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Serotonin Modulates the Suppressive Effects of
Corticosterone on Proliferating Progenitor Cells in the
Dentate Gyrus of the Hippocampus in the Adult Rat

Guo-Jen HuangI and Joe Herbert*'

'Department of Anatomy and Cambridge Centre for Brain Repair, University of Cambridge, UK

This series of experiments explores the interaction between corticosterone and serotonin (5-HT) in the regulation of cell proliferation in
the dentate gyrus of the adult rat. Intracerebroventricular 5,7-DHT (5,7-dihydroxytryptamine) (either 200 or 300 pg) resulted in highly
significant depletion of 5-HT as measured by high performance liquid chromatography in the frontal cortex but had no effect on the
number of proliferating cells in the dentate gyrus by measuring 5-bromo-2/-deoxyuridine (BrdU) and Ki-67 cytochemistry. Treatment
with PCPA (p-chlorophenylalanine: a tryptophan hydroxylase inhibitor: 300 mg/kg initially followed by |00 mg/kg/day) resulted in reduced
proliferation as measured by Ki-67 after 3 days treatment, but not by BrdU uptake, and not after 14 days treatment by either method. In
addition, injection of corticosterone (10-40 mg/kg/day) for 8 days significantly reduced proliferation in the dentate gyrus, as expected,
measured by both BrdU uptake and Ki-67 immunostaining. Adrenalectomized (ADX) rats with a replacement subcutaneous pellet of
corticosterone showed reduced proliferation when given additional corticosterone (10 mg/kg/day for 8 days), but this was prevented by
5-HT depletion (i.cv. 57-DHT). Finally, a dose—response study showed that progressive doses of corticosterone (0—40 mg/kg/day) in
ADX rats resulted in diminished suppression of proliferation in 5-HT-depleted compared with 5-HT-intact rats. These results strongly

INTRODUCTION

The discovery that granule cells in the dentate gyrus of the
hippocampus continue to divide to form new neurons
throughout adult life in a number of species has radically
altered the way we view the organisation and function of
this part of the brain (Altman and Das, 1965; Gould et al,
1997; Eriksson et al, 1998). A striking feature of this process
is that it is not constant. A number of environmental and
endogenous factors alter proliferation rates, which vary (in
rodents) from a mean of around 6000-9000 new cells per
day (Cameron and McKay, 2001). Two powerful regulating
factors are corticosterone and serotonin (5-HT) (Cameron
and Gould, 1994; Brezun and Daszuta, 1999).
Glucocorticoids (such as cortisol in man, corticosterone
in the rat) markedly suppress proliferation by progenitor
cells in the dentate gyrus (Cameron and Gould, 1994).
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Glucocorticoid secretion is highly labile, altering both
during the daily light-dark cycle but also in response to
stressful physical or psychological events (Timmer, 1962;
Ramaley, 1973). Stress itself is known to reduce cell division
in the dentate gyrus, although how far this is dependent
on the associated stimulation of glucocorticoid secre-
tion from the adrenal cortex is still not absolutely clear
(Tanapat et al, 1999).

The hippocampus has a rich serotoninergic innervation
(McQuade and Sharp, 1997) and several studies have
claimed that altering 5-HT (serotonin) can itself change
the number of dividing granule cells in the dentate gyrus
(Brezun and Daszuta, 1999, 2000; Banasr et al, 2001).
Lowering 5-HT levels reduced neurogenesis, whereas
increasing it by treatment with drugs—such as specific 5-
HT reuptake inhibitors (SSRIs)—stimulated neurogenesis
(Malberg et al, 2000). Activation of 5-HT1A receptors by the
agonist 8-OH-DPAT has been reported to increase cell
proliferation in the dentate gyrus (Santarelli et al, 2003).

The interaction between 5-HT and corticosterone on
adult neurogenesis has not been investigated so far. Yet,
there is much evidence to suggest that such an interaction
might exist. There is a considerable evidence that proce-
dures that alter 5-HT activity also change corticosterone
levels: for example, depleting 5-HT or giving receptor
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agonists alters plasma corticosterone levels (Harbuz et al,
1993; Chung et al, 1999; Hemrick-Luecke SK, 2002).
Corticosterone may also have a more direct action on 5-
HT in the brain (Mueller and Beck, 2000; Bush et al, 2003;
Gartside et al, 2003; Leitch et al, 2003) such as decreasing 5-
HT1A receptor expression in the dentate gyrus (Meijer and
de Kloet, 1994; Fairchild et al, 2003). Adrenalectomy (ADX),
which stimulates neurogenesis, increases 5-HT1A receptor
binding and mRNA expression in the hippocampus
(Chalmers et al, 1993; Kuroda et al, 1994). Tryptophan
hydroxylase, the principal enzyme regulating the synthesis
of 5-HT, is controlled by adrenal corticosterone (Azmitia
et al, 1993; Clark and Russo, 1997). Stress alters the
response of hippocampal neurons to 5-HT (van Riel et al,
2003). There is also a converse interaction: 5-HT may
regulate the actions of corticosterone on the brain, although
this has been less well studied. For example, drugs acting on
5-HT (eg SSRIs) modulate the activity of the corticosterone
receptor (Pariante et al, 2001).

