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Abstract
New neurons continue to be generated in the adult dentate gyrus of the hippocampus.
Corticosterone (CORT), a steroid secreted by the adrenal glands, had been shown to regulate
progenitor proliferation. High levels of CORT suppress proliferation while low levels of the
steroid stimulate it. Here we present an investigation into the regulation of survival by corticoids,
with emphasis on the differential effects of the pre-mitotic and post-mitotic corticoid
environments. Post-mitotic adrenalectomy increased subsequent survival of progenitors at 28
days, while additional CORT administered during the post-mitotic period decreased survival. In
contrast, a corticoid-free environment prior to progenitor division resulted in a reduced survival
rate of new cells and, similarly, high levels of CORT before proliferation reduced subsequent
survival. In addition, phased treatment with CORT during a 27-day post-mitotic interval showed
that newly formed cells lose their sensitivity to administered CORT after about 18 days. These
results are the first to show that the corticoid environment both before and after cell division
regulates survival.

Abbreviations
ADX, adrenalectomized; DHEA, dehydroepiandrosterone; PBS, phosphate-buffered saline

Introduction
Increasing evidence fosters the recent acceptance of adult hippocampal neurogenesis in a
variety of species including humans (Eriksson et al, 1998). The process of forming new
neurons in the dentate gyrus of the adult hippocampus can be divided into several phases,
though they overlap. The rate of proliferation of progenitor cells determines the formation of
new but undifferentiated daughter cells. Current estimates put this at about 9000 per day in
the rat (Cameron & McKay, 2001). Proliferation is controlled by a variety of factors,
including age (Kuhn et al., 1996), physical activity (van Praag et al., 1999) and exposure to
novel environment (Kempermann et al., 1998), but most prominently by stress (Tanapat et
al., 2001; Pham et al., 2003), a response associated with increased levels of glucocorticoids
(Reul et al., 1987a). Various factors regulate proliferation in the dentate gyrus, but the
survival of these newly formed cells is also a critical event. Recent estimates suggest that
only about a half of newly formed cells survive for at least 28 days in the rat (Dayer et al.,
2003). Relatively little is known about determinants of survival, though the adrenal steroid
dehydroepiandrosterone (DHEA) is known to enhance it as well as survival of other types of
stem cell (Karishma & Herbert, 2002; Suzuki et al., 2004). During the survival period,
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newly formed cells differentiate into either neurons (estimated at about 70%) or glia
(Cameron et al., 1993b). Whether endocrine factors control differentiation in the dentate
gyrus has hardly been studied, though if factors exist that direct differentiation into one or
other pathway these would be important. Finally, it has been shown that newly formed
neurons grow axons that make functional synaptic contact with the CA3 pyramidal cells of
the hippocampal cortex (Hastings & Gould, 1999), a process which itself may be subject to
specific controls.

In this paper, we focus on the role of glucocorticoids in the survival of newly formed cells in
the dentate gyrus. The levels of glucocorticoids secreted by the adrenal glands are highly
susceptible to environmental factors, including the daily light/dark cycle (Reul et al., 1987a)
as well as intermittent events such as physical or psychological stress (Reul et al., 1987b).
Previous work has established beyond doubt that excess glucocorticoid, whether resulting
from administered hormones or experimental stressors, reduces the rate of cell division
(Gould et al., 1992; Cameron & Gould, 1994; Tanapat et al., 2001; Pham et al., 2003; Czeh
et al., 2002 Malberg & Duman, 2003), whereas adrenalectomy enhances this process (Gould
et al., 1992; Cameron & Gould, 1994). However, the role of glucocorticoids in the survival
of the new cells (and whether this role, if demonstrable, is distinct from that on proliferation)
remains unknown and is thus the objective of this study. It is clear that survival is a critical
phase in the process whereby progenitor cells are translated into adult functional neurons in
the adult hippocampus. The question of whether glucocorticoids also alter the differentiation
of these newly formed cells will be taken up in a subsequent paper.

Materials and methods
Animals

All procedures were carried out under Home Office (UK) licence; Lister hooded male rats
(Harlan, UK), weighing about 250–300 g at the beginning of the experiment, were used.
Rats were housed three–four per cage on reversed 12 h light : dark cycles (lights off at 11.00
h). Ambient temperature was maintained at 21 ± 2 °C. Food and water were available ad
libitum. All surgeries were carried out under general anaesthesia using isoflurane.
Adrenalectomized animals were given a choice of 0.9% saline and water to replenish salt
loss.

