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YNERGISTIC EFFECTS OF DEHYDROEPIANDROSTERONE AND
LUOXETINE ON PROLIFERATION OF PROGENITOR CELLS IN THE

ENTATE GYRUS OF THE ADULT MALE RAT
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ridge Centre for Brain Repair, University of Cambridge, Downing
treet, Cambridge CB2 3DY, UK

bstract—The 5-HT re-uptake inhibitor (SSRI) fluoxetine and
he adrenal hormone dehydroepiandrosterone (DHEA) both
ncrease the proliferation of progenitor cells in the adult hip-
ocampus and also have antidepressant activity. This paper
xplores the combined ability of fluoxetine and DHEA to
ffect this process in the dentate gyrus of adult rats. We show
hat DHEA can render an otherwise ineffective dose of fluox-
tine (2.5 mg/kg) able to increase progenitor cell proliferation
o the same extent as doses four times higher (10 mg/kg).
his synergistic action does not appear to be mediated by
lterations in brain-derived neurotrophic factor (BDNF) gene
xpression; or by TrkB, mineralocorticoid, glucocorticoid, or
-HT (5HT1A) receptor expression in the dentate gyrus; or by
ltered levels of plasma corticosterone. In a second experi-
ent, the synergism between DHEA and fluoxetine was rep-

icated. Furthermore, flattening the diurnal rhythm of plasma
orticosterone by implanting additional corticosterone pel-
ets s.c. prevented the effect of fluoxetine on progenitor cell
ivision. This was not overcome by simultaneous treatment
ith DHEA, despite the latter’s reported anti-glucocorticoid
ctions. The cellular mechanism for the potentiating action of
HEA on the pro- proliferative effects of fluoxetine in the
dult hippocampus remains to be revealed. Since altered
eurogenesis has been linked to the onset or recovery from
epression, one consequence of these results is to suggest
HEA as a useful adjunct therapy for depression. © 2009

BRO. Published by Elsevier Ltd. All rights reserved.

ey words: neurogenesis, fluoxetine, dehydroepiandros-
erone, corticosterone, synergism, dentate gyrus.

he generation of neurons in the adult hippocampus from
rogenitor cells is now well established in several mam-
alian species, though its functional significance is still
ebated (Christie and Cameron, 2006; Duman et al., 2001;
agasia et al., 2006). One of its striking features is its
ability. This is due to the sensitivity of neurogenesis to a
ide range of regulatory factors, among which steroid
ormones and central neural 5-HT are among the most
otent. Glucocorticoids (GRs) have both a primary regula-
ory role and a permissive one for some other controls

Corresponding author. Tel: �44-01223-333781; fax: �44-01223-333786.
-mail address: jh24@cam.ac.uk (J. Herbert).
bbreviations: ANOVA, analysis of variance; CORT, corticosterone;
V, coefficient of variation; DAB, 3,3-diaminobenzidine; DHEA, dehy-
n
roepiandrosterone; FLX, fluoxetine; GR, glucocorticoid; MR, miner-
locorticoid; OD, optical density; SSC, saline sodium citrate.

306-4522/09 © 2009 IBRO. Published by Elsevier Ltd. All rights reserved.
oi:10.1016/j.neuroscience.2008.10.035
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Wong and Herbert, 2006). Raised levels—such as those
bserved after a severe stress—reduce the proliferation
ate of the progenitor cells located in the innermost layer of
he dentate gyrus, whereas reducing endogenous corti-
oids by adrenalectomy has the converse effect (Wong
nd Herbert, 2004). Flattening the marked diurnal rhythm
haracteristic of corticoids (corticosterone (CORT) in the
at) itself has little effect, but prevents the action of at least
wo other controlling agents: drugs that either act on 5-HT
such as the SSRI fluoxetine (FLX)) or those that inhibit
itric oxide synthase (NOS) that otherwise stimulate pro-
enitor cell proliferation (Huang and Herbert, 2006; Pin-
ock et al., 2007). So corticoids are not only a major
eterminant of variations in hippocampal neurogenesis,
hey also interact with other control systems.

