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Abstract. We previously demonstrated that repeated electroconvulsive shock (ECS) treatment

enhanced serotonin (5-HT)1A- and 5-HT3-receptor-mediated responses in hippocampal CA1

pyramidal neurons. The electrophysiological studies were performed to elucidate the effects of

ECS treatment on depolarization, which was an additional response induced by 5-HT, and the

second messenger system involved in this depolarization of hippocampal CA1 neurons. Bath

application of 5-HT (100 �M) induced depolarization of the membrane potential in the presence

of 5-HT1A-receptor antagonists. This depolarization was mimicked by 5-HT4-receptor agonists,

RS 67506 (1 – 30 �M) and RS 67333 (0.1 – 30 �M), in a concentration-dependent manner.

5-HT- and RS 67333-induced depolarization was attenuated by concomitant application of

RS 39604, a 5-HT4-receptor antagonist. H-89, a protein kinase A (PKA) inhibitor, inhibited

5-HT-, RS 67506-, and RS 67333-induced depolarizations, while forskolin (10 �M), an activator

of adenylate cyclase, induced depolarization. Furthermore, RS 67333-induced depolarization

was not significantly different between hippocampal slices prepared from rats administered ECS

once a day for 14 days and those from sham-treated rats. These findings suggest that 5-HT4-

receptor-mediated depolarization is caused via the cAMP-PKA system. In addition, repeated

ECS-treatment did not modify 5-HT4-receptor functions in contrast to 5-HT1A- and 5-HT3-

receptor functions.
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Introduction

Serotonin (5-HT) in the central nervous system

plays important roles in the regulation of mood (1). The

hippocampus which is considered to be involved in

mood control, receives dense serotonergic innervation

originating in the medial raphe nucleus, and contains

almost all subtypes of 5-HT receptors (2). Therefore,

when 5-HT is applied to a bath, where a hippocampal

slice was placed, hippocampal CA1 neurons show

complex responses such as hyperpolarization, depolar-

ization, and /or increased spontaneous postsynaptic

potentials (sPSP), as previously reported (3 – 5). In

hippocampal CA1 neurons, hyperpolarization induced

by 5-HT is meditated by 5-HT1A-receptor activation

(3, 6), and an increase in frequency of sPSP is due to

an increase in GABA release from the terminal of inter-

neurons where 5-HT3 receptors are located (7, 8). 5-HT4-

receptor activation has been reported to decrease

afterhyperpolarization and depolarize the membrane

potential (9). 5-HT4-receptor-mediated decrease in after-

hyperpolarization is mediated by the cAMP-protein

kinase A system (10), but the second messenger system

*Corresponding author. Present address for correspondence:

Laboratory of Neuropharmacology, Faculty of Pharmaceutical

Sciences, Hiroshima International University, 5-1-1 Hirokoshingai,

Kure 737-0112, Japan

FAX: +81-823-73-8981, E-mail: ishihara@ps.hirokoku-u.ac.jp
#Present address: Nagisa Hospital, Hirakata City, Osaka 573-1183,

Japan



K Ishihara and M Sasa330

involved in this depolarization of the resting membrane

potentials remains to be determined. In the present

study, the second messenger system involved in this

depolarization was investigated using hippocampal

slices with intracellular recording techniques.

In addition, electroconvulsive therapy (ECT) is effec-

tive in treating drug-resistant major depression (11, 12).

We previously reported, in animal experiments, that

repeated electroconvulsive shock (ECS) treatment

increased 5-HT1A-receptor-mediated hyperpolarization

and the frequency of sPSP in hippocampal CA1 neurons

via 5-HT3 receptors located on interneurons (3, 5).

However, there have been few studies on the ECS

effects on 5-HT-induced depolarization. Therefore, we

performed an electrophysiological study to determine

whether or not repeated ECS treatment affects 5-HT-

induced depolarization.

Materials and Methods

Animals

Fifty male Wistar rats obtained from Charles River

Japan (Tokyo), between 4- and 7-week-old, were used.

For the slice preparations in the ECS experiments, 5-

to 6-week-old rats were used. Rats were housed in a

shoe box cage in a 12-h light-and-dark cycle at the

Animal Facility at the Hiroshima University School

of Medicine until preparing hippocampal slices. The

animal room was maintained at 23 � 2�C and 55 � 5%

humidity. All experiments were approved by the Ethical

Committee of Hiroshima University for animal experi-

ments.

ECS-treatments

ECS (100-V intensity and 1-s duration) was admin-

istered to each animal through ear clips once daily for

14 days. Rats in the control group were handled and

treated in a similar manner to the ECS group except for

electroshock application. ECS or sham-treatments were

started at the age of 3 weeks. Additional details were

described previously (3).

Intracellular recording

Hippocampal slices (thickness: 450 �m) were made

with a microslicer (DTK-1000; Dosaka EM, Kyoto)

in ice-chilled artificial cerebrospinal fluid (ACSF).

