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Abstract

The present study utilised an in vitro cell model of the cAMP signalling pathway to investigate the actions of desipramine (DMI) and
other psychoactive agents on cAMP-driven gene transcription. The model comprised CHOB, SPAP cells; Chinese hamster ovary cells
expressing human 3, adrenoceptors and a secreted placental alkaline phosphatase (SPAP) reporter gene with multiple cAMP response
elements (CREs) in its promoter region. SPAP assays showed DMI to inhibit isoprenaline or forskolin-enhanced gene transcription in a
time and concentration-dependent manner (ICsp = 16.6 = 2.0 uM after 18 h). This effect of DMI was not dependent upon activity at the
levels of the 3, receptor, cAMP accumulation or phosphorylation of the transcription factor, cAMP response element binding protein
(CREB). The inhibitory effects were maintained in the presence of DMI for at least 3 weeks and were mimicked by exposure to
norfluoxetine (the major metabolite of fluoxetine; ICso=7.2 £ 1.8 wM) and the neuroleptics, chlorpromazine and clozapine, all at a
concentration of 10 wuM. Amphetamine (10 uM, 18 h) enhanced SPAP gene transcription. Ca®* imaging experiments ruled out an
inhibitory effect of DMI on Ca** influx as concluded by previous studies.

The results suggest a molecular target for DMI that lies downstream of CREB phosphorylation. Whether the inhibitory action of DMI is
common to naturally expressed CRE-driven genes involved in adaptive responses to antidepressants in vivo remains to be determined.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Despite nearly 50 years of research, a common mechan-
ism of action underlying the therapeutic actions of anti-
depressant drugs is still to be described. The short-term
effects of the majority of antidepressants are widely
assumed to be mediated by enhancing the synaptic avail-
ability of monoamine neurotransmitters, particularly nor-
adrenaline and serotonin (5HT), via blockade of their
reuptake or metabolism. This does not, however, explain
the antidepressant properties of drugs such as tianeptine
that increase SHT uptake [1]. The prolonged delay before
clinical benefit becomes apparent implies that acute
actions trigger adaptive responses in the brain that reverse
neuronal malfunctions responsible for depression [2]. The
changes in intracellular signalling pathways and gene
transcription that produce these adaptations are, however,
incompletely understood [3].
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Extensive evidence points to alterations in the cAMP
signal transduction system [4-11] being strongly asso-
ciated with antidepressant treatment. However, due to
the lack of a wholly representative animal model of
depression and the complexity of the neural networks
affected by antidepressants in vivo it is difficult to identify
relevant genes whose expression is altered as a result of
such signalling changes.

Various reductionist approaches have been made to the
problem using relatively simple in vitro cell models and
observations of antidepressant-induced changes in signal-
ling events in non-neuronal cells lacking monoamine
transporters suggest that alternative acute targets exist
(e.g. [12]). For example, Schwaninger et al. [13] proposed
that antidepressants exert their inhibitory actions on cyclic
AMP response element (CRE)-mediated gene transcription
by blocking calcium influx into cells through voltage-
dependent calcium channels (VDCC) in HIT and PC12
cells, preventing phosphorylation and activation of the
transcription factor CREB (cyclic AMP response element
binding protein). To explore this hypothesis, in the present
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study, we have used a non-excitable Chinese Hamster
Ovary (CHO) cell line stably transfected with the human
B>-adrenoceptor and a SPAP (secreted placental alkaline
phosphatase) reporter gene [14], effectively producing an
in vitro model of the cAMP signalling pathway.

The effects of desipramine (DMI) and other psychoac-
tive agents on cAMP-driven gene transcription in these
CHOQR, SPAP cells indicate that these drugs can modify
gene transcription in the absence of effects on monoamine
transport and metabolism or on voltage-dependent ion
channels. The precise locus of action could not be identi-
fied but appears to be downstream of cyclic AMP response
element binding protein (CREB) phosphorylation.

