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Abstract

Ž .Three-week administration of sertraline or imipramine to rats 10 mgrkg, intraperitoneally, twice a day increased ex vivo cyclic
AMP-dependent protein kinase activity in the soluble but not in the particulate fraction of the frontal cortex. However, cyclic
AMP-dependent protein kinase activity was not affected in either fraction of the parietotemporal cortex and hippocampus. Neither
antidepressant altered protein kinase C activity in the soluble and particulate fractions or Ca2qrcalmodulin-dependent protein kinase II
activity in the frontal cortex. Therefore, sertraline and imipramine both selectively enhance cyclic AMP-dependent protein kinase activity
in the frontal cortex. This enhancement might be involved in their biochemical mechanisms. q 1998 Elsevier Science B.V.
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1. Introduction

Although the clinical efficacy of antidepressants is gen-
erally accepted, the precise neurochemical mechanisms
underlying their antidepressive effects are still unclear.
Many investigators report that long-term administration of
tricyclic antidepressants results in the down-regulation of
b and 5-HT receptors and desensitization of adenylate2

cyclase coupled to monoamine receptors in rat brain. How-
ever, long-term administration of selective serotonin reup-
take inhibitors, such as fluoxetine, dose not produce these

Ž .effects in rat brain Goodnough and Baker, 1994 . The
results of our previous study also indicate that long-term
administration of sertraline, a potent selective serotonin
reuptake inhibitor, has little effect on monoamine receptors

Žand adenylate cyclase activity in rat brain Tadokoro et al.,
.1997 . Therefore, it seems unlikely that such changes are

primarily responsible for the clinical effects of antidepres-
sants.

Recently, long-term administration of antidepressants
has been reported to affect molecules, such as protein
kinases, involved in the intracellular signal transduction
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Žsystem in neurons Nestler et al., 1989; Perez et al., 1989;
Racagni et al., 1992; Mann et al., 1995; Popoli et al., 1995;

.Shelton et al., 1996 . Such findings suggest that changes in
the phosphorylation of functional proteins by protein ki-
nases in neurons are involved in the therapeutic mecha-
nisms of antidepressants. In neurons, cyclic AMP-depen-
dent protein kinase, protein kinase C and Ca2qrcalmodu-
lin-dependent protein kinase II are important
serinerthreonine protein kinases that modulate a variety of

Ž .functions. Perez et al. 1989 have reported that long-term
desmethylimipramine administration increases the endoge-
nous phosphorylation of MAP-2, a representative micro-
tubule-associated protein, in the rat cerebral cortex. MAP-2
can be phosphorylated by cyclic AMP-dependent protein
kinase, protein kinase C and Ca2qrcalmodulin-dependent

Ž .protein kinase II in the brain Fukunaga et al., 1992 . The
functions of cyclic AMP-dependent protein kinase and
protein kinase C are known to be regulated by changes in
the subcellular distribution of their activity. Therefore, in
the present study we investigated the effects of the antide-
pressants imipramine and sertraline on the activities of
cyclic AMP-dependent protein kinase and protein kinase C
in the soluble and particulate fractions and on the total
activity of Ca2qrcalmodulin-dependent protein kinase II
in rat cerebral cortex. We also discuss the possible in-

0014-2999r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII S0014-2999 97 01530-6



( )C. Tadokoro et al.rEuropean Journal of Pharmacology 342 1998 51–5452

volvement of protein phosphorylation in the effects of
antidepressants.

2. Materials and methods

2.1. Chemicals

w 32 x Ž w x . Žg- P ATP tetra triethylammonium salt 3000
. ŽCirmmol was purchased from Dupont-NEN Boston,

.MA . The following reagents were obtained from commer-
cial sources: imipramine, leupeptin and protein kinase C
Ž .from rat brain; Sigma Chemical Co., St. Louis, MO ,
protein kinase C inhibitor peptide and cyclic AMP-depen-

Ždent protein kinase inhibitor peptide UBI, Lake Placid,
. ŽNY , cyclic AMP-dependent protein kinase Pierce, Rock-

. Žford, IL and syntide-2 Bachem Fein Chemikaling,
.Bubendorf, Switzerland . Sertraline was kindly donated by
Ž .Pfizer Pharmaceuticals Groton, CT . All other chemicals

were of analytical grade or of the highest grade commer-
cially available.