Neurogenesis in the adult hippocampus has been linked
with depression (Malberg and Duman, 2003). Cortisol
dysregulation is known to be a feature of current depression
(Sachar, 1975; Murphy, 1991), and individual differences in
the levels of morning cortisol are a risk factor for
subsequent major depressive disorder (MDD) in both adult
women and adolescents (Goodyer et al, 2000; Harris et al,
2000). Polymorphisms in the 5-HT transporter predispose
to the development of depression following adverse life
events (Caspi et al, 2003), and the latent period (3-4 weeks)
preceding the therapeutic response to antidepressants
may be related to the increased formation of new neurons
in the dentate gyrus—which takes about the same time
(Malberg et al, 2000).

These considerations prompted us to investigate the
interaction between corticosterone and central 5-HT
activity in the regulation of neurogenesis in the adult rat’s
hippocampus. First, we carried out a series of experiments
to determine the effects of reducing central 5-HT levels on
cell proliferation in the dentate gyrus. Then, we investigated
the interaction between altered 5-HT and the sensitivity of
the dentate gyrus to administered corticosterone. Our
results show that reducing 5-HT in the brain alters the
sensitivity of cell proliferation to both endogenous and
administered corticosterone. In both sets of experiments,
we used two methods of assessing proliferation: intraper-
itoneal 5-bromo-2’-deoxyuridine (BrdU), which labels
dividing cells by substituting for thymidine (Wato et al,
1993), and Ki-67, an endogenous antigen expressed by
dividing cells (Scholzen and Gerdes, 2000; Kee et al, 2002).
The latter obviates the possibility that reducing central 5-
HT also changes access to the brain by systemic BrdU.

MATERIALS AND METHODS
Animals

All procedures were carried out under Home Office (UK)
licence. Lister Hooded male rats (Harlan UK), weighing
around 250-300 g at the beginning of the experiment, were
used. They were housed 3-4 per cage on reversed 12-h
light: 12-h dark cycles (lights off at 1100 hours). Ambient
temperature was maintained at 21+2°C. Food and water
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were available ad libitum. All adrenalectomized animals
were given free access to both tap water and 0.9% saline.

Experiment 1: The effect of central 5-HT depletion by 5,7-
DHT (5,7-dihydroxytryptamine) on proliferation in the
dentate gyrus. Three groups of intact male rats (n=38 in
each group) were all pretreated with i.p. injections of 15 mg/
kg nomifensine maleate (Sigma, UK) and 20 mg/kg desi-
pramine (Sigma, UK) 20 min before the surgery to prevent
the effect of 5,7-DHT on tissue levels of dopamine (DA) and
noradrenaline (NA). Surgery was performed under isoflur-
ane anaesthesia. Two groups received bilateral injections
(i.c.v.) of either 300 or 200 pg of 5,7-DHT free base (Fluka,
UK) in a volume of 10 pl infused over 4 min into the lateral
ventricle using a 10ul syringe (5pl/ventricle) under
stereotaxic guidance (AP —0.8mm, ML 1.5mm from
bregma and DV —4.2 mm from dura, with all the measure-
ments taken with the incisor bar set at —3.3 mm). Animals
of the sham group received vehicle (0.1M ascorbate
dissolved in 0.9% saline). After infusion, the cannula
remained in place for a further 4min. All animals were
monitored to ensure that food and water intake was normal
after surgery (Chung et al, 1999).

At 14 days after the surgery, all rats were injected with a
single dose of BrdU (200 mg/kg, Sigma, UK) dissolved in
saline (Cameron and McKay, 2001). After 24 h, they were
terminally anaesthetized with an overdose of pentobarbi-
tone sodium (0.5 ml, 200 mg/ml; Merial Animal Health Ltd,
UK) intraperitoneally, and a blood was sample taken within
5min of induction for corticosterone assay. A sample of
prefrontal cortex (PFC) was taken for 5-HT, NA, and DA
determination by an high performance liquid chromato-
graphy (HPLC)-electrochemical method. Then, these ani-
mals were perfused through the ascending aorta with about
50 ml 0.9% saline followed by about 200 ml 4% paraformal-
dehyde (pH 7.4) immediately.

