam-
age.

Alternatively, there is some evidence to suggest that the in-
crease in GFAP-immunoreactive cells is independent of neu-
ronal damage. In brain regions that do not show an increase in
the density of pyknotic cells with adrenalectomy, that is, the
cerebellum (see McEwen and Gould, 1990), GFAP and GFAP
mRNA levels are elevated by adrenalectomy (O’Callaghan et
al., 1989; Nichols et al., 1990). Future studies will be required
in order to determine whether the increase in density of GFAP-
immunoreactive cell bodies observed in the dentate gyrus after
adrenalectomy occurs independently of neuronal damage.

Functional significance of changes in
vimentin-immunoreactive cells

Vimentin is expressed by radial glia and other immature glial
cells that will, in most cases, differentiate into mature astrocytes
with time (Pixley and de Vellis, 1984). Unlike most other brain
regions, the dentate gyrus retains radial glia into adulthood. The
cell bodies of these glia reside in the subgranular zone and their
radial processes extend into the granule cell layer (Kosaka and
Hama, 1986; Rickmann et al., 1987). A number of studies have
shown that granule cells are born in the subgranular zone during
adulthood (Kaplan and Hinds, 1977; Kaplan and Bell, 1984;
Crespo et al., 1986). Although the function of radial glia in the
adult dentate gyrus is presently unknown, it is likely that they
subserve a similar function in adulthood as observed devel-
opmentally: to provide a substrate for the migration of newly
born granule cells (Rickmann et al., 1987).

The results of this study show that the adrenalectomy-induced
increase in the number of vimentin-immunoreactive radial glia
is due to an increase in the birth of these cells. It is possible that
the adrenalectomy-induced increase in the density of radial glia
observed in this study is related to an increase in the birth of
new granule cells. This hypothesis is supported by the fact that,
during development, the appearance of a new set of radial glia
usually precedes each period of increased neurogenesis in the



dentate gyrus (Rickmann et al., 1987). Furthermore, develop-
mental studies have shown that administration of adrenal ster-
oids inhibits the birth of granule cells (Bohn, 1980; Gould et
al., 1991¢), suggesting that these hormones may suppress granule
cell birth in adulthood as well. The observations of the present
study that the density of cells with granule neuron morphology
that are not immunoreactive for glial cell markers increases in
response to adrenalectomy support this possibility. Studies aimed
at positively identifying as neurons this third population of *H-
thymidine~labeled cells, that is, those that are not immuno-
reactive for GFAP or vimentin, are ongoing in our laboratory.

The relationship between cell birth and cell death in the
adull rat dentate gyrus

The rat dentate gyrus shows ongoing cell birth and death into
adulthood (Kaplan and Hinds, 1977; Kaplan and Bell, 1984;
Gould et al., 1990a). Both newly born cells and pyknotic cells
appear most commonly in the subgranular zone of the dentate
gyrus {Crespo et al., 1986; Gould et al., 1990a), raising the pos-
sibility that they represent the same population of cells. If these
cells simply turn over, it would follow that cell birth and death
in the adult rat dentate gyrus do not affect the total number of
granule cells. However, studies of granule cells during adult life
have shown that these neurons increase in number up until at
least 12 months of life (Bayer et al., 1982; Bayer, 1982; but see
Boss et al., 1985), indicating that cell birth normally outweighs
cell death in this region. The results of this study show that
removal of circulating adrenal hormones upsets this relation-
ship: adrenalectomy results in a slight but significant net de-
crease in healthy granule cells after 7 d, indicating that cell death
outweighs cell birth.

Developmental studies have shown that even small numbers
of pyknotic cells usually reflect a high magnitude of cell loss due
to rapid clearing of cellular debris. Given the magnitude of the
pyknosis observed in this and our previous studies (Gould et
al., 1990a; Woolley et al., 1991), it is surprising that a greater
decrease in the number of healthy cells was not observed. This
study indicates that the slight decrease observed probably re-
flects a compensatory increase in the rate of cell birth that par-
tially offsets the increased cell death. The results of Sloviter et
al. (1989) showed that adrenalectomy can result in complete
obliteration of the granule cell layer at 3—4 months following
surgery. This suggests that, with time, the discrepancy between
cell death and cell birth continues such that by 3—4 months,
neuroblasts would no longer be able to replace dead granule
cells. Future studies will be necessary to determine the rate of
cell death and birth at different times after adrenalectomy.

The role of adrenal hormones in the suppression of cell death
and cell survival

The results of this study and previous studies (Gould et al.,
1990a; Woolley et al., 1991) show that the increase in pyknotic
cells and GFAP-immunoreactive and vimentin-immunoreac-
tive cells with adrenalectomy is due to the removal of circulating
adrenal steroids and not due to the removal of catecholamines.
Replacement of CORT in the drinking water of adrenalecto-
mized rats prevents the increase in density of pyknotic cells and
GFAP-immunoreactive and vimentin-immunoreactive cells in
the dentate gyrus. We have previously shown that type 1 adrenal
steroid receptors are involved in the adrenalectomy-induced
pyknosis; replacement with the type 1 receptor agonists CORT
or aldosterone prevent this effect, whereas replacement with the
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type 2 receptor agonist RU28362 does not prevent this effect
(Woolley et al., 1991). Although it is likely that the adrenalec-
tomy-induced increase in *H-thymidine-labeled vimentin-im-
munoreactive cells is dependent on activation of the type 1
receptor, that is, because low doses of CORT prevented the
increase in vimentin-immunoreactive cells, it is unknown
whether activation of the type 1 receptor will block the increase
in nonimmunoreactive *H-thymidine-labeled cells. Future
studies will be required to determine which adrenal hormone
and receptor type normally prevents division of cells that do
not express vimentin in the intact rat.

Under normal circumstances, the adult rat dentate gyrus shows
a slow but steady level of cell birth and cell death. Bilateral
removal of the adrenal glands results in markedly increased rates
of both of these processes (Gould et al., 1990a; present results),
suggesting that cell birth and death are normally suppressed by
adrenal hormones. This contention is consistent with devel-
opmental findings that postnatal cell birth and death in the rat
dentate gyrus are maximal at a time when adrenal hormone
levels are exceedingly low (Schlessingeret al., 1975: Bayer, 1980;
Gould et al., 1991a; compare with Sapolsky and Meaney, 1986).
Experimentally induced increases in adrenal hormones during
this postnatal period diminish both cell birth and cell death
(Bohn, 1980; Gould et al., 1991b,c). As the adrenal gland ma-
tures and circulating levels of its hormones rise, the rates of cell
birth and cell death taper off. The findings of this report show
that developmental levels of both cell birth and cell death can
be reinitiated by removing the adrenal glands. This suggests that
adrenal hormones are the natural signal for the inhibition of
developmental processes, such as cell birth and death in adult
rat dentate gyrus.
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