2. Materials and methods
2.1. Materials

Cell culture reagents were from Sigma Chemicals
(Poole, Dorset, UK) except foetal calf serum (FCS) which
was from PAA Laboratories (Teddington, Middlesex, UK).
[*H]-adenine and ['*C]-cAMP were obtained from Amer-
sham International (Buckinghamshire, UK). ICI 118551
was from Tocris Cookson (Avonmouth, Bristol, UK).
Western blotting reagents were supplied by BIORAD.
Primary antibodies (anti-CREB and anti-phospho-CREB)
were supplied by Cell Signalling technologies (New Eng-
land Biolabs), secondary antibody (goat-antirabbit HRP-
conjugated) was supplied by DAKO, UK. Emulsifier
Scintillator Plus (scintillation fluid) were from Packard
Biosciences (Perkin-Elmer, UK). All other reagents were
supplied by Sigma Chemicals (Poole, Dorset, UK) unless
otherwise stated.

2.2. Cell culture

Chinese hamster ovary (CHO) cells stably transfected
with the human [3,-adrenoceptor (at an initial expression
level of 310 fmol/mg protein) and a secreted placental
alkaline phosphatase (SPAP) reporter gene (CHO3, SPAP)
[14], were grown in Dulbecco’s modified Eagles medium/
nutrient mix F12 (1:1) supplemented with 2 mM L-gluta-
mine and 10% foetal calf serum (FCS) at 37 °C in an
atmosphere of 5% CO,:95% air. The SPAP gene is tran-
scriptionally controlled by a promoter region containing
six cyclic AMP response elements (CREs). Thus, any
increase in intracellular cyclic AMP should provoke the
appearance of SPAP in the extracellular medium.

2.3. Measurement of SPAP

Assays were performed on confluent cells grown in 24-
well cluster dishes according to the method described by
Cullen and Malim [15] and McDonnell et al. [14]. Briefly,
cells were grown to confluency on 24-well cluster dishes

before being serum starved in serum free Dulbecco’s
modified Eagles medium/nutrient mix F12 (1:1) supple-
mented with 2 mM L-glutamine only (sfm), for 24 h prior
to assaying. The medium was aspirated and replaced with
1 ml per well fresh sfm. Agonists (isoprenaline 1 uM or
forskolin 10 wM) were added to relevant wells and dishes
were replaced in the incubator for 5h. Medium was
aspirated from all wells and replaced with 300 .l per well
fresh sfm. Dishes were replaced in the incubator for a
further 1 h. Twenty microlitres of samples from each well
were transferred into 96-well cluster dishes which were
then either frozen at —20 °C until required, or heated at
65 °C for 30 min (inactivates endogenous alkaline phos-
phatases). Two hundred microlitres per well p-nitrophenol
phosphate (PNPP) reaction substrate was added before
incubating dishes for a final hour at 37 °C. Hydrolysis
of PNPP by SPAP was measured at 405 nm and data were
converted to SPAP concentration in mU ml™' using the
equation shown below:

A

SPAP] (mUml ) = ———
[SPAP| (mUmI™) = ——2<"

where A is the measured optical density at 405 nm, # is time
with substrate (60 min) and V is the volume of sample.

2.4. cAMP accumulation

Cyclic AMP assays were conducted according to the
single column separation method reported by Alvarez and
Daniels [16] using cells grown to confluency on 24-well
cluster dishes. Where required for 18 h pre-incubation,
20 M DMI was applied to the cells at the same time
as ["H]-adenine (1 wCi per well) for overnight labelling.