Experiment 2: The effect of acute (3 day) 5-HT depletion
by PCPA. Two groups of six intact rats were given daily
injections for 3 days of either PCPA (p-chlorophenylala-
nine) (Sigma, UK; 300 mg/kg dissolved in saline, followed
by 100 mg/kg for another 2 days) or vehicle i.p. All rats were
injected with a single dose of BrdU (200 mg/kg) 24 h after
the last PCPA (or saline) injection and blood and brain
samples taken as above 2h later.

Experiment 3: The effect of chronic (14 day) 5-HT
depletion by PCPA. Two groups of six intact rats were
treated as follows. The control group was injected with
saline (once daily, i.p. at 1100 hours). The other group was
depleted of 5-HT by PCPA (once daily, initially 300 mg/kg,
followed by 100 mg/kg, i.p.). All injections were carried out
for 14 days (Tagliaferro et al, 1997). The last PCPA (or
saline) injection and a single dose of BrdU (200 mg/kg) were
given 24h prior to killing. Blood and brain samples were
taken as above.

Experiment 4: The effect of corticosterone on proliferation
in the dentate gyrus. Three groups of intact male rats
(n=7 in each group) were used. Corticosterone (Sigma,
UK) was suspended in peanut oil (Sigma, UK). Groups were



given a daily injection of either corticosterone (40 mg/kg, or
10mg/kg) or oil for 8 days. BrdU was administered
intraperitoneally at a dose of 50 mg/kg daily given over
the last 4 days. At 24h after the last injection of BrdU, 6h
after the last corticosterone injection, the animals were
killed and blood and brain samples taken.

Experiment 5: The effect of 5-HT depletion on the
response to additional corticosterone in adrenalecto-
mized, corticosterone-clamped rats. Four groups of five
rats were used. All animals were adrenalectomized, after
which they were implanted with a subcutaneous pellet
containing 25% corticosterone/cholesterol (weight approxi-
mately 200 mg). Subsequent to adrenalectomy, half of the
animals in each group were depleted of 5-HT by i.c.v. 5,7-
DHT (200 ug as above) and the other half received saline
i.c.v. infusions. After 7 days, half of each group received
additional corticosterone (10 mg/kg/day for a further 8
days). They were injected daily with BrdU (50 mg/kg ip) for
the last 4 days of the experiment and killed 24 h later. Blood
was taken for corticosterone assay 6h after the last
corticosterone injection, and the rats then perfused with
saline and fixative as above.

Experiment 6: The effect of 5-HT depletion on the
response to incremental doses of corticosterone in
adrenalectomized rats. A total of 50 rats were used in this
experiment. In all, 25 rats were either depleted of 5-HT by
i.c.v. 5,7-DHT (200 pg), or were sham operated. After 1
week, all animals were bilaterally adrenalectomized, and
equal number of animals from each surgical group were
given corticosterone injections (0, 3, 10, 20, or 40 mg/kg,
five each group) for 8 days, beginning 24h after adrena-
lectomy. It is to be noted that animals not given
replacement corticosterone (ie 0 mg/kg/day) did not survive
after 5-HT depletion and so do not figure in the results. At
24h after the last injection of BrdU, and 6h after the last
corticosterone injection, the animals were killed and blood
samples taken.

Brain Fixation and Histology

Rats were anaesthetized with an overdose of pentobarbitone
(Merial Animal Health Ltd, UK). The sample of PFC was
taken after overdose pentobarbitone injection and before
perfusion and fixation. The chest was opened, and a cannula
inserted in the left ventricle. Rats were perfused with saline
(about 50ml) followed by about 100 ml of 4% paraformal-
dehyde (pH 7.4, Fisher, UK). The brain was removed,
postfixed for 4h, and then immersed in 30% sucrose KPBS
overnight. Coronal sections were cut through the entire
dentate gyrus at 40 pm and sections taken into a bath of
antifreeze (1:1:2 =glycol: ethylene glycol: 0.1 M PBS).

Immunohistochemistry

For BrdU staining, sections were mounted onto polylysine-
coated slides (BDH, UK), dried overnight, incubated in
0.01 M citric acid for 10 min at 90°C, incubated in 3% H,0,
for 10 min, digested in trypsin 250 (0.025% in Tris buffer
containing 0.1% CaCl,) for 10 min, denatured in 2N HCI for
30min at 37°C, rinsed, incubated overnight at room
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temperature in mouse monoclonal antibody raised against
BrdU (Novocastra; 1:200 in 0.3% Triton, 0.2% normal
horse serum). The slides were rinsed and taken through a
mouse IgG ABC kit procedure (Vector), rinsed, and reacted
for 10 min with a Sigma DAB tablet. The slides were then
rinsed again, dehydrated, and cover slipped under DPX.