Dehydroepiandrosterone (DHEA), another steroid de-
ived from the adrenal, can also regulate neurogenesis.
he blood of rats contains hardly any DHEA, but in hu-
ans levels of this steroid (and its sulfated derivative) are
igher than any other (Schlinger et al., 2008). Giving rats
HEA, at doses that mimic blood levels in young humans,
timulated progenitor cell division, and racts the suppres-
ive action of excess CORT (Karishma and Herbert, 2002).
hether DHEA is also sensitive to an intact CORT rhythm

s not known. Neither is there any information on whether
HEA interacts with the serotonergic system or pharma-
ological agents which target this system such as FLX.
lasma DHEA has been reported to be lower in adult
epression (Michael et al., 2000).

FLX is a potent inhibitor of the 5-HT transporter (5-
TT, SERT; Ki � 1 nM) (Fazzino et al., 2008). However,
timulation of progenitor cell activity only appears at 14
ays of treatment (Encinas et al., 2006; Huang and Her-
ert, 2006; Malberg et al., 2000). The mechanism for this

atency is not understood, but has aroused considerable
nterest since it corresponds to a similar interval preceding
linical response to such anti-depressants in the treatment
f major depression (Wong and Licinio, 2001). 5HT1A
eceptors seem to be implicated in the action of FLX on
eurogenesis (Duman et al., 2001; Holick et al., 2007;
antarelli et al., 2003). It is absent in 5HT1A knockout
ice, blocked by 5HT1A antagonists (such as WAY
00635), and replicated by 5HT1A agonists (such as
-OH-DPAT) (Huang and Herbert, 2005).

Abolishing the diurnal CORT rhythm without changing
aily mean levels attenuates 5HT1A autoreceptor function,
hough whether this underlies the permissive role of this
hythm on the stimulating action of FLX on neurogenesis is

ot known. There are some reports that additional CORT

mailto:jh24@cam.ac.uk
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educes hippocampal 5HT1A receptor mRNA, but these
re not unanimous (Glatz et al., 2003). One attempt to
econcile these results has suggested posttranslational
ontrol of 5HT1A expression by GRs (Flugge et al., 1998).
ORT may inhibit the expression of tryptophan hydroxy-

ase, the rate limiting enzyme in 5HT synthesis (Azmitia
nd McEwen, 1969). However, antagonizing 5HT1A re-
eptors does not prevent increased progenitor cell division
ollowing adrenalectomy, so not all the actions of GRs
eem dependent on altered 5HT1A activity (Huang and
erbert, 2005). FLX itself has an inconsistent effect on
lood CORT levels (Weber et al., 2006). Diurnal rhythms in
ortisol are flattened during a substantial number of de-
ressive episodes (Keller et al., 2006).

A number of growth factors have been shown to regulate
ippocampal neurogenesis (Chen et al., 2007). BDNF has
een implicated in neuronal survival, morphological and syn-
ptic plasticity during development (Thomas and Davies,
005). Not surprisingly, therefore it has also been implicated

n adult neurogenesis. Intracerebral BDNF infusions increase
roliferation of progenitor cells (Pinnock and Herbert, 2008;
charfman et al., 2005). FLX increases BDNF mRNA, and its
ffects on neurogenesis are attenuated in BDNF�/� mice
Guiard et al., 2008). Various regimens of stress reduce
DNF mRNA expression, as they do neurogenesis (Ivy et al.,
003; Jacobsen and Mork, 2006). Whether or not DHEA
lters BNDF, or synergizes with FLX on the expression of
DNF has not been studied. Since both FLX and DHEA have
een shown to be effective antidepressants (Schmidt et al.,
005), and polymorphisms in the BDNF gene increase the
isk of depression (Martinowich et al., 2007), this interaction
as both clinical as well as experimental interest.

In this paper we explore the interaction between FLX and
HEA on the proliferation rate of progenitor cells in the den-

ate gyrus of the adult male rat. We show that DHEA can
ender an otherwise inactive dose of FLX highly effective on
rogenitor cell activity, and we explore whether this is related
o concomitant alterations in BDNF, TrkB, mineralocorticoid
MR), GR and 5HT1A receptor mRNA expression in the
entate gyrus. In a second experiment, we confirm the syn-
rgism between DHEA and FLX, and show that DHEA does
ot overcome the need for an intact diurnal CORT rhythm if
LX is to stimulate progenitor cell division.