Experiments were performed in Kreb’s Henseleit buffer
(KHB) warmed to 37 °C. Medium was aspirated from all
wells and cells were washed with 1 ml per well KHB,
before being replaced with 500 .l per well KHB containing
10 M rolipram. Plates were incubated for 15 min at 37 °C.
DMI and either isoprenaline or forskolin were added to
wellsin 5 pl additions from 100x stock solutions and plates
were incubated fro a further 15 min at 37 °C before adding
50 wl 4.4 M HCI to stop reactions and permeabilise cell
membranes. Plates were refrigerated for 30 min at 4 °C to
allow for complete permeabilisation and column prepara-
tion (600 wg dry acid alumina per column). Fifty micro-
litres of supernatant from each well was transferred into
5 ml scintillation vials with 3.5 ml scintillation fluid before
placing in a refrigerated scintillation counter and counting
for total *H. Fifty microlitres of ['*C]-cAMP standard was
then added to each well and plates were gently swirled to
mix well contents. Well contents were then transferred onto
individual, pre-prepared dry acid alumina columns. Col-
umns were washed with 5 ml 5 mM HCI, then 1 ml 0.1 M
ammonium acetate, discarding all eluate. Columns were
then placed over 20 ml scintillation vials and washed with
35ml 0.1 M ammonium acetate, collecting all eluate.
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10 ml of scintillation fluid was added to each vial before
placing in a refrigerated liquid scintillation counter and
counting for *H and '*C.

[*H]-cAMP production was expressed as a percentage of
[*H]-adenine incorporation, assumed to be equivalent to
total *H.

2.5. Western blotting

Western blotting was carried out according to manufac-
turer’s instructions using the following antibodies: primary
antibodies, phospho-CREB (ser 133) (polyclonal) and
CREB antibody (polyclonal) were supplied by Cell Sig-
nalling Technology (New England Biolabs, UK). The
secondary antibody, goat-antirabbit horseradish peroxidase
(HRP)-conjugated, was supplied by DAKO, UK.

Briefly, 10% SDS-PAGE gels were prepared for use with
the BIORAD Mini Protean III kit. On each gel lane 2
contained 10 wl BIORAD Kaleidoscope markers, lanes 4—
9 contained samples and lanes 1, 3 and 10 were empty. Gels
were run for 5-10 min at 100 V, V constant (until the
markers started to separate), then at 200 V, V constant
for ~45 min or until the dye front ran off the gel. Gels were
transferred on to nitrocellulose membranes, again accord-
ing to manufacturer’s instructions, 100 V for 1 h. Mem-
branes were blocked in blocking buffer (5% (w/v) Marvel,
non-fat dried milk powder, in Tris-buffered saline, contain-
ing 0.1% Tween-20 [TBS-T]), for 1 h at room temperature.
Membranes were then washed in TBS-T for 30 min before
incubating with primary antibody (1:2000 in blocking
buffer) overnight at 4 °C, with gentle shaking. Primary
antibody solution was removed and membranes washed for
30 min in TBS-T, at room temperature, before incubating
with secondary antibody (1:2000 in blocking buffer) for
1 h at room temperature, again with gentle shaking. Sec-
ondary antibody solution was discarded and membranes
washed for a final time in TBS-T for 30 min, at room
temperature. Washed membranes were exposed to ECL™
detection solution for 1 min before being quickly blotted
dry on filter paper and wrapped in SaranWrap™. Wrapped
membranes were placed in an A4 size X-ray cassette and
exposed to Hyperfilm ECL™ autoradiography film for up
to 15 min. Films were developed using an AGFA auto-
developer.

2.6. Statistical analysis

Statistical analysis of the data was performed by Stu-
dent’s t-test, with a p < 0.05 indicating a significant dif-
ference. Concentration-response curve fitting was
performed by non-linear regression using the GraphPad
Prism computer program (GraphPad, San Diego,
CA, USA). Where used, one-way analysis of variance
(ANOVA) on results with a significance of p < 0.05, or
better, was performed using the SF ANOVA computer
program.

Cyclic AMP accumulation is expressed as the percen-
tage of the total incorporated 3H-labelled products that are
converted to [3H]-CAMP.

3. Results

The P,-adrenoceptor (,-AR) agonist isoprenaline
increased extracellular SPAP in a concentration-dependent
manner (ECso = 10.7 & 2.2 nM; Fig. 1). In order to verify
that the isoprenaline response was [3,-AR-mediated, the
experiment was repeated in the presence of the competitive
B>-AR antagonist ICI 118551 (8 nM). The calculated Kp
for ICI was 0.9 nM (data not shown), identical to that
reported for the same cell line by Baker et al. [17].