For Ki-67 staining, sections were mounted, dried over-
night, incubated in 0.01 M citric acid for 40 min at 90°C,
incubated in 3% H,0, for 10min, rinsed, incubated
overnight at room temperature in mouse monoclonal
antibody against Ki-67 (Novocastra; 1:100 in 0.3% Triton,
0.2% normal horse serum). They were then taken through
the mouse IgG ABC kit procedure, rinsed, and reacted for
10min with a Sigma DAB tablet. The sections were then
counterstained with cresyl violet, dehydrated, and cover-
slipped under DPX.

For 5-HT staining, sections were mounted, dried over-
night, incubated in 0.01 M citric acid for 10 min at 90°C,
incubated in 3% H,0, for 10min, rinsed, incubated
overnight at room temperature in rabbit antibody against
5-HT (Immunostar; 1:2000 in 0.3% Triton, 0.2% normal
goat serum), then taken through the standard staining
procedure described above.

Corticosterone Assays

Blood samples were collected by cardiac puncture after
overdose of pentobarbitone and were heparinized (syringe
rinsed with heparin; CP Pharmaceuticals, UK), centrifuged
at 3000 r.p.m. for 15 min. Plasma was collected and stored at
—20°C until assay. Corticosterone was measured by radio-
immunoassay using a validated procedure (Chung et al,
1999). Coefficients of variation were: intra-assay, 4.75%;
inter-assay, 8.49%.

HPLC

Samples were taken from the PFC before perfusion, snap
frozen in dry ice and stored at —70°C. They were thawed
and weighed, 10 volumes of the homogenization solution
(0.4 M perchloric acid, 0.1% sodium metabisulphite, 0.02%
cysteine, and 0.01% EDTA) was added, homogenized on an
ice bath and centrifuged at 15000r.p.m. for 20 min.
Supernatants were collected and the concentrations of 5-
HT, 5-hydroxyindole-acetic acid (5-HIAA), NA, DA, and
dihydroxyphenylacetic acid (DOPAC) were measured using
HPLC with electrochemical detection. The concentrations of
these neurotransmitters are expressed as ng per mg of wet
weight.

Quantification

All slides were randomized and coded prior to quantitative
analysis. Slides were examined under X 40 objective, and
BrdU- and Ki-67-labelled cells were counted on every eighth
section through the entire rostrocaudal extent of granule
cell level bilaterally (ie 12 sections per animal). BrdU/Ki-67
cells in all focal planes through the 40 um section were
included. The number of cell counted from the raw data was
then multiplied by eight to obtain an estimate of the total
number of Ki-67- or BrdU-positive cells in this sample of
the dentate gyrus.
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Statistical Analysis

Grouped data were analyzed by one or two-way ANOVA or
Student’s t-test, both with logarithmic transformation if the
variances were not homogeneous. In experiment 6, the
effects of corticosterone and 5-HT depletion on BrdU and
Ki-67 cell counts were examined using linear regression
models with main effects corticosterone (dose) and 5-HT
depletion status (sham, depleted).

RESULTS

Experiment 1: The Effect of 5-HT Depletion by i.c.v.
5,7-DHT on Proliferation in the Dentate Gyrus

Lcv. 5,7-DHT treatment resulted in highly significant
depletions in 5-HT and 5-HIAA in the PFC (F=117.7,
p<0.0001 and F=57.18, p<0.0001, respectively). Com-
pared to control levels, the neurotoxin reduced 5-HT by
80% overall (see Table 1). In addition, 5-HT immunostain-
ing in the hippocampus showed absence of stained axons, in
contrast to the profuse staining seen in the control brains
(see Figure 1). There were no changes in NA, DA, or
DOPAC (data not shown). Despite the reduced 5-HT, there
were no significant differences in either BrdU- or Ki-67-
labelled cells within these three groups (F=1.86, NS,
F=0.38, NS, respectively) (see Figure 2). However, as
expected, 5-HT-depleted animals showed significantly high-
er plasma corticosterone than sham-operated rats (F = 39.6,
p<0.0001) (see Table 1).

Experiment 2: The Effect of Acute (3 day) 5-HT
Depletion by PCPA

PCPA induced a highly significant reduction in both 5-HT
and 5-HIAA content in the PFC (5-HT, p <0.0001, 5-HIAA,

p<0.0001) (see Table 1). Overall, 5-HT was depleted by
95%. However, there was no significant difference in plasma
corticosterone levels (t=1.59, p=0.14), even though mean
levels in the PCPA group were almost twice of those in
controls (see Table 1). Although BrdU-labelled cell counts
were lower in the PCPA-treated group, this was not
significant (t=1.88, p=0.09). However, the number of
Ki-67-labelled cells was significantly decreased in PCPA-
treated rats (f=3.5, p<0.01) (see Figure 3).