BrdU injection and corticosterone level manipulations
BrdU (Sigma), a thymidine analogue incorporated into dividing cells during DNA synthetic
phase (S-phase) of the cell cycle, was dissolved in 0.9% saline and injected i.p. (200 mg/kg)
at midday. A single BrdU injection paradigm was chosen to ensure that the population of
cells labelled would come from the same time frame, and thus all new-born cells are in the
same developmental phase at the start of the drug treatment.

To remove circulating corticoids, bilateral adrenalectomies were performed under
isofluorane anaesthesia. Basal level of corticosterone was replaced with subcutaneous
implant of 1 : 1 corticosterone/cholesterol (Sigma) melted and moulded into pellets
weighing 200–220 mg. To increase plasma corticosterone above ‘basal’ levels, animals were
given additional s.c. injection of corticosterone suspended in peanut oil at 40 mg/kg/day, a
dose shown to reduce neurogenesis.

Experimental procedures
Experiment 1—Four groups of animals were used in this experiment (n = 80). They all
received a single injection of BrdU (200 mg/kg, i.p.) to label the new-born cells. In Group 1
(n = 8), animals were killed 24 h after BrdU labelling, whereas in Group 2 (n = 24) they
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were sham-operated 24 h after BrdU and implanted s.c. with a cholesterol pellet. Eight rats
were perfused at 7, 18 and 28 days after surgery. Group 3 (n = 24) was bilaterally
adrenalectomized (ADX) 24 h after BrdU and implanted with a cholesterol pellet. Rats (n =
8) were sampled at the same intervals. Group 4 (n = 24) were also ADX, but received a 50%
corticosterone pellet (200–250 mg). They were sampled at the same intervals (Fig. 1A).

Experiment 2—Forty-two animals, given a single injection of BrdU as before, were
divided into three groups. Group 1 (n = 6) was killed 24 h after the BrdU injection. Group 2
(n = 18) received a daily injection of peanut oil, beginning 24 h after BrdU. Group 3 (n =
18) received 40 mg/kg/day corticosterone suspended in peanut oil. Animals (n = 6) from
each treatment group were sampled at the same time intervals as in the last experiment (Fig.
1C).

Experiment 3—Fifty-six intact rats were given BrdU as above, and then received various
regimes of daily s.c. injections of either corticosterone (40 mg/kg/day) or oil for 27 days.
They were divided into seven groups of eight rats. Group 1 received oil throughout. The
next three groups received corticosterone for 9 days each, and oil otherwise. The start of
corticosterone was staggered by 9 days in each group (group 2 days 1–9, group 3 days 10–
18, group 4 days 19–27). Group 5 received corticosterone on days 1–18, group 6 days 10–27
and group 7 days 1–27. All rats were killed on day 28 (Fig. 2A).

Experiment 4—Rats were divided into two major groups (n = 24 each). The first group
was given daily oil injections for 10 days (pre-treatment), and then two injections of BrdU, 3
h apart, on day 10. This double injection protocol served to label a larger pool of
proliferating cells to compensate the suppressive effect of corticosterone on cell division.
The second group (n = 24) was given daily injections of corticosterone (40 mg/kg/day) for
10 days, and BrdU as above. Each group was then divided into three subgroups. Groups 1a
and 2a were killed 24 h after the BrdU injection. Groups 1b and 2b were given another 28
days (post-treatment) of oil injections. Groups 1c and 2c were given 28 days of
corticosterone (40 mg/kg/day). The latter four subgroups were perfused 24 h after the last
injection (day 29) (Fig. 3A).

Experiment 5—All rats were ADX (n = 48), half were given basal corticosterone
replacement (s.c. implant of 50% corticosterone pellet) and the others received a cholesterol
pellet. Ten days after surgery, all animals received a single injection of BrdU. Each of the
two original groups was divided into three subgroups. The first two subgroups (la, 2a: n = 8
per group) were killed 24 h after the BrdU injection. The second subgroups (1b, 2b: n = 8)
had their corticosterone or cholesterol pellets removed and replaced with new,
corticosterone pellet 24 h after BrdU. The third subgroups (1c, 2c; n = 8) had their
corticosterone or cholesterol pellets removed and replaced with cholesterol pellets.
Subgroups b and c were perfused 29 days after BrdU (Fig. 4A).