EXPERIMENTAL PROCEDURES

nimals

ll procedures were carried out in accordance with the regulations
et by the UK home office Animal Scientific Procedures Act
1986). This corresponds to international guidelines, and ensures
inimal animal use and suffering. Adult male Sprague–Dawley

ats, aged c. 8 weeks and weighing between 250 g to 300 g, were
sed. They were kept in groups of five/cage under 12-h light/dark
eversed lighting (lights off 10:00 h). Food and water were avail-
ble ad libitum.

xperimental design

Experiment 1. There were eight groups (n�5 per group).
alf the groups were implanted with a 100 mg pellet of DHEA s.c.,
he other half with cholesterol (control). One group from each half �
as given 0, 2.5, 5 or 10 mg/kg/day FLX for 14 days, delivered
rom an osmotic minipump (Alzet, Cupertino, CA) implanted s.c.
nder isoflurane/NO anesthesia.

Experiment 2. There were two groups (n�10 per group).
he first group was implanted with cholesterol pellets, the second
roup 100 mg CORT pellets. After 14 days half of each group was
illed at 10:00 h and the other half at 16:00 h (CT12 and CT18);
lood samples were taken and plasma CORT levels were
ssayed.

Experiment 3. There were four groups (n�5 per group). All
ere implanted with an osmotic minipump under isoflurane/NO an-
sthesia delivering 2.5 mg/kg/day FLX for 14 days. Half were also

mplanted s.c. with a 100 mg pellet of CORT (Innovative Research of
merica, Florida, USA) to flatten the diurnal CORT rhythm, the rest
ith a cholesterol pellet (control). One group from each half received
DHEA pellet as above, the others a second control pellet.

All animals were terminally anesthetized with i.p. pentobarbi-
one after 14 days, a heparinized sample of blood was taken from
he heart within 4 min of the injection, and the brains were re-
oved and kept frozen at �70 °C. The blood was centrifuged and

he plasma stored at �20 °C until assay.

rain samples

rains were sectioned in the coronal plane at 20 �m in a standard
anner. The brain from each rat was sampled at level �2.80
ehind the bregma to �4.52 .A standardized counting area which
ontains 20 �m thick coronal sections in a one-in-six serious of
ections representing the dorsal hippocampus was used. For
ach rat 12 sections were analyzed 720 �m apart. All positive
i67 cells within the SGZ of the dentate gyrus were quantified.
he number of immunopositive cells was determined from the
alues obtained from each DG in the 12 brain sections. The mean
umber of immunopositive cells in the 12 sections of each rat was
aken as n�1. The number of immunopositive cells is expressed
s the mean�S.E. for each treatments (number of rats/group�5).
ections were mounted onto mRNA-free polylysine-coated glass
lides (BDH, Leicestershire, UK), left in a fume hood to dry over-
ight and stored at �70 °C. Before staining they were immersed

n 4% paraformaldehyde for 5 min, followed by 2�5 min washes
n KPBS.

i67 immunohistochemistry

ections were incubated in 0.01 M citric acid for 40 min at 98 °C
n a waterbath. They were cooled to room temperature for 15 min
efore 2�5 min washes in KPBS. Endogenous peroxidase activity
as quenched with 3% H2O2 solution for 10 min followed by 2�5
in KPBS washes. Five hundred microliters of primary antibody
ixture containing 1:100 mouse monoclonal IgG anti-human Ki67

Novocastra, Newcastle upon Tyne, UK) was applied to each slide
nd left overnight in a humidified chamber at room temperature in
arkness, followed by 2�5 min KPBS wash. Then, 500 �l of
econdary antibody mixture containing 1:200 biotinylated mouse
gG (Vector Laboratories Ltd., Peterborough, UK) was applied to
ach slide and incubated in humidified chamber at room temper-
ture for 1 h, followed by 2�5 min KPBS wash. Five hundred
icroliters of avidin–biotin–peroxidase reagent (Vector Laborato-

ies Ltd.) was applied to each slide and incubated for 1 h in a
umidified chamber at room temperature, followed by 2�5 min
PBS wash. With lights off, 3,3-diaminobenzidine (DAB) solution
as applied and incubated for 5 min. Excess DAB was removed
y dipping in double-distilled water and washing in KPBS for 30
in. Slides were counterstained by being immersed in 10% Cresyl
iolet solution followed by step dehydration through double-dis-

illed water, 70%, 95%, 100% ethanol and Histoclear solution.
inally, they were coverslipped with DPX for light microscopy at