Cells exposed to DMI for 18 h (Fig. 1) revealed a
significant reduction in maximal isoprenaline-stimulated
SPAP production (E,.x from 0.07 +0.01 to 0.02 £
0.0003 mU/ml; p < 0.001, n=13) and a small, but sig-
nificant, rightward shift in the ECs, of the isoprenaline
concentration-response curve (from 17.8 + 5.1 to 36.3 £+
54 nM; p < 0.05, n=13).

The effects of 18 h DMI exposure were concentration-
related, showing an inhibition of isoprenaline-stimulated
SPAP production with an ICsy, value for DMI of
16.6 £ 2.0 pM (n =4; Fig. 2A). The effect of DMI after
18 h was not specific to isoprenaline stimulation since the
SPAP response to the adenylyl cyclase activator forskolin
(10 wM) was also inhibited with an ICso of 29.2 + 8.9 uM
(n = 3; Fig. 2B).

Effects of DMI were also evident, although less potent,
after an exposure of only 1 h,with the SPAP response being
completely inhibited at a concentration of 300 uM with
ICsp values of 0.6 = 0.2 mM (n = 3) for isoprenaline sti-
mulation and 0.2 £ 0.03 mM (n = 3) for forskolin stimula-
tion (Fig. 3). There was no observed change in gene
transcription when DMI was added simultaneously (i.e.
no pre-incubation) with either isoprenaline or forskolin
(data not shown).
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Fig. 1. Concentration-response curves to isoprenaline stimulation in the
absence and presence of 20 wuM DMI. Cells were preincubated with DMI for
18 h prior to isoprenaline stimulation. Data points are means + S.E.M. of
triplicates in a single representative experiment. This experiment was
repeated a total of 13 times. Statistical analysis was done by unpaired
Student’s z-test.
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Fig. 2. SPAP responses to 1 uM isoprenaline stimulation (A) and 10 uM
forskolin stimulation (B) in CHOB, SPAP cells, after 18 h pre-incubation
with DMI. ICs values for DMI shown in text. Values are means + S.E.M. of
triplicate determinations in single representative experiments (n = 4).
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Fig. 3. SPAP responses to 1 uM isoprenaline stimulation (A) and 10 pM
forskolin stimulation (B) after 1 h pre-incubation with increasing concen-
trations of DMI. ICsq values for DMI shown in text. Values are mean-
s £ S.E.M. of triplicate determinations in single representative experiments
(n=4).
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Fig. 4. SPAP responses to isoprenaline stimulation after chronic treatment
with 20 wuM DMI in CHOR, SPAP cells. Data points are means + S.E.M. of
triplicates in single representative experiment, repeated on two further
occasions (n = 3).

In order to study the longer term effects of antidepres-
sants on CREB/CRE-mediated gene transcription CHOR,
cells were cultured for 18 h, 7, 14 or 21 days in the
presence of 20 uM DMI prior to challenging with increas-
ing concentrations of isoprenaline with subsequent mea-
surement of the SPAP response (Fig. 4). There were no
significant differences between any basal values or
between the ICsps of any of the curves as determined by
one-way analysis of variance followed by Newman—Keuls
post hoc test (p > 0.05). The reduction in isoprenaline
E...x seen after 18 h exposure to DMI was maintained after
7, 14 and 21 days although there was a slightly reduced
effect of DMI at these time points compared to 18 h
exposure (not significantly different, p > 0.05; New-
man—Keuls post hoc test).

To determine the effects of a different class of antide-
pressant drug, norfluoxetine (NFLX), the active metabolite
of the selective serotonin reuptake inhibitor (SSRI) fluox-
etine was employed. NFLX was used in preference to the
parent compound as we were unsure of the capacity of
CHO cells to metabolise fluoxetine. As with DMI, NFLX
treatment of cells for 18 h resulted in a concentration-
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Fig. 5. SPAP response to 1 wM isoprenaline, after 18 h pre-incubation with
increasing concentrations of norfluoxetine. Data points are means + S.E.M.
of triplicates within a single representative experiment (n = 3).
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Fig. 6. cAMP accumulation in CHOB, SPAP cells after 18 h incubation in
the absence of presence of 20 uM DMI and subsequent stimulation with
isoprenaline (Iso) or forskolin (Forsk). Data shown are the means from
triplicates within three separate experiments (i.e. each bar is the mean of
nine values). Control and DMI treatments were compared using an unpaired
Student’s -test; there were no significant differences (p > 0.05).

related inhibition of SPAP gene transcription (ICsq=
7.2 £ 1.8 uM (n = 3); Fig. 5).