BrdU immunohistochemistry
Animals were given an overdose of pentobarbitone sodium and perfused transcardially with
0.1 M phosphate buffer followed by 4% paraformaldehyde in 0.01 M KPBS (phosphate-
buffered saline, pH 7.4). Brains were removed, post-fixed for 4 h, and then immersed in
20% sucrose in KPBS overnight for cryoprotection against formation of water ice crystals
during freezing. Coronal sections were cut using a freezing microtome through the entire
dentate gyrus at 40 μm and sections were stored in antifreeze (1:1:2 glycerol :
ethyleneglycol : 0.1 M PBS). All rinses were done in KPBS. Sections were first mounted
onto poly-lysine-coated slides and dried overnight. They were then antigen-retrieved in 0.01
M citric acid for 15 min at 97 °C, cooled for 30 min, incubated in 3% H2O2 for 10 min,
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digested with trypsin 250 (0.025% in KPBS) for 10 min, denatured in 2 N HCl for 30 min at
37 °C, and incubated overnight at room temperature in mouse monoclonal antibody raised
against BrdU (Novocastra; 1 : 200 in 0.3% Triton, 1% normal horse serum). The slides were
then taken through a mouse IgG ABC kit procedure (Vector), and reacted for 10 min with a
diaminobenzidine (Sigma). The slides were counter-stained with Cresyl violet, dehydrated
and cover slipped under DPX.

Quantification
All slides were randomized and coded prior to quantitative analysis. Slides were examined
using a 40 × objective and BrdU-labelled cells were counted on every 12th section through
the entire dentate gyrus bilaterally (about nine sections per animal). Only cells on the border
of the subgranular zone and hilus were counted. BrdU cells in all focal planes through the
40-μm section were included. The data shown are that obtained from this one-in-12 section
sample. We intentionally avoided the stereology method as it generates data with high
variance (Alonso, 2000).

Statistical analysis
Data were analysed by one-, two- or three-way ANOVA; the data were transformed before
analysis if the variances were not homogenous. Instances in which non-parametric tests were
used are specified in the Results section.

Results
Effect of post-mitotic glucocorticoid environment on survival

In Experiment 1 we examined the effect of post-mitotic glucocorticoids manipulations on
survival of the newly formed cells. Figure 1B shows that the numbers of surviving BrdU-
labelled cells decreased progressively from 24 h after BrdU administration to day 7 and then
until day 18 in all three groups. Two-way ANOVA showed a highly significant effect of the
three post-BrdU treatments (sham-operation, ADX, ADX with corticosterone replacement)
on the number of labelled cells from day 7 to day 28 (F2,77 = 15.3, P < 0.0001). There was
also a significant effect of time (days 0, 7, 18, 28; F2,77 = 26.4, P < 0.0001). Post-hoc
comparisons showed that survival of cells in ADX rats without corticosterone replacement
was significantly higher (Bonferroni, P < 0.002) than the other two groups, which did not
differ from each other (P = 0.864). One-way ANOVA of the sham and ADX groups at
different time points revealed that adrenalectomy significantly increased survival at day 18
(F1,15 = 6.8, §P < 0.023) and day 28 (F1,15 = 25.3, †P < 0.0001), but not day 7 (F1,15 = 0.57,
P = 0.47). These data demonstrate that only half of the new cells born in the adult dentate
gyrus survive over a period of 28 days under normal physiological conditions (sham).
Removal of endogenous corticoids by adrenalectomy favours survival of the new cells.
Replacing corticosterone in ADX animals restores the survival profile to that similar to
sham, which further confirms that corticosterone is the major regulator controlling post-
mitotic cell survival.

To further characterize the effect of corticosterone on survival of newly formed cells,
Experiment 2 was carried out to examine the effect of excess corticosterone on post-mitotic
survival. Figure 1D shows the progressive reduction in labelled cells at increasing sampling
periods in both groups. There was a significant effect of both post-BrdU treatment (oil/
corticosterone; F1,41 = 11.9, P < 0.001) and time (days 7, 18, 28; F2,41 = 15.4, P < 0.0001)
on the number of BrdU-labelled cells. One-way ANOVA showed that there were
significantly fewer surviving cells in the corticosterone-treated group on all three days
sampled post-BrdU (day 7: F1,11 = 11.4, §P < 0.007; day 18: F1,11 = 5.56, †P < 0.04; day 28:
F1,11 = 6.47, ‡P < 0.029). These results show that increased plasma corticosterone reduces
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survival of newly formed cells during the post-mitotic development period. Taken together,
these two experiments make the case for a major controlling action of glucocorticoids on
post-mitotic survival of neural progenitors in the adult dentate gyrus.