40 magnification.
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n situ hybridization

ections were allowed to air dry at room temperature and were
hen fixed with 4% paraformaldehyde (Sigma, Dorset, UK) for 5
in, washed in PBS and then dehydrated in 70% ethanol and 95%
thanol for 5 min before finally storing in fresh 95% ethanol. In situ
ybridization was carried out under RNAase-free conditions. The
ccuracy of synthetic antisense oligonucleotide probes was con-
rmed by BLAST searches on NCBI. 3= Synthetic antisense oli-
onucleotide probes were used for the following genes: BDNF (5=
GT TCC AGT GCC TTT TGT CAT GCC CCT GCA GCT TCC
TC GTG TAA CCC 3=), TrkB (5= GAG AGG GCT GGC AGA GTC
TC GTC GTT GCT GAT GAC GGA AGC TGG 3=) (Al-Majed et
l., 2000), MR (5= TTC GGA ATA GCA CCG GAA ACG CAG CTG
CG TTG ACA ATC T 3=) (van Riel et al., 2003), GR (5= AGG AGA
TC CTC TGC TGC TTG GAA TCT GCC TGA 3=) (McQuade et
l., 2004), 5HT1A (5= GGT TAG CGT GGG AGG AAG GGA GAC
AG CTG TCT GAG CGA CAT ACA AG 3=), and 5HTT (5= ACT
CA GAG TAC CCA TTG GAT ATT TGG CTA GGC TCT GCC
TG TCC GCT GT 3=) (van Riel et al., 2003). All probes were
nd-labeled with 35S-ATP as follows: 2 �l of purified oligonucle-
tide (5 ng/�l) was added to 1.25 �l buffer and 1.25 �l cobalt
hloride (New England Biosystem, UK). DEPC-treated water
6.5 �l) was added, followed by 1 �l terminal 35S deoxyadenosine
= (�-thio) triphosphate (10 mCi/ml) (Amersham, Buckingham-
hire, UK) and 0.5 �l (15–20 U) terminal deoxynucleotide trans-
erase enzyme (New England Biosystem). Probes were incubated
t 37 °C for 1 h before 40 �l of DEPC was added to terminate the
eaction. Purification of labeled probe from unincorporated nucle-
tides was accomplished by centrifugation (3000 rpm for 2 min)
hrough a G-50 sephadex micro-column (Amersham). Probes
ere evaluated for incorporation of radiolabel by scintillation
ounting. All hybridizations were carried out at 2500–5000 cpm/�l
n hybridization buffer (50% deionized formamide, 4� saline so-
ium citrate (SSC), 5� Denhardt’s, 100 �g/ml polyadenylic (po-
assium salt) acid, 200 �g/ml salmon sperm DNA, 120 �g/ml
eparin (BDH), 25 mM sodium phosphate pH 7.0,1 mM sodium
yrophosphate, 10% (w/v) dextran sulfate in DEPC-treated water)
all Sigma). Sections were covered with parafilm and hybridized
vernight at 44 °C in a humid atmosphere. Excess unbound probe
as removed using the following washes: slides were rinsed in 1�
SC (Sigma) at room temperature, washed twice for 30 min at
5 °C with 1� SSC and then rinsed at room temperature for 2 min,
ach in 1� SSC, 0.1� SSC, 18 � water, 50%, 70%, and 95%
thanol (BDH). Sections were thoroughly air-dried at room tem-
erature before exposure to autoradiographic X-ray film (Amer-
ham) for 14 days for BDNF, and 6 days for 5HT1A. Sense probes
or each of the mRNAs were run as negative controls.

teroid assays

lasma CORT concentrations and DHEA were measured by ra-
ioimmunoassay according to a validated procedure described
reviously (Chen and Herbert, 1995). For experiment 1, the intra-
ssay coefficient of variation (CV) for CORT was 3.34% and, for
HEA 4.72%; the sensitivity of the assay was 0.98 ng/mL and 0.1
g/mL, respectively. For experiment 2, the CV for CORT was
.5%. For experiment 2, the CV was 4.63% for CORT and 3.84%
or DHEA.