Experiment 3: The Effect of Chronic (14 days) 5-HT
Depletion by PCPA

PCPA had a highly significant effect on reducing brain 5-HT
levels (5-HT, t=23.5, p<0.0001; 5-HIAA, t=15.2,
p<0.0001) (see Table 1). Despite these results, there were
no significant alterations in either BrdU- or Ki-67-labelled
cell counts in this experiment (BrdU, F=0.74, NS; Ki-67,
t=0.55, NS) (see Figure 4). Immunostained sections for 5-
HT confirmed that there was no 5-HT-stained fibers
detectable in the dentate gyrus after PCPA treatment (see
Figure 4). There were no significant differences in plasma
corticosterone levels (t=0.9, NS) (see Table 1).

Experiment 4: The Effect of Corticosterone on Cell
Proliferation in the Dentate Gyrus

As expected, corticosterone markedly reduced the number
of labelled cells in the dentate gyrus (see Figure 5). There
were highly significant effects on both BrdU- (F=39.2,
p<0.0001) and Ki-67-labelled cells (F=101.5, p<0.0001).
The three treatments also resulted in significantly different
plasma corticosterone levels (F=143.3, p <0.0001).

Figure |
treated (d) animals |5 days after i.c.v. surgery. Scale bar=0.1 mm.
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(a, b) Image from the dentate gyrus stained for Ki-67 (a) and BrdU (b). (c, d) Immunostaining for 5-HT in intact (c) and 5,7-DHT (200 pg)-
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Figure 2 Effect of depleting 5-HT by i.cv. 57-DHT (200 pug or 300 pg)
for 15 days on the numbers of (a) Ki-67- and (b) BrdU-labelled cells in the
dentate gyrus. Values are means + SEM in this and subsequent figures.

Experiment 5: The Effect of 5-HT Depletion on the
Response to Additional Corticosterone Treatment in
Adrenalectomized, Corticosterone-Clamped Rats

5-HT in rats treated with i.c.v. 5,7-DHT was highly reduced
as shown by 5-HT immunostaining (not shown). As
expected, in sham-infused rats, treatment of ADX rats with
additional corticosterone (10 mg/kg/day) on top of the
‘baseline’ pellet decreased both BrdU and Ki-67 staining
(BrdU, F=4.05, p<0.01; Ki-67, F=5.25, p<0.001) com-
pared with those not receiving extra corticosterone (see
Figure 6). Labelled cell counts were no different in 5-HT-
depleted rats and sham-infused ones under basal conditions
(ie with an implanted corticosterone pellet only). However,
while additional corticosterone decreased cell counts in
sham-infused animals, they had no effect in 5-HT-depleted
ones (BrdU, t=0.38, p>0.05; Ki-67, t =0.14, p>0.05) (see
Figure 6). The interaction between corticosterone and 5-HT
depletion was therefore significant, both for BrdU (F=5.2,
p<0.02) and for Ki-67 (F=13.6, p<0.002). Surprisingly,
basal plasma corticosterone was significantly higher in 5-
HT-depleted than sham-operated rats with a corticosterone
pellet (p <0.03) (see Table 1).

Experiment 6: The Effect of 5-HT Depletion on the
Response to Incremental Doses of Corticosterone in
Adrenalectomized Rats

Animals depleted of 5-HT by 5,7-DHT and adrenalecto-
mized but not given corticosterone did not survive. Thus,
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there are no groups receiving 0 mg/kg corticosterone in the
data set. 5-HT levels were reduced in the dentate gyrus by
i.c.v. 5,7-DHT (as in Experiment 1: see Figure 1). Figure 7
shows the number of BrdU- and Ki-67-labelled cells in the
dentate gyrus after each dose of corticosterone. The overall
effect of corticosterone was confirmed by linear regression
(BrdU, F=44.8, p<0.0001; Ki-67, F=52.5, p<0.0001). In
the sham-depleted rats, there was a progressive decrease in
proliferating cells over the first three doses (3, 10, and
20 mg/kg), but an apparent ‘floor’ effect at the highest one
(40mg/kg). In the 5-HT depleted rats, there was a
progressive decrease over the dose range of corticosterone
used. The figure shows that at each dose of corticosterone,
except the highest one, the numbers of labelled cells were
higher in the 5-HT-depleted rats than in the controls. Pair-
wise comparisons confirmed that there were significant
differences between the two groups at 10mg/kg (BrdU,
t=3.84, p<0.01; Ki-67, t=3.27, p<0.02) and 20 mg/kg
(BrdU, t=3.21, p<0.02; Ki-67, t =3.15, p <0.02); at 3 mg/kg
group, there was a nonsignificant but clear trend (BrdU,
t=1.89, p=0.1; Ki-67, t =1.57, p=0.15), but no difference
at 40 mg/kg group (BrdU, t=0.12, p=0.9; Ki-67, t=1.80,
p=0.1). Normalizing the data, by expressing 5-HT-depleted
animals as a percentage of the corresponding sham group,
showed a consistent excess of labelled cells in the 5-HT-
depleted group at each of the three lower doses of
corticosterone. The largest difference was observed at
20 mg/kg. The data are as follows: (3, 10, 20, 40 mg/kg,
respectively) Ki-67: 131, 151, 204, and 125%; BrdU: 145, 169,
229, and 97% (see Figure 7).