To determine whether the inhibition of gene transcrip-
tion (observed with both DMI and NFLX) was specific to
antidepressant agents, the effects of other psychoactive
drugs on the CHOB, SPAP model were investigated. The
various psychoactive compounds listed in Table 1 were
pre-incubated with the cells for 18 h before stimulating
with 1 pM isoprenaline. Significant inhibitions of isopre-
naline-stimulated SPAP production were observed after
treatment with 20 pM DMI (p < 0.01), 10 wM clozapine
(p < 0.05) and 10 M chlorpromazine (p < 0.01). Expo-
sure to 10 wM amphetamine significantly potentiated
(p < 0.01) isoprenaline-stimulated SPAP production.

As with isoprenaline-stimulated SPAP production,
20 M DM]I, 10 uM clozapine and 10 wM chlorpromazine
produced significant inhibitions of forskolin-stimulated
SPAP production (p < 0.001, p < 0.01 and p < 0.001,

Table 1
Psychoactive drugs were preincubated with cells for 18 h prior to 1 uM
isoprenaline stimulation

DRUG % SPAP response to 1 uM isoprenaline

DMI (20 pM) 33.80 +3.04™
Cocaine (10 pM) 139.73 + 12.72
Morphine (10 wM) 132.52 + 12.06
Clozapine (10 M) 67.04 + 6.10"
Amphetamine (10 M) 171.23 + 15.58"
Diazepam (10 M) 155.29 £ 14.13

Chlorpromazine (10 wM) 27.99 +2.55"
Lithium (2 mM) 72.95 + 6.64
Sulpiride (10 pM) 88.64 + 8.07

Haloperidol (10 p.M) 114.68 £ 10.44

Values shown are means + S.E.M. (n = 3-6). Statistical analysis was done
by Newman—Keuls following a one-way analysis of variance, to determine
the significance of inhibition/potentiation of isoprenaline-stimulated SPAP
production (p < 0.05, “p < 0.01). One micromolar of isoprenaline-stimu-
lated SPAP was measured in each experiment. The SPAP response to 1 uM
isoprenaline was 9.1 £ 1.1 fold control (i.e. that absence of isoprenaline).
None of the drugs had a significant effect on SPAP production in the absence
of isoprenaline.

respectively). 10 wM of amphetamine, once again, induced
a significant increase in SPAP production (p < 0.001).

CREB can be phosphorylated (and thereby activated) by
increased intracellular Ca®* acting via calcium calmodu-
lin-dependent kinase (CaMK) [18]. Since acute applica-
tion, in vitro, of several classes of antidepressant drugs has
been reported to inhibit Ca®* signalling [13,19-22] it could
be suggested that the effects of the antidepressants on
SPAP production are due to inhibition of Ca®* signalling.
This was tested by investigating the potential of isoprena-
line to increase intracellular Ca** ([Ca**];) in CHORB,
SPAP cells loaded with FURA2-AM. Epi-fluorescent
images of the cells were recorded at an emission wave-
length of 510 nm after sequential excitation at 340 and
380 nm. 100 wuM UTP or 10 pM ionomycin both produced
robust increases in ([Ca®*];) but 1 pM isoprenaline pro-
duced no response (data not shown) suggesting that the
SPAP response to isoprenaline was indeed cAMP-
mediated and Ca®*-independent and that the antidepres-
sant-induced reductions in expression must be unrelated to
changes in [Ca®*];.