uantification and statistical analysis

Proliferating cells. All slides were randomized and coded
rior to quantitative analysis. Sections were examined using a
0� objective. Ki67-labeled stained cells were counted under
xperimentally ‘blind’ conditions. Only cells on the internal border
f the subgranular zone were included. The data shown are the

ean count per section obtained from 12 sections per animal. p
For quantification of mRNA, the sections and C14-labeled
tandards of known radioactivity (Amersham) were placed in X-
ay cassettes and then exposed to autoradiographic film. The
ptical density (OD) of the autoradiographic images was mea-
ured using a computerized PC-based image analysis system
NIH Image). ODs from the dentate gyrus from three consecutive
ections per rat (between Bregma �3.14 mm and �3.30 mm)
ere obtained and averaged together. The mean value for each

at was entered into the equation derived from the C14 standards
nd the final value was used to calculate group means. Sections
rom all groups were hybridized at the same time to avoid intrinsic
ariations between different in situ hybridizations.

Between-group one/two-way analysis of variance (ANOVA)
nd Bonferroni’s post hoc test were used when applicable. Log
ransformation was used to ensure homogeneity of variance be-
ore ANOVA when appropriate. Results were considered statisti-
ally significant if P�0.05.

RESULTS

xperiment 1: The effect of DHEA on the response of
rogenitor cells in the dentate gyrus to graded
oses of FLX

Plasma steroids. Treatment with DHEA raised plasma
evels from less than 1 ng/mL to levels within the range found
n young humans (Table 1). There was no difference between
he four DHEA-treated groups (F(3,16)�1.6, P�0.232). Nei-
her FLX nor DHEA had any effect on plasma CORT
F(3,28)�1.8 and F(1,28)�0.03, both ns; Table 1).

Ki67. Labeled cells are found in the innermost layer
f the dentate gyrus (Fig. 1). In the absence of DHEA, FLX

ncreased the number of Ki67 labeled cells to 280% of
ontrol values only at 10 mg/kg/day. Lower doses of FLX (2.5
nd 5.0 mg/kg/day) had no effect (Fig. 2). Adding DHEA
arkedly shifted the dose response to FLX to the left; 2.5 mg/

g/day now increased Ki67 staining to the extent seen in
ontrol rats given 10 mg/kg/day (Fig. 2). There was no further

ncrease in rats treated with both DHEA and higher doses of
LX. DHEA by itself had no effect (pairwise comparison:
onferroni P	0.99). These results were confirmed by a two-
ay ANOVA: there was a significant FLX�DHEA interaction

F(3,32)�98.5, P�0.001) and main effects of both FLX
F(3,32)�242.5, P�0.001) and DHEA (F(3,32) 348.5,
�0.001). Pairwise comparisons within the groups not

reated with DHEA showed no difference between those
eceiving 0, 2.5 or 5 mg/kg/day FLX, but a highly significant
ncrease following 10 mg/kg/day (Bonferroni: P�0.001). In
hose treated with DHEA, there was a highly significant dif-
erence between the groups receiving 0 and 2.5 mg/kg/day
LX, (P�0.001) but no difference thereafter at higher doses.

Gene expression. Neither FLX nor DHEA had any
ffect on 5HT1A receptor mRNA, nor was there any inter-
ction between the two (Table 2). There were also no
ffects of either FLX or DHEA on the expression of either
R or GR mRNA in the dentate gyrus (Table 2). In addi-

ion, there were no significant effects of FLX or DHEA on
DNF or TrkB mRNA expression in the dentate gyrus

Table 2). It is noteworthy that BDNF mRNA is particularly

rominent in the dentate gyrus and CA3 field of the hip-
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ocampal pyramidal cell layer, sites of active neurogenesis
nd synaptogenesis respectively (Fig. 1).

xperiment 2: The effect of 100 mg CORT pellets on
he daily CORT rhythm in adrenal-intact rats

ig. 3 shows a clear diurnal rhythm in plasma CORT in
ntact rats, even when sampled at a relatively short interval
6 h). This was abolished by the s.c. CORT implant.

xperiment 3: Moderation by DHEA of the effect of
clamping’ CORT on sensitivity to FLX

Plasma steroids. There was a significant interaction
etween CORT and DHEA treatments on plasma CORT at
he single time point studied in this experiment
F(1,16)�4.55, P�0.04). DHEA overall had no effect (Ta-
le 3).