DISCUSSION

Two markers were used for cell proliferation in these
experiments: BrdU and Ki-67. It was essential to use Ki-67
to exclude the possibility that BrdU incorporation into
brain cells might be influenced by corticosterone or 5-HT
depletion. Although Ki-67 labels cells throughout the whole
cell cycle, whereas BrdU labels them during the S-phase, the
exact numerical equivalence between the two methods will
depend on the details of BrdU administration and survival
time. For this reason, we have not compared the two
methods directly, but analysed all data within each
technique. The important fact is that the two techniques
gave essentially similar results.

Depleting 5-HT by i.c.v. 5,7-DHT had no effect on cell
proliferation 2 weeks after surgery. This was not in
accordance with previous reports (Brezun and Daszuta,
1999, 2000). There are possibly important differences in the
methods used in these experiments and in those reported
here. The first of these studies used shorter treatment with
PCPA or injected 5,7-DHT directly into the raphe nuclei, the
second also depleted 5-HT by injecting 5,7-DHT directly
into the raphe after a longer period of treatment, and both
studies used female Wistar rats. Proliferating cells were
counted 1 week after treatment in the first experiment, 60
days in the second, but in our cases after 3 and 14 days. In
addition, there are recent reports to suggest that different
strain or gender of animals show varied basal levels of
neurogenesis (Tanapat et al, 1999; Kempermann and Gage,
2002). Whether these factors could affect the response

Neuropsychopharmacology

235



@

Modulation of corticosterone effects by 5-HT
G-) Huang and | Herbert

236

Table | Levels of 5-HT and 5-HIAA in the Prefrontal Cortex (PFC) and Plasma Corticosterone in Experiments -6

Sham lesion

200 pg 5,7-DHT

300 pg 5,7-DHT

Experiment |

5-HT (nM) 216241443 429.9 +7523%#* 460 £ 63.26%%*

5-HIAA (nM) 505346544 8.14 4 1.90%** 12,134 1.60%**

Corticosterone (ng/ml) 10794 1041 218.6£23.65%** 354.8£22.17%%*
Experiment 2

Saline PCPA (300 mg/kg
followed by 100 mg/kg for
2 days)

5-HT (nM) 183242342 10054 | 1.52%#*

5-HIAA (nM) 1470+ 130.7 440.18%#*

Corticosterone (ng/ml) 93.834+19.99 146.2+26.09
Experiment 3

Saline PCPA (300 mg/kg
followed by 100 mg/kg for
13 days)

5-HT (nM) 1079 4+49.29 28.67 £4.26%**

5-HIAA (nM) 2594+ 1685 2717 £ | 74%%*

Corticosterone (ng/ml) 156.7+ 1699 1365+ 14.51
Experiment 4

Sham (oil) 10 mg/kg corticosterone 40 mg/kg corticosterone

Corticosterone (ng/ml) 45441038 3242 42276%*%* 4767 +24.34%+*

Experiment 5
Sham (oil) Sham (10 mg/kg Depletion (oil) Depletion (10 mg/kg
corticosterone) corticosterone)
Corticosterone (ng/ml) 51.84+9.46 2654269 |*** 204.2+55.69 311.5+£396

Experiment 6

Plasma corticosterone (ng/ml)

Treatment Sham Depletion
3 mg/kg/day corticosterone 120.5+20.23 265+ 34.06*
10 mg/kg/day 215.8422.69 356.2+£4051%*
20 mg/kg/day 316.5+62.84 368.6+41.01
40 mg/kg/day 419.6+31.37 408.8+44.5

Corticosterone was detected 6 h after the last corticosterone injection in Experiments 4—6 (*p<0.05, #*##*p<0.001 compared to control).

to 5-HT depletion on proliferation is still unknown.
Electrochemical analysis of the PFC showed that our
5-HT-depleting procedure to have been very effective; it is
likely that 5-HT was similarly depleted in the hippocampus
since 5-HT immunostaining showed apparent absence of
5-HT-stained fibers. In addition, in previous experiments,
we have shown that 5,7-DHT depletes 5-HT similarly in
both PFC and hippocampus (Chung et al, 1999, 2000).
However, it was striking that these null effects occurred in
the present study despite considerably increased plasma
corticosterone in 5,7-DHT-treated rats. The changes in
corticosterone levels after 5-HT depletion agreed with some
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previous findings (Harbuz et al, 1993; Chung et al, 1999),
but not others (Temel et al, 2003). It seemed remarkable
that cell proliferation remained unaltered in the face of such
marked increases in blood corticosterone levels.