Time-dependent effect of corticosterone on post-mitotic survival
The first experiment (Fig. 1B) seemed to suggest that the progressive decline of labelled
cells tailed off after 18 days in the controls, as did the disinhibiting effect on survival of
removing endogenous glucocorticoids. However, the second experiment (Fig. 1D) showed
that numbers of BrdU-labelled cells were still declining in corticosterone-treated rats.
Therefore we did a further experiment (Experiment 3) in which rats received periods of
corticosterone treatment at varying intervals following an initial injection of BrdU (Fig. 2A).
This experiment showed that survival was reduced by corticosterone given during the first
18 days after BrdU labelling but not during the final 9 days before death (Fig. 2B). Three-
way ANOVA, with each period as the independent variable, showed an overall treatment
effect (F6,55 = 20.7, P< 0.0001), and that both the first 9 (F1,55 = 16.5, P< 0.0001) and the
second 9 days (F1,55 = 67.2, P < 0.0001) of corticosterone treatment reduced survival, but
that the third period (days 19–27) had no effect (F1,55 = 0.195, P = 0.661). Post-hoc analyses
showed that corticosterone treatment from days 1–27 significantly reduced survival
(Bonferroni, §P < 0.0001). Corticosterone treatment for either days 1–9 or 10–18 reduced
survival (compared with oil treatment) (Bonferroni, †P < 0.029, ‡P < 0.001, respectively),
but these two periods did not differ from each other (Bonferroni, P = 1.00). Corticosterone
treatment for days 19–27 had no significant effect (Bonferroni, P = 1.00). Both 1–18 and
10–27 days of corticosterone treatment suppressed survival (Bonferroni, P< 0.0001, P<
0.0001, respectively). Extending the treatment from 1–9 to 1–18 days further reduced
survival (Bonferroni, ΨP < 0.003, 1 vs. 1 + 2), but an additional 9-day treatment from day
18 gave no further reduction (Bonferroni, P = 1.00, 2 vs. 2 + 3). This experiment shows that
newly formed cells are sensitive to corticosterone for about 18 days after labelling with
BrdU, but become insensitive during the final 9 days presumably as one result of the
maturation process.

Effect of glucocorticoid environment at time of progenitor proliferation on subsequent
survival

Having established the effect of corticosterone on post-mitotic survival, the next two
experiments (4 and 5) aimed to examine if changing the glucocorticoid environment prior to
progenitor proliferation would affect subsequent survival. Figure 3B shows that there were
marked differences in the number of BrdU-labelled cells in the different groups. As
expected, pre-BrdU-treatment with 40 mg/kg/day corticosterone reduced BrdU labelling in
samples taken 24 h later in comparison with oil pre-treatment, demonstrating the suppressive
effect of corticosterone on proliferation (F1,15 = 279.4, §P < 0.0001). Analysis of the four
groups surviving for 28 days showed significant effects of both pre- and post-BrdU
treatment with corticosterone (F1,31 = 420.4.0, P < 0.0001; F1,31 = 49.9, P< 0.0001,
respectively). Corticosterone treatment given post-BrdU labelling significantly reduced
survival in both pre-treatment groups (one-way ANOVA, oil: F1,15 = 41.4, †P < 0.0001;
corticosterone: F1,15 = 9.53, ‡P < 0.009). This was reflected in the overall survival,
calculated as the mean percentage labelled cells at 29 days of the corresponding groups
killed 24 h post-BrdU (Fig. 3C). The mean survival percentages for each group were pre-oil/
oil = 51.1%; pre-oil/corticosterone = 28.9%; pre-corticosterone/oil = 27.9%; pre-
corticosterone/corticosterone = 11.8%. Two-way ANOVA showed significant effect on
reduced survival for both corticosterone pre-treatment (F1,31 = 47.5, P < 0.0001) and post-
treatment (F1,31 = 43.1, P< 0.0001). One-way ANOVA with post-hoc tests also showed that
post-treatment with corticosterone suppressed survival (Bonferroni, §P < 0.0001, pre-oil/oil
vs. pre-oil/corticosterone; Bonferroni, †P < 0.004, pre-corticosterone/oil vs. pre-
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corticosterone/corticosterone). It is important to note that pre-treatment with corticosterone
(and oil treatment after BrdU) also resulted in reduced survival (Bonferroni, ‡P < 0.0001);
this was evident when comparing pre-oil/oil with pre-corticosterone/oil groups (Fig. 3C).