Ki67. There was a highly significant interaction be-
ween CORT treatment (s.c. pellet) and DHEA (F(1,16)�
5.8, P�0.001), as well as significant main effects (CORT:
(1,16)�172.2, P�0.001, DHEA: F(1,16)�100.7, P�0.001.
ost hoc tests showed that, as in experiment 1, adding DHEA

o a daily dose of 2.5 mg/kg FLX significantly increased the
umber of Ki67-labeled cells in the dentate gyrus (Bonferroni:
�0.001; Fig. 4). However, this was not observed in rats

reated with s.c. CORT (previously shown to flatten the diur-
al rhythm; P�0.674). Thus CORT not only decreased pro-

ig. 1. (A) Ki67 labeling in the inner layer of the dentate gyrus of the a

able 1. Plasma CORT and DHEA concentrations for experiment 1

ormone Treatment FLX (mg/kg/day)

0

ORT No DHEA 209.2 (138.2)
DHEA 169.8 (54.8)

HEA No DHEA 0.4 (0.1)
DHEA 31.1 (8.6)

There were no significant main or interaction effects of DHEA and F
HEA, and the levels were similar across FLX groups. Values are me
B) BDNF (C) trkB (D) GR receptor (E) MR receptor and (F) 5HT1A receptor m
A); 1 mm (B).
enitor cell activity, it also prevented the synergistic actions of
HEA on FLX (Fig. 5).

DISCUSSION

he primary finding in this paper is that DHEA, in a dose
hich itself had no discernible effect on the proliferation

ate of progenitor cells in the dentate gyrus, markedly
ensitizes them to FLX. There are no previous reports of
his steroid accentuating a 5-HT-acting drug on prolifera-
ion of progenitor cells. Doses of FLX which, in controls,
ad no effect on proliferation, markedly stimulated it in the
resence of DHEA. It should be noted that although the
lood levels of DHEA we achieved in treated rats resemble
hose in young adult humans, this is nevertheless a phar-
acological state, since rats ordinarily have hardly any
HEA in their blood (see our control values).

In the first set of experiments described here, DHEA
tself failed to induce proliferation, contrasting with the
esults from (Karishma and Herbert, 2002). This may be
ue to the higher dose of DHEA used in our previous
xperiment (200–250 mg pellet) compared with the one
sed here (100 mg). However the most interesting result in
his study is the presence of a synergistic effect on prolif-
ration when both DHEA and FLX were administered to-
ether; 2.5 mg/kg and 5 mg/kg FLX on their own failed to
timulate proliferation, but when administered with DHEA,

rat (inset: high-power view of a characteristic group of labeled cells)

2.5 5 10

226.0 (53.2) 145.8 (80.1) 149.2 (29.9)
214.8 (77.9) 228.2 (63.8) 134.6 (67.4)

0.4 (0.1) 0.7 (0.6) 0.3 (0.1)
24.0 (1.6) 22.5 (6.6) 21.8 (6.4)

ORT. Plasma DHEA levels were much higher in rats treated with s.c.
l (S.D.).
dult male
LX on C
RNAs in the hippocampus (in situ hybridization). Scale bar�0.5 mm



t
1
D
p
(

(
b
2
w
s
t
t
i
e
B
t
t

o
t
G
t
c
n
t
t
b
w
t
c
o
o
e
t
S
r
w
w
5
o
t

F
p
1
z
2
n

F
e
i

T

G

5

M

G

T

B

S. B. Pinnock et al. / Neuroscience 158 (2009) 1644–16511648
here was a marked stimulation to the extent seen for
0 mg/kg FLX alone. The absence of a further effect of
HEA on the response to 10 mg/kg FLX suggests that the
roliferation rate had reached a maximum at this dose
‘ceiling effect’).

Previous reports have shown that FLX treatment
10 mg/kg/day) increased levels of BDNF mRNA (De Fou-
ert et al., 2004; Koponen et al., 2005; Sairanen et al.,
005), though the change we observed in our experiments
as not significant. However, it seems unlikely that the
ynergistic action of DHEA depends on this pathway, since
here was no increase in BDNF at lower doses of FLX in
he presence of DHEA in the present experiment, despite
ncreased progenitor proliferation. This also suggests the
xistence of a DHEA-sensitive pathway alternative to
DNF for regulating proliferation. We wondered whether

his might involve either the corticoid receptors, or TrkB,
he principal BDNF receptor.