Since we observed no effect of 5-HT depletion by 5,7-DHT
on cell proliferation, the next experiments explored
alternative approaches to reduce brain 5-HT levels. In
Experiment 2, we used an acute 3-day treatment with PCPA,
a 5-HT synthesis inhibitor, to reduce overall 5-HT levels.
Proliferation in the dentate gyrus was significantly reduced
as demonstrated by Ki-67 counts, which agrees with a
previous report (Banasr et al, 2001). However, despite an
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evident trend, we were not able to confirm this using BrdU; Effects of PCPA on plasma corticosterone were not clear-
it may be that using larger numbers of rats (six per group in  cut: despite an apparent increase as in Experiment 1, this
this study) might have improved levels of significance. = was not significant.
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Figure 3 Effect of depleting 5-HT by PCPA (3 days treatment, 300 mg/ Figure 5 Effect of daily injections of corticpsterone (oil, 10mg/kg, or
kg followed b)’ 100 mg/kg for 2 days) on the numbers of (a) Ki-67- and (b) 40 mg/kg) for 8 days on the numbers of (a) Ki-67- and (b) BrdU-labelled

BrdU-labelled cells in the dentate gyrus. (**p<0.01 vs control).
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and (d) BrdU-labelled cell counts following vehicle or PCPA (300 mg/kg followed by 100 mg/kg for |3 days).
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Figure 7

Since the two approaches to 5-HT depletion yielded
contradictory results on cell proliferation, this led us to
carry out a 14-day treatment with PCPA (the same
treatment period as in Experiment (1) to see if the effect
of PCPA on proliferation was transient. Despite depleting 5-
HT levels for 2 weeks, there was no significant alteration in
BrdU- and Ki-67-labelled cells. These results showed that
reducing 5-HT by these methods did not result in robust
changes in the numbers of proliferating cells in the dentate
gyrus of the adult hippocampus, at least in the male Lister
Hooded strain. While our results do not give substantial
support to the idea that reduced 5-HT decreases prolifera-
tion in the dentate gyrus, the possibility that increasing its
activity either by drugs that accentuate its action (eg SSRIs)
or those that activate 5-HT receptors remains plausible
(Radley and Jacobs, 2002; Santarelli et al, 2003). Control of
cell proliferation by 5-HT may depend upon activating
specific 5-HT receptors, rather than by reducing global
levels of 5-HT in the brain, since previous reports
(Santarelli et al, 2003) have shown that fluoxetine enhanced
neurogenesis via the 5-HT1A receptor. In confirmation of
this, we have recently found that a 5-HT1A agonist (8-OH-
DPAT) increased cell proliferation in 5-HT-depleted ani-
mals (Huang & Herbert unpublished observations).

After 14 days PCPA treatment, we did not detect
differences in the plasma corticosterone level compared
with control animals. By contrast, 5,7-DHT-depleted
animals had higher levels of circulating corticosterone.
HPLC showed that 2 weeks PCPA treatment decreased NA
and DOPAC by about 30 and 44% (data not shown). It is
known that NA depletion with DSP-4 or DA depletion by 6-
OHDA reduced basal corticosterone levels (Bakke et al,
1986; Casolini et al, 1993). Thus, the lowered plasma
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(a) Ki-67- and (b) BrdU-labelled cells in 5-HT-depleted (i.c.v. 5,7-DHT) or control rats, which were bilaterally adrenalectomized (ADX) | week

later and then injected daily with corticosterone (0, 3, 10, 20, or 40 mg/kg) for 8 days. Animals depleted of 5-HT by 5,7-DHT and adrenalectomized but not
given corticosterone did not survive (0 mg/kg group). (c, d) The percentage of proliferation expressed as a proportion of the corresponding sham-depleted
controls at each dose of corticosterone (¥p <0.05, *¥p<0.0| relative to sham-operated animals at the same dose).
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corticosterone in PCPA-depleted animals could have been
caused by the reduction in NA and DOPAC levels. Never-
theless, results in the literature are inconsistent (Daniels
et al, 1989) and the role of 5-HT depletion on corticosterone
levels remains to be clarified.

Several previous findings, including our own data
(Cameron and Gould, 1994; Karishma and Herbert, 2002),
show that corticosterone has a major inhibitory effect on
cell proliferation in the hippocampus of the adult rat
(Experiment 4). However, Experiment 1 also showed that
there were no changes in the number of proliferating cells
in the dentate gyrus of 5-HT-depleted rats despite
increased corticosterone levels. One explanation could be
that 5-HT depletion modulated the response of the brain to
corticosterone-induced changes in proliferation. This
interpretation was encouraged by a previous report (Siegel
et al, 1983) showing that 5,7-DHT depletion reduced
the binding capacity of corticosterone in the hippo-
campus, which would also account for its lack of effect
on proliferation. The next two experiments tested this
proposition directly.