The possibility of the antidepressant effect being
mediated by changes in cAMP formation or metabolism
was investigated by measuring *[H]-cAMP accumulation
in CHOB, SPAP cells pre-labelled with *[H]-adenine. As
shown in Fig. 6, pre-incubation with 20 uM DMI for 18 h
had no effect on the responses to a maximally effective
concentration of isoprenaline (1 uM, previously deter-
mined, concentration—response data not shown) or to for-
skolin (10 pM).

Interaction with the activation, via phosphorylation, of
CREB is another possibility for the antidepressant-induced
inhibition of SPAP gene expression. Fig. 7 shows Western
blots of samples prepared from CHO@, SPAP cells treated
for 1 h or 18 h with 20 uM DMI, prior to incubation with
isoprenaline, using antibodies against CREB and CREB
phosphorylated at serine 131. Analysis by densitometry
revealed no changes in the expression of CREB or phos-
pho-CREB following DMI exposure.

4. Discussion

The data presented clearly show that exposure of
CHOR, SPAP cells to the antidepressant drug DMI caused
an inhibition of cyclic AMP-driven SPAP gene transcrip-
tion from as early as 1 h after the start of incubation. The
response was concentration-dependent and the potency of
DMI increased with time of exposure, with the ICsq value
changing from 600 uM at 1 h to 17 uM after 18 h. This
concentration range is comparable with levels of tricyclic
antidepressants detected in brain tissue after chronic treat-
ment and might, therefore, have some relevance to the
drug’s therapeutic action [13].

The effect of the drug is likely to be due to changes in
transcription of the SPAP gene rather than on export of the
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Fig. 7. Western blots for control and 20 uM DMI treated samples. Blots shown are from a single representative experiment (n = 3). On each blot the samples in
each lane are: (1) basal, (2) 10 min isoprenaline, (3) 20 min isoprenaline, (4) 30 min isoprenaline, (5) 45 min isoprenaline, (6) 60 min isoprenaline. The bands
indicated at 43 kDa are assumed to be either CREB (A, C, E) or phospho-CREB (B, D, F). According to the antibody data sheets supplied with the antibodies
both the phosphorylated and unphosphorylated forms of CREB run as the same size. The upper band on the phospho-CREB blots are unidentified, however the
lower band is likely to be phospho-ATF-1 or phospho-CREM, as they are also recognised by the phospho-CREB antibody and are part of the CREB family of

proteins.

phosphatase reporter since parallel experiments, in which
SPAP was measured in whole cell homogenates rather than
in incubation medium, showed similar decreases (data not
shown).

It is conceivable that the effect of DMI on isoprenaline-
stimulated SPAP production could be due to antagonism of
the 3, receptor but this is unlikely since co-exposure of
cells to DMI and isoprenaline without pre-incubation was
without effect and the longer term effects of DMI were
predominantly on the maximum response to the agonist
rather than on the ECs, ruling out competitive antagonism
at least. In addition, DMI had an inhibitory effect on SPAP
production stimulated by the adenylyl cyclase activator
forskolin, suggesting a post-receptor target.

The inhibition of SPAP production seen after 18 h of
DMI exposure was maintained for periods of up to 21 days
without affecting cell viability. Generally, a greater interest
has been shown in long-term adaptive responses to anti-
depressant agents in an attempt to relate these to the

delayed clinical time course of the drugs. However, iden-
tification of an acute mechanism that initiates later adap-
tive responses is of equal importance. Noradrenaline and/
or SHT uptake inhibition are commonly considered to be
crucial to antidepressant action [23,24] but CHO cells do
not synthesise these monoamines rendering this mechan-
ism irrelevant in relation to the effects reported here.
Similarly, antidepressant-induced changes in glucocorti-
coid receptors, thought to be an important adaptive com-
ponent [25] of their therapeutic action can be observed in
vitro in primary blood cells lacking a neuronal-like expres-
sion of monoamines, their transporters and receptors,
suggesting alternative acute mechanisms of antidepressant
action [26].