ig. 2. Synergistic effect of DHEA and FLX on proliferation of hip-
ocampal neural progenitor cells. In the absence of DHEA, only
0 mg/kg of FLX increased the number of Ki67 cells in the subgranular
one of the dentate gyrus. In the presence of DHEA however,
.5 mg/kg of FLX was sufficient to cause a similar increase in the
umber of Ki67 cells (DHEA�FLX interaction, P�0.001).

able 2. Gene expression in the dentate gyrus

ene Treatment FLX (mg/kg/day)

0

HT1A No DHEA 51.8 (9.7)
DHEA 51.9 (9.30)

R No DHEA 106.9 (13.8)
DHEA 106.6 (13.9)

R No DHEA 28.2 (1.0)
DHEA 29.5 (1.4)

rkB No DHEA 32.6 (1.1)
DHEA 33.5 (1.4)

DNF No DHEA 24.0 (1.7)
DHEA 22.5 (1.3)
There were no significant main or interaction effects of DHEA or FLX. Value
The anti-GR actions of DHEA do not seem to depend
n interactions with either GR or MR. DHEA does not bind
o either receptor and does not interfere with the binding of
Rs, though it may slow down the translocation of GR to

he nucleus (Saponaro et al., 2007). We found that the
ombination of DHEA and FLX (at any dose) had no sig-
ificant effect on the levels of MR or GR mRNA, and we
hus cannot account for its synergistic action on FLX
hrough altered corticoid receptor activity. DHEA can
ind to the pregnane-X receptor (Ripp et al., 2002) but
hether this is implicated in the effects we describe in

his paper awaits further investigation. We also found no
hange in trkB receptor expression, so we cannot ascribe
ur results to increased sensitivity to BDNF, though this is
nly one measure of responsiveness. Thus we have no
vidence that DHEA sensitizes the progenitor cells to FLX
hough altering the expression of any of these factors.
ince FLX is thought to act on neurogenesis via 5HT1A

eceptors (Santarelli et al., 2003), DHEA might interact
ith this pathway to bring about the synergistic effect. But
e were unable to find alterations in the expression of
HT1A receptor mRNA, though our result do not exclude
ther actions—for example, post-translational changes in
his or other receptors.

ig. 3. Diunal variation in plasma CORT in intact rats sampled at
ither 10:00 or 16:00 h (lights off: 10:00 h: L:D 12:12) or in those

mplanted with a 100 mg CORT pellet.

2.5 5 10

65.0 (12.5) 53.9 (6.2) 56.3 (7.4)
53.3 (8.9) 60.0 (11.7) 63.2 (8.1)

101.1 (8.5) 88.4 (7.9) 112.4 (9.5)
96.8 (8.5) 97.1 (22.3) 116.3 (7.2)
29.5 (1.4) 29.2 (2.9) 28.6 (2.9)
25.6 (2.8) 29.2 (2.1) 29.7 (2.0)
33.0 (2.2) 32.3 (2.6) 32.7 (1.5)
31.7 (1.7) 32.0 (2.0) 32.6 (2.0)
24.2 (2.8) 22.3 (2.7) 25.3 (2.1)
22.2 (1.1) 24.1 (1.6) 24.4 (2.7)
s are mean pixels (S.D.).
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In humans, DHEA together with its sulfated derivative
HEAS represents one of the most abundant steroid prod-
cts of the adrenal cortex. A major metabolic pathway

nvolves 7-hydroxylation (Khalil et al., 1993; Morfin and
tarka, 2001; Muller et al., 2006; Schmitt et al., 2001)
�-OH DHEA stimulates progenitor cell activity whereas
�-OH DHEA does not (Bandpey and Herbert, unpub-

ished observations). It remains uncertain whether or not
he synergistic action we report between DHEA and FLX
epends on this conversion, or whether it might be altered
y FLX. The molecular mechanisms underlying the endo-
rine actions of DHEA or its derivatives are still unclear.
HEA has been shown to exert multiple effects in the

odent CNS (Baulieu and Robel, 1996) through a variety of
echanisms that include negative modulation of GABAA

eceptors and a positive effect on N-methyl D-aspartate
NMDA) receptors (Kaasik et al., 2001). It can activate the
erine-threonine protein kinase Akt in cultures of embry-
nic forebrain (Zhang et al., 2002). In addition, DHEA has
een reported to increase the plasma concentration of the

nsulin-like growth factor IGF-1 in rats and in humans
Aberg et al., 2000; Ribeiro and Garcia-Segura, 2002).