As shown in Experiment 1, endogenous corticosterone suppressed post-mitotic survival;
removal of circulating corticoids increased the number of surviving BrdU cells 28 days later.
Therefore, the next question we addressed was whether removing corticosterone prior to
progenitor division would enhance subsequent survival of those cells proliferating in a
corticosterone-free environment. Figure 4B shows that ADX animals (ADX day 0) perfused
24 h after BrdU injection had more labelled cells compared with ADX animals who received
basal corticosterone replacement (Repld day 0) (F1,15 = 42.2, §P < 0.0001). This confirms
the stimulating effect of adrenalectomy on progenitor proliferation. Two-way ANOVA
revealed significant effect on survival as caused by a corticoids-free environment, both prior
(F1,31 = 41.5, P < 0.0001) and after (F1,31 = 19.1, P < 0.0001) BrdU labelling. One-way
ANOVA and post-hoc tests stated survival enhancement in the post-mitotic period
(Bonferroni, †P < 0.024, corticosterone/corticosterone vs. corticosterone/Chol; Bonferroni,
‡P < 0.005, Chol/corticosterone vs. Chol/Chol). Because pre-treatment altered the number of
labelled cells, survival can also be expressed as a percentage of this number (based on the
two groups killed at day 0, Fig. 4C). The mean survival percentages of the four groups were
corticosterone/corticosterone = 37.1%, corticosterone/Chol = 52.3%, Chol/corticosterone =
20.7% and Chol/Chol = 32.1%. Two-way ANOVA revealed significant effect on survival as
caused by a corticoids-free environment, both prior (F1,31 = 41.5, P< 0.0001) and after (F1,31
= 19.1, P< 0.0001) BrdU labelling. One-way ANOVA and post-hoc tests stated survival
enhancement in the post-mitotic period (Bonferroni, §P < 0.039, corticosterone/
corticosterone vs. corticosterone/Chol; Bonferroni, †P < 0.001, Chol/corticosterone vs.
Chol/Chol). Although post-mitotic glucocorticoids depletion enhanced survival, a
glucocorticoids-free environment before and at the time of division destined lowered
survival (Bonferroni, ‡P < 0.001, corticosterone/corticosterone vs. Chol/corticosterone). It
appears that, in addition to the regulating role of corticosterone during the post-mitotic
period, the glucocorticoid environment in which progenitor divisions take place also governs
the consequent survival of the newly formed cells.

Discussion
Despite the fact that glucocorticoids are well known to regulate the rate of proliferation in
adult dentate gyrus, there has been no evidence yet to suggest they also have separable, but
major, effects on the survival of newly formed cells. Our first experiment demonstrated that
removing endogenous corticoids by bilateral adrenalectomy immediately following a single
injection of BrdU substantially increased survival of previously labelled cells. Because
replacing endogenous corticoids with exogenous corticosterone reversed this result, it seems
highly likely that this controlling action lies mostly with glucocorticoids, though further
experiments on the role of mineralocorticoids, and their possible interaction with
glucocorticoids, remain to be done. Moreover, because high levels of corticosterone have
been shown to reduce proliferation (Cameron & Gould, 1994), we were interested to see if
this would have a similar effect on post-mitotic survival. The second experiment showed
clearly that labelling proliferating cells with BrdU and then treating the rats with excess
corticosterone reduced survival at the three time points sampled. These two experiments
illustrate that just as decreasing post-BrdU corticoids increases survival, the opposite is true
when corticosterone levels are increased.

In the next experiment, animals received phased treatment of corticosterone at varying
intervals following an initial injection of BrdU. This showed clearly that there was a marked
difference in sensitivity to corticosterone between the first 18 and the final 9 days of the
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survival period. Corticosterone given during the first or second 9 days reduced subsequent
survival at 28 days. Treatment with corticosterone during the final 9 days had no effect. A
recent study shows that BrdU-labelled cells begin to express NeuN, a marker of mature
neurons, at about day 18 (Brown et al., 2003). This coincides with our data that newly
formed cells lose sensitivity to glucocorticoids 18 days after labelling. Therefore, it seems
plausible that newly formed cells become less dependent on the surrounding corticoid
environment over time as one result of the maturation process. Further experiments are
required to define the sensitive period more exactly, and to reveal the mechanism for it.