In Experiment 5, corticosterone levels were controlled by
adrenalectomy followed by a subcutaneous pellet of
corticosterone in conjunction with central 5-HT depletion
by i.c.v. 5,7-DHT. For reasons that we do not understand,
basal corticosterone levels were higher in implanted rats
depleted of 5-HT (see below). This may be partially due to
lowered body weight after 5-HT depletion. Despite this
difference, there were no corresponding differences in
proliferating cells assessed by either of the two methods
we used. The crucial point is that additional injections of
corticosterone were effective in reducing neurogenesis in 5-
HT intact rats with ‘replacement’ levels of corticosterone.
However, they had no effect in 5-HT-depleted ones,
suggesting that the latter were resistant to the effect of
additional corticosterone. It should also be noted that
plasma corticosterone was no different in the two corticos-
terone-supplemented groups.

This was explored further in a dose-response study.
Animals were adrenalectomized (ADX) and given various
doses of corticosterone replacement (0-40 mg/kg). Giving
graded doses of corticosterone to ADX rats confirmed that
5-HT modulated the corticosterone-induced suppression of
cell proliferation. It was unfortunate that 5-HT-depleted rats
without corticosterone supplementation did not survive, so
we cannot know whether levels would have been altered
after ADX by 5-HT depletion, although we can surmise that
there would have been no difference. Nevertheless, this
experiment demonstrated that 5-HT depletion can reduce
the suppressive effect of corticosterone at 10 and 20 mg/kg;
results at the lowest dose were in the same direction, but
not significantly so, and at 40 mg/kg there seemed to be a
‘floor’ effect, such that proliferation was suppressed
maximally in both 5-HT-depleted and control groups. The
percentages (relative to shams) showed clearly that 5,7-DHT
treatment decreased the sensitivity of proliferating cells to
corticosterone. The fact that these results were most
pronounced in the mid range of the corticosterone
treatment suggests that 5-HT depletion desensitized the
low-affinity corticosterone receptors (GR), but not the high-
affinity mineralocorticoid receptors (MR), but this needs to
be explored further. 5-HT increases GR, but not MR,
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densities in the cultured hippocampal neurons or fetal
mouse hippocampus neurons (Mitchell et al, 1990; Erdeljan
et al, 2001; Laplante et al, 2002). However, there is a report
that 5,7-DHT lesions produced a regionally selective
decrease in both hippocampal GR and MR mRNA expres-
sion (Seckl and Fink, 1991). These earlier results, obtained
in quite different contexts, offer a plausible mechanism for
the effects we describe in this paper. Another possibility is
that depleting 5-HT might impair NMDA receptor function-
ing. Blockade of NMDA receptors by MK-801 has been
shown to prevent the effect of corticosterone on neurogen-
esis (Cameron et al, 1998). Previous reports have also
suggested that 5-HT may facilitate NMDA responses
(Nedergaard et al, 1986, 1987; Mennini and Miari, 1991;
Rahman and Neuman, 1993). However, the exact mechan-
ism for the results reported in this paper remains to be
established.

It should be noted that the protocol used in the last two
experiments differed. In the first, additional corticosterone
was give to adrenalectomized rats maintained at ‘basal’
levels by a subcutaneous corticosterone pellet. In the
second, ADX rats were given graded doses of corticoster-
one. Despite these differences in format, which are reflected
in the cell counts from the two experiments, the results of
each support that of the other.

The plasma corticosterone levels in depleted groups
were higher than in sham-operated animals at the lower
doses of corticosterone injection (3 and 10 mg/kg). As in the
previous experiment, this was unexpected. It might
indicate that 5-HT depletion alters either the absorption
or clearance of corticosterone following s.c. injections.
However, the body weights of 5-HT-depleted rats were
about 50g less than controls, which might have contri-
buted, even though corticosterone doses were adjusted to
take account of this difference. Despite the increased
plasma corticosterone levels, Ki-67 and BrdU staining in
the dentate gyrus of 5-HT-depleted rats were either similar
to control groups or higher (not lower). This further
reinforces the conclusion that sensitivity to corticosterone
was reduced by 5-HT depletion as previously reported
(Siegel et al, 1983). We were unable to measure corticoster-
one levels in CSF, hence we do not know whether
higher plasma corticosterone is reflected in equivalently
higher levels in the brain; however, on the basis of studies
in humans, this would be expected to be the case
(Guazzo et al, 1996).

Our conclusion is that reducing 5-HT also reduces the
sensitivity of cell proliferation in the dentate gyrus to both
endogenous and exogenously administered corticosterone.
The mechanism for the interaction we show in this paper,
and whether it also applies to other actions of corticoids in
the brain, await further investigation.
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