The action of DHEA on sigma 1 (�1) receptor may be
articularly relevant. DHEA can act as an agonist at the �1
eceptor (Ueda et al., 2001) and �1 antagonists blocked
he increase in proliferation mediated by DHEA in neural
tem cell cultures (Nakata et al., 2003). �1 Agonists act as
ntidepressants in animal studies (Matsuno et al., 1996)
nd �1 antagonists blocked the antidepressant actions of
HEAS, a sulfated derivative of DHEA (Dhir and Kulkarni,
008). The action of �1 agonists bears some resemblance

o the interaction between DHEA and FLX. They often
ave little or no effect on their own but may act as ampli-
ers of intracellular signaling cascades (Su and Hayashi,
003). DHEA might bind to �1 receptors to amplify 5HT1A-
ependent signaling to bring about synergism in prolifera-

able 3. Plasma CORT for experiment 3

reatment No DHEA DHEA

o CORT 96.0 (38.6) 148.3 (23.2)
ORT 123.0 (28.1) 133.4 (39.8)

There were no significant main or interaction effects of DHEA and
ORT. Values are mean ng/ml (S.D.).
ig. 4. Photomicrograph on Ki67-labeled cells in the dentate gyrus of a rat (A) t
LX and DHEA treatment but in the presence of a flattened diurnal CORT rhy
ion. Consistent with this idea, the antidepressant effects of
HT1A agonist were potentiated by co-administration of a
1 agonist (Yamada et al., 2000). �1 Agonists desensitize

he 5HT1A autoreceptor in the DRN after only 2 days of
reatment (Bermack et al., 2002), whereas antidepressants
uch as FLX typically do this only after chronic treatment.
HEA may bind to an unidentified plasma membrane re-
eptor to mediate proliferation of endothelial cells via a
i-mediated MAPK pathway (Liu et al., 2008). If this hap-
ens in the hippocampus, it could be related to ERK acti-
ation and downregulated PKA activity (Cormaci et al.,
007). 5HT1A activation may therefore increase �1 recep-

or expression by both activating the MAPK cascade and
nhibiting the cAMP-PKA signaling. This would enhance
HEA-�1 signaling, which may in turn amplify 5HT1A.
hese ideas need experimental testing.

Clamping the CORT level and hence abolishing the
iurnal corticoid rhythm has been shown to prevent the
ffect of FLX on the rate of progenitor cell proliferation
Huang and Herbert, 2006). We wondered whether the
HEA-dependent increased sensitivity to FLX might also
xtend to restoring the effect of this SSRI in CORT-
lamped rats. However, we found that DHEA does not
vercome the need for an intact diurnal CORT rhythm.
here may be interactions between DHEA and corticoid

ig. 5. A flattened CORT rhythm inhibits the effect of DHEA and FLX. All
ats in this experiment were given 2.5 mg/kg of FLX. Similar to the first
xperiment, the addition of DHEA (in the absence of CORT) increased
he number of Ki67 cells in the subgranular zone compared with the no
HEA control group (Bonferroni: P�0.001). This effect was completely
bolished in rats with a flattened CORT rhythm (DHEA�CORT interac-
ion, P�0.001).
reated with FLX 2.5 mg/kg/day and a DHEA s.c. pellet or (B) the same
thm (s.c. CORT pellet). Scale bar�0.5 mm.
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etabolism (Apostolova et al., 2005), but the regulation of
eurogenesis exerted by the diurnal corticoid rhythm
eems to be independent of DHEA. Successful antidepres-
ant treatment, including that with SSRIs is associated with
esolution of impairment in HPA axis negative feedback
nd normalizing the HPA axis in depressed patients
Heuser et al., 1996; Linkowski et al., 1987; Nickel et al.,
003). Recent reports also suggest limited efficacy of SSRI

n patients with abnormal HPA axis function (Young et al.,
004). If the proposed link between neurogenesis in the
ippocampus and clinical depression (Jacobs et al., 2000;
empermann et al., 2008) is sustained by future work, then

he results reported here suggest that DHEA might be a
seful adjunct to SSRI therapy, and that this might well be
odulated by the diurnal corticoid rhythm.
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