2.2. Animals

Ž .Male Sprague–Dawley rats 6 weeks old purchased
Ž .from Sankyo Labo Service Co. Tokyo, Japan were housed

in groups of six in stainless-steel cages. Room temperature
and lighting were maintained at 248C and there was a
12–12 h light–dark cycle. Food and water were freely
available. All procedures were in strict accordance with the
NIH Guide for Care and Use of Laboratory Animals and
were approved by our Animal Care and Use Committee.

Ž . Ž .Sertraline 10 mgrkg , imipramine 10 mgrkg , or
Ž .vehicle 1.5% Tween 80, control was administered intra-

peritoneally in a volume of 2 mlrkg twice a day for 3
weeks. 24 h after the last injection, rats were decapitated
and their brains were rapidly removed. According to the

Ž .methods of Glowinski and Iversen 1966 , the cerebral
cortex and hippocampus were dissected and the cortex was
divided into two parts by coronal section at the level of the

Ž .chiasma opticum. The anterior rostral half was consid-
Ž .ered the frontal cortex and the posterior caudal half was

considered the parietotemporal cortex.

2.3. Cyclic AMP-dependent protein kinase assay

The frontal cortex, parietotemporal cortex and hip-
Žpocampus were each homogenized with eight strokes 800

.rpm in a glassrTeflon homogenizer in ice-cold 25 mM
Ž .Tris–HCl pH 7.2 buffer containing 1 mM EGTA, 10 mM

NaF, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl
fluoride and 10 mgrl leupeptin. The homogenate was then
ultracentrifuged at 100,000 g for 10 min at 48C. The
supernatant was designated the soluble fraction. The pellet

was resuspended in homogenization buffer and designated
the particulate fraction. The cyclic AMP-dependent protein
kinase activity in both subcellular fractions was assayed

Ž .with a colorimetric assay kit SpinZyme Format, Pierce ,
following the manufacturer’s instructions. Specific activity
was defined as the difference between total activity and
activity in the presence of 30 mM cyclic AMP-dependent
protein kinase inhibitor peptide.

2.4. Protein kinase C assay

The frontal cortex was homogenized in ice-cold 50 mM
Ž .Tris–HCl pH 7.5 buffer containing 5 mM EDTA, 10 mM

EGTA, 50 mM 2-mercaptoethanol, 1 mM phenylmethyl-
sulfonyl fluoride and 50 mgrl leupeptin with eight strokes
Ž .800 rpm in a glassrTeflon homogenizer. The ho-
mogenate was then centrifuged at 100 000=g for 30 min
at 48C. The resulting supernatant was designated the solu-
ble fraction. The pellet was suspended in homogenization
buffer containing 0.5% Triton X-100 and incubated for 45
min on ice. The supernatant after recentrifugation at
100 000=g for 30 min at 48C was designated the particu-
late fraction. Protein kinase C activity in subcellular tissue
fractions was measured with a MESACUP protein kinase

Žassay kit Medical and Biological Laboratories, Nagoya,
.Japan , following the manufacturer’s instructions. Specific

activity was defined as the difference between the total
activity and activity in the presence of 20 mM protein
kinase C inhibitor peptide.