A recent study on the properties of newly-born cells in the adult dentate gyrus showed that
the BrdU-labelled cells continue to divide for up to 4 days after BrdU injection (Dayer et al.,
2003). Because glucocorticoids exert powerful effects on proliferation, it is arguable that the
effects observed on survival were simply the consequence of glucocorticoids regulating
post-labelling divisions. However, the fact that there was no significance between groups at
day 7 in the first experiment (Fig. 1B) argues against this possibility, and there is further
evidence from the time-phase experiment, which showed that animals receiving
corticosterone treatment for days 9–18 after labelling (a period with presumably no dividing
pre-labelled BrdU cells) had significantly fewer surviving BrdU cells at day 27. Together,
these experiments point to corticosterone as a major regulator of post-mitotic survival of
new-born cells in the adult dentate gyrus independent of its effects on proliferation.

Besides the effect of corticosterone on post-mitotic survival, we also investigated the effect
of exposing proliferating cells to excess corticosterone before BrdU labelling and/or during
the subsequent survival period. Administration of excess corticosterone prior to progenitor
labelling reduced subsequent survival, irrespective of post-mitotic exposure, to levels similar
to animals receiving only post-BrdU excess corticosterone, suggesting that the
glucocorticoid environment of the dentate gyrus both before and at the time of proliferation
determines consequent survival of the newly formed cells. The converse experiment shows
that adrenalectomy during the post-mitotic interval increased survival of BrdU pre-labelled
progenitors. However, a corticosterone-free environment before and at the time of
proliferation, whilst increasing proliferation, destined new-born cells to a reduced survival
rate. This is the first study to compare directly the effect of pre- and post-treatment with
glucocorticoids on survival of newly formed cells in the dentate gyrus, and further
demonstrates that the endocrine environment in which progenitors divide is crucial to their
future survival. It seems highly likely that this environmental regulation of survival acts
through neighbouring cells as new-born cells in the dentate gyrus do not express corticoid
receptors (Cameron et al., 1993a). Reports on the importance of the local environment in
regulating proliferation and survival support this idea (Seki, 2002; Song et al., 2002;
Hastings & Gould, 2003), but further work on this topic is required before a solid conclusion
can be drawn.

It is well documented that there is an inverted U-shaped relationship between corticosteroid
levels and hippocampal functions such as spatial learning (Diamond et al., 1992; Yau et al.,
1995; Conrad et al., 1999). Moderate elevation of plasma corticosterone levels has been
shown to favour hippocampal-dependent memory consolidation (Hui et al., 2004) and
memory retrieval (Okuda et al., 2004), while excess corticosterone impairs these processes
(Newcomer et al., 1994; Endo et al., 1996; de Quervain et al., 1998; McLay et al., 1998;
Coburn-Litvak et al., 2003). Our results on the effects of the corticoid environment at the
time of proliferation on subsequent survival support a similar relation: either excess or
reduced corticoids impair survival at 28/29 days. However, the post-mitotic corticoid
environment does not show this relationship. Recent evidence suggests that corticosterone
regulates adult hippocampal neurogenesis through activation of both the mineralocorticoid
and glucocorticoid receptors, in a pattern similar to that in hippocampal-dependent learning
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(Conrad et al., 1999; Czeh et al., 2002; Montaron et al., 2003). Whether these mechanisms
also apply to post-mitotic survival remains to be studied.