The inhibitory effects of DMI on SPAP gene transcrip-
tion do not appear to be mediated by altered cyclic AMP
production or catabolism since there were no effects of the
drug on isoprenaline or forskolin-stimulated [*H]-cyclic
AMP accumulation in [*H]-adenine pre-labelled cells.
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For SPAP gene transcription initiation, the cyclic AMP
response elements (CREs) in the promoter region of the
gene must be activated by phosphorylation of CRE binding
protein (CREB). Phosphorylation of CREB at Ser;s; is
required for dimerisation and subsequent binding to CREs
[27]. This can be achieved by protein kinase A (PKA)
activated by increased intracellular cyclic AMP, but CREB
activity can be further modulated by phosphorylation of
additional sites on CREB or of other proteins associated
with CREB [28]. For example increased intracellular
Ca®* can activate calcium/calmodulin kinases (CAMK)
enabling CREB to be phosphorylated on its transcriptional
regulatory site and allowing interaction with the CREB-
binding protein (CBP/p300) [29]. Acute application, in
vitro, of several classes of antidepressant drugs has been
reported to inhibit Ca®* related si gnalling [13,20,21,22,30]
and Schwaninger et al. [13] concluded that antidepressant-
mediated blockade of depolarisation-induced Ca** influx
explained the inhibition of CRE-driven gene transcription
in their study.

However, in the CHO cells used in the present study,
isoprenaline activation of SPAP production was not accom-
panied by increased intracellular Ca** indicating that CREB
phosphorylation is Ca**-independent in this model and that
DMI could not be inhibiting SPAP gene transcription by
limiting Ca®* entry. Furthermore, Western blotting studies
using an antibody specific for Ser;33-phosphorylated CREB
showed no changes in CREB phosphorylation, nor was there
a reduction in the expression of CREB in response to DMI
treatment. This implies that the molecular target for DMI
must lie downstream of CREB phosphorylation, possibly at
the level of phospho-CREB binding to the CRE motifs in the
DNA of the SPAP gene. However, Mayr et al. [31] reported
that additional promoter-bound factors are required for
target gene activation and DMI could interfere with the
formation of such a complex. Whether this inhibitory action
of DMI is common to naturally expressed CRE-driven genes
remains to be determined.

The inhibition of SPAP gene transcription was not
unique to DMI since similar effects were seen due to
the selective serotonin reuptake inhibitor metabolite nor-
fluoxetine; nor was it specific to drugs with antidepressant
activity and the two neuroleptic agents chlorpromazine and
clozapine also inhibited transcription. Previous reports
have indicated that neuroleptics of different classes can
acutely affect phosphorylation of CREB [32,33] in brain
although the consequences for gene transcription in these
more complex situations were not determined. It is pos-
sible that the antidepressants share a common site of action
with the neuroleptic agents with regard to inhibition of
cyclic AMP-driven gene transcription, but whether this is
relevant to their respective therapeutic modes of action or
side effects cannot be concluded from the data presented.
The enhanced transcription seen in the presence of amphe-
tamine is interesting but the mechanism was not investi-
gated further.

There is clearly strong evidence for the involvement of
the cyclic AMP signal transduction system in antidepres-
sant drug action [5—11] and some of the most compelling of
this indicates that, in vivo, antidepressants up-regulate
CRE-driven gene transcription as well as the phosphoryla-
tion of CREB in several limbic brain regions [11]. Never-
theless, this could be the result of slowly developing,
complex interactions of signalling pathways. It does not
rule out the potential for one facet of the initial action of a
variety of psychoactive drugs being an inhibition of the
transcription of certain gene sets resulting in a reactive
adaptive response characteristic of the individual drug and
target cells with other properties of the drugs (e.g. inter-
actions with receptors and transporters) contributing to
their final pharmacological profile.

In summary, although it is accepted that the CHOR,
SPAP cells are, at best, a pale reflection of neuronal cells in
situ in the brain, the data presented demonstrate their utility
as a model for investigations of psychoactive drug effects
on cAMP-driven gene transcription. The findings also
support the contention that adaptive changes can be pro-
voked by a range of antidepressant drugs in the absence of
changes in extracellular monoamines or Ca®" channel
activity and point to novel intracellular targets for these
agents downstream of CREB phosphorylation.
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