2.5. Ca2 qrcalmodulin-dependent protein kinase II assay

The frontal cortex was homogenized in ice-cold 50 mM
Ž .HEPES pH 7.4 buffer containing 0.1% Triton X-100, 25

mM NaF, 15 mM Na P O , 100 mM 2-mercaptoethanol,4 2 7

1 mM phenylmethylsulfonyl fluoride, 1 mM leupeptin, 75
mM pepstatin, 100 nM okadaic acid and 100 nM calyculin

ŽA. After three 5 s sonications Sonifier 200, Branson,
.Danbury, CT , the homogenate was centrifuged at 15,000 g

for 5 min at 48C. The supernatant was used in the kinase
assay. The Ca2qrcalmodulin-dependent protein kinase II

Ž .assay contained 50 mM HEPES pH 7.5 , 1 mM CaCl , 102
w 32 xmM magnesium acetate, 0.1 mM g- P ATP, 1 mgrml

bovine serum albumin, 3 mM calmodulin and 40 mM
syntide-2 in a final volume of 25 ml. After incubation at
308C for 3 min, a 15 ml aliquot was spotted on phospho-
cellulose paper. The paper was washed four times in 75
mM phosphoric acid. The radioactivity remaining on the
filter was determined with a Tri-Carb Liquid Scintillation

Ž .Counter Packard, Meriden, CT in Aquasol-2. In the
preliminary experiment, the kinase activity was checked
and found linear for 3 min.

The protein concentration was determined according to
Ž .the method of Markwell et al. 1978 , using bovine serum

albumin as standard.
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2.6. Statistics

Data are expressed as means"S.E.M. for six rats.
Statistical analysis was performed with a Student’s t-test.

Ž .A probability level P-value of -0.05 was considered to
indicate statistical significance.

3. Results

Long-term administration of imipramine and sertraline
slightly but significantly increased the ex vivo activity of
cyclic AMP-dependent protein kinase compared with that

Žof control in the soluble fraction 8.0 and 12.3% greater
.than control values, respectively but not in particulate

Ž .fraction of frontal cortex Fig. 1 . However, neither
imipramine nor sertraline significantly affected cyclic

Fig. 1. Changes in cyclic AMP-dependent protein kinase activity in rat
Ž . Ž . Ž .frontal cortex A , parietotemporal cortex B and hippocampus C after

Žadministration of imipramine or sertraline 10 mgrkg, intraperitoneally,
.twice a day for 21 days . Data are percent changes from control and

represent the means"S.E.M. for six animals in each treatment group.
The cyclic AMP-dependent protein kinase activity in soluble and particu-
late fractions of the frontal cortex of control rats was 10.39"0.30 and
12.96"0.39 Urng protein, respectively. ) P -0.05 versus control.

AMP-dependent protein kinase activity in either fraction of
the parietotemporal cortex or hippocampus.

We also determined the in vitro cyclic AMP-dependent
protein kinase activity in the soluble and particulate frac-
tions of the frontal cortex after incubation with imipramine

Ž .and sertraline 1, 10 and 100 mM at 378C for 5 min.
However, we did not observe a significant change in the
kinase activity in either fraction with either antidepressant
Ž .data not shown .

Protein kinase C activity in the frontal cortex after
Ž .vehicle control , imipramine and sertraline treatment was

Ž . Ž .63.6"3.1 100.0% , 63.5"3.4 99.9% and 71.7"4.2
Ž .112.7% Urng protein in the soluble fractions and 43.9"

Ž . Ž .1.9 100.0% , 44.6 " 2.6 101.6% and 47.4 " 2.0
Ž .107.9% Urng protein in the particulate fractions, respec-
tively. Total Ca2qrcalmodulin-dependent protein kinase II
activity in the frontal cortex after treatment with vehicle,

Ž .imipramine and sertraline was 419.8"12.5 100.0% ,
Ž . Ž .409.0"7.7 97.4% and 428.8"11.9 102.1% fmolrmg

proteinrmin, respectively. Thus, long-term administration
of imipramine or sertraline did not significantly affect
either protein kinase C activity in the soluble and particu-
late fractions or total Ca2qrcalmodulin-dependent protein
kinase II activity in the frontal cortex.

4. Discussion

Cyclic AMP-dependent protein kinase consists of a
catalytic subunit and a regulatory subunit, which sup-
presses its catalytic activity. When the kinase is activated,
the catalytic subunit is translocated from the cytosol to the
nucleus. Therefore, in the present study we used subcellu-
lar fractionation to assess the change in the translocation
after long-term administration of antidepressants. We found
that long-term administration of either imipramine or ser-
traline increased ex vivo cyclic AMP-dependent protein
kinase activity in the soluble fraction of the frontal cortex
but not in the parietotemporal cortex or the hippocampus.
This regional increase in the kinase activity might result
from either increased protein expression or increased affin-
ity of the enzyme for substrate in the soluble fraction.