Our results demonstrate that the endocrine control of neurogenesis extends into the post-
mitotic interval. They also show that the corticoid environments prevailing at both
progenitor division and during the post-mitotic process are important modulating signals
determining the survival of the new-born cells, but that this is limited to earlier stages of the
maturation trajectory. This raises the possibility that other modulators of neurogenesis, such
as growth factors (Wagner et al., 1999; Aberg et al., 2000), exercise (van Praag et al., 1999)
or learning tasks (Gould et al., 1999; Shors et al., 2001), may affect survival in a manner
similar to glucocorticoids. As well as survival of progenitors, there are clear indications that
differentiation of the newly formed cells can be varied by the local environment of these
cells. Analyses to address the question of whether glucocorticoids affect neuronal
differentiation are now under way (Palmer et al., 2000 Belachew et al., 2003). We have
already reported that a second adrenal steroid, DHEA, present at high levels in primates,
promotes survival of newly formed cells in the dentate gyrus (Karishma & Herbert, 2002),
so it is becoming clear that the steroid environment in which post-mitotic cells find
themselves regulates the number that are available for differentiation and subsequent
connection to CA3. How far this can be attributed to defined cellular events such as
apoptosis remains to be determined. Future work will determine the identity of the cellular
and molecular elements in the microenvironment of the progenitors (Seki, 2003) that are
responsible for the effects we describe in this study.
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Fig. 1.
Endogenous corticosterone decreases post-mitotic survival. (A) Design of Experiment 1. (B)
Mean ± SE of surviving BrdU-labelled cells over time for the three treatment groups: sham-
operated (▪), adrenalectomized (ADX) (▴) and ADX with basal corticosterone replacement
(ADX Low corticosterone) (▾) (§P < 0.023; †P< 0.0001). Additional corticosterone reduces
post-mitotic survival. (C) Design of Experiment 2. (D) Mean ± SE of surviving BrdU-
labelled cells over time for animals receiving daily injection of oil (▪) or high corticosterone
(40 mg/kg) (▴) (§P < 0.007; †P < 0.04; ‡P < 0.029). (E–G) Twenty-eight-day-old BrdU-
labelled cells in dentate gyrus in sham, ADX and ADX Low corticosterone animals,
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respectively. (H, I) Twenty-eight-day-old BrdU-labelled cells in oil or high corticosterone-
treated animals, respectively. (J) Morphology of BrdU-labelled cells at high magnification.
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Fig. 2.
Effect of phased treatment with corticosterone on survival of newly formed cells. (A)
Animals received phased excess corticosterone treatment (oil otherwise) following the
regimes depicted. (B) Mean ± SE of BrdU cells at time of death; group 1 + 2 + 3 confirms
long-term treatment with high corticosterone post-BrdU reduces survival (§P < 0.0001).
Phased 9-day treatment during period 1 and 2, but not 3, significantly reduced survival of
the newly formed cells (†P < 0.029, ‡P < 0.001), suggesting progenitors are only sensitive to
high corticosterone during the first 18 days after mitosis. Further phased high corticosterone
treatment to the first 9 days (group 1 vs. 1 + 2) resulted in additional reduction (ΨP <
0.003). However, no significant difference was observed comparing groups 2 and groups 2 +
3.
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Fig. 3.
(A) Schematic diagram showing oil/corticosterone/BrdU treatments given to each group. (B)
Mean ± SE of BrdU cells at time of death. Comparison of oil and high corticosterone pre-
treatment confirms the suppressive effect of excessive corticosterone on proliferation (§P<
0.0001). Post-BrdU treatment with high corticosterone for 28 days significantly reduced
survival regardless of type of pre-treatment given (†P < 0.0001, ‡P < 0.009). (C) Mean
survival percentages (to corresponding day 0) demonstrate pre-BrdU high corticosterone
treatment reduced subsequent survival of the progenitor cells. Both corticosterone pre-
treatment (‡P < 0.0001) and post-mitotic corticosterone (§P < 0.0001, †’P < 0.004) reduced
survival.

Wong and Herbert Page 14

Eur J Neurosci. Author manuscript; available in PMC 2006 October 05.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 4.
(A) Schematic diagram showing corticosterone manipulations given to each group. (B)
Mean ± SE of BrdU cells at time of death in adrenalectomized (ADX) rats. Corticosterone
replacement (basal levels) before BrdU confirms the stimulating effect of ADX on
proliferation (§P < 0.0001). Removal of corticosterone post-BrdU enhanced survival of
progenitors at day 28 irrespective of pre-BrdU treatment (†P < 0.024, ‡P < 0.005). (C) Mean
of survival counts expressed as percentage of corresponding day 0 group. A glucocorticoids-
free environment before BrdU labelling resulted in a decrease in subsequent survival
compared with corticosterone pre-treatment (‡P < 0.001), while the same environment
during the post-mitotic period enhanced survival (§P < 0.039, ‡P < 0.001). This suggests
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that although corticosterone removal stimulates proliferation, a much smaller proportion of
these new cells survive.
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