Ž .Because an excessive amount of cyclic AMP 100 mM
was added to the incubation medium, the measured cyclic
AMP-dependent protein kinase activity might reflect the
content of the kinase protein. However, determining
changes in translocation of the enzyme on the basis of
these findings might be difficult. Further studies, espe-
cially those measuring protein levels of cyclic AMP-de-
pendent protein kinase are necessary to elucidate the pre-
cise mechanism of the increased activity. However, the
increased activity was unlikely to be due to acute and
direct stimulation of enzyme activity, since in vitro experi-
ments showed that cyclic AMP-dependent protein kinase
activity was not directly enhanced when either antidepres-
sant is administered.
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Few studies have examined the effects of long-term
administration of antidepressants on cyclic AMP-depen-

Ž .dent protein kinase in the rat brain. Nestler et al. 1989
have reported that imipramine and tranylcypromine may
stimulate the translocation of the kinase in rat frontal

Ž .cortex. Racagni et al. 1992 have demonstrated that long-
term administration of desipramine increases the regula-
tory subunit of cyclic AMP-dependent protein kinase in
the soluble fraction of rat cortex; however, the functional
significance of this increase remains uncertain. Patients
with untreated depression have significantly lower cyclic
AMP-dependent protein kinase activity in skin fibroblasts

Ž .than do normal subjects Shelton et al., 1996 . Although
comparison of data from humans with the present findings
for rats is difficult, our results suggest that the increase in
cyclic AMP-dependent protein kinase activity in the frontal
cortex may be involved in the neurochemical mechanism
of action of antidepressants.

Both protein kinase C and Ca2qrcalmodulin-dependent
protein kinase II are important protein kinases in the
regulation of receptor function, neurotransmitter release,
and neuronal plasticity. Because we detected changes in
cyclic AMP-dependent protein kinase activity in the frontal
cortex, we also examined whether the activities of protein
kinase C and Ca2qrcalmodulin-dependent protein kinase
II are also affected in the same regions of the rat brain.
However, we did not observe changes in either kinase
activity in the frontal cortex after long-term administration
of antidepressants. These findings suggest that, of the three
major protein kinases in rat frontal cortex, only cyclic
AMP-dependent protein kinase exhibits increased activity
in the soluble fraction after treatment with imipramine and
sertraline. However, whether translocation is involved in
this change is unknown.

Ž .Mann et al. 1995 have reported that administration of
fluoxetine and desipramine inhibits ex vivo protein kinase
C activity in the rat brain. Although their dosage protocol
and assay procedure were different from ours, the reason
for the discrepancy is unclear. Our findings for
Ca2qrcalmodulin-dependent protein kinase II activity seem

Ž .to be in accordance with those of Popoli et al. 1995 , who
found that long-term administration of paroxetine, fluvox-
amine and venlafaxine did not affect Ca2q-dependent auto-
phospho-rylation of Ca2qrcalmodulin-dependent protein
kinase II in the total cortex.

Our present findings suggest that cyclic AMP-depen-
dent protein kinase in the frontal cortex might represent an
intracellular target of antidepressants beyond the level of
receptors. Cyclic AMP-dependent protein kinase can phos-
phorylate MAP-2 and lead to alteration of microtubule

Ž .function in neurons Perez et al., 1989 . Furthermore,
activation of cyclic AMP-dependent protein kinase might
result in the phosphorylation of specific nuclear proteins,
such as cyclic AMP response element binding protein.
Therefore, antidepressant-induced increases in cyclic
AMP-dependent protein kinase activity might result in
alterations in cytoskeleton function and gene expression
and lead to changes in neuronal plasticity in the brain,
which might be involved in the biochemical mechanisms
of action of antidepressants.
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