Slices were incubated at 34�C in ACSF for 1 h and

then kept at room temperature until use. Each slice was

transferred to the recording chamber into which ACSF

was continuously perfused at a rate of 1.5 – 3 ml /min

at room temperature. Intracellular recording was

performed from the cells in the hippocampal CA1

pyramidal cell layer with a glass microelectrode filled

with 3 M KCl. Drugs dissolved in ACSF at final

concentrations were applied via the bath perfusion

system. The composition of ACSF was as follows:

113 mM NaCl, 3 mM KCl, 1 mM NaH2PO4, 2 mM

CaCl2, 1 mM MgCl2, 25 mM NaHCO3, and 11 mM

D-glucose, aerated with 95% O2 and 5% CO2 mixture.

Drugs

5-HT creatinine sulfate (Research Biochemical

International (RBI), Natick, MA, USA) was dissolved in

ACSF. RS 67506 {1-(4-amino-5-chloro-2-methoxy-

phenyl)-3-[1-(2-methylsulphonylamino)ethyl-4-piperid-

inyl]-1-propanone HCl} (Tocris, Avonmouth, UK),

RS 67333 {1-(4-amino-5-chloro-2-methoxyphenyl)-3-

[1-butyl-4-piperidinyl]-1-propanone HCl} (Tocris),

RS 39604 {1-[4-amino-5-chloro-2-(3,5-dimethoxy-

phenyl)methyloxy]-3-[1-[2-methylsulphonylamino]ethyl]

piperidin-4-yl]propan-1-one HCL} (Tocris), WAY-

100,635 {N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]

ethyl]-N-2-pyridinyl-cyclohexane-carboxamide maleate}

(RBI), and LY 278,584 {1-methyl-N-(8-methyl-8-

azabicyclo[3.2.1]-oct-3-yl)-1H-indazole-3-carboxamide

maleate} (RBI) were dissolved in distilled water at

10 mM and added to ACSF as final concentrations.

H-89 {N-[2-(p-bromocinnamylamino)ethyl]-5-isoquino-

linesulfonamide � 2HCl} (Biomol Res. Lab., Plymouth

Meeting, PA, USA) and forskolin (Sigma-RBI,

St. Louis, MO, USA) were dissolved in dimethyl-

sulfoxide (DMSO). The final amount of DMSO in

ACSF did not exceed 0.1%. The agonists and stimulant

were applied to the bath for 5 or 10 min.

Statistics

Values are shown as means � S.E.M. Statistical

significance was evaluated with Student’s t-test.

Results

5-HT- and 5-HT4-receptor agonists-induced depolariza-

tion

5-HT (100 �M) depolarized the membrane potential

in the presence of WAY-100,635 (10 �M), a 5-HT1A-

receptor antagonist [in some cases LY278,584 (10 �M),

a 5-HT3-receptor antagonist, was also added]. RS 67506

(1 – 30 �M) and RS 67333 (0.1 – 30 �M), both 5-HT4-

receptor agonists (13), induced depolarization in a

concentration-dependent manner (Figs. 1A and 2). 5-

HT-induced depolarization in the presence of WAY-

100,635 (10 �M) was 9.3 � 1.5 mV (n � 8) (Fig. 2).

This depolarization was antagonized by the concomitant

application of RS 39604 (10 �M), a 5-HT4-receptor

antagonist (14) (Fig. 2). RS 67333-induced depolariza-

tion was also antagonized by concomitant application



Effects of ECS on 5-HT4 Response in CA1 331

of RS 39604 at 1 �M (Figs. 1B and 2).

Second messenger systems involved in 5-HT4-receptor-

mediated depolarization

RS 67506-induced depolarization was attenuated by

simultaneous application of H-89 (1 �M) (Figs. 3A

and 4), a protein kinase A inhibitor (15). 5-HT- and

RS 67333-induced depolarization was also attenuated

by H-89 (1 �M) (Fig. 4). Forskolin (10 �M), a stimu-

lator of adenylate cyclase (16), caused similar depolar-

ization of 12.7 � 3.4 mV (n � 12) to 5-HT4-receptor

stimulation (Figs. 3B and 4), although DMSO (0.1%)

alone caused only a small depolarization of 4.0 � 0.8 mV

(n � 5) (Fig. 4).

Effects of ECS on 5-HT4-receptor-mediated depolariza-

tion

There was no significant difference in the resting

membrane potential of the neurons between the sham-

operated and ECS-treated group: the resting membrane

potentials were �56.3 � 1.3 (n � 3) and �59.3 � 2.0 mV

(n � 6), respectively. The RS 67333 (10 �M)-induced

depolarization was 9.4 � 4.6 mV (n � 3) in the slices

prepared from rats from the sham-treated group. In the

Fig. 1. 5-HT4-receptor agonist-induced depolarization in hippo-

campal CA1 neurons. Depolarization was induced by RS 67333, a

5-HT4-receptor agonist (A). RS 39604, a 5-HT4-receptor antagonist,

antagonized against RS 67333-induced depolarization (B). Drugs

were applied during the period indicated with bars. Traces of A and

B were obtained from different neurons.

Fig. 2. Depolarization of hippocampal CA1 neurons induced by

5-HT and 5-HT4-receptor agonists. The abscissa and ordinate

represent the concentration of the agonist and the induced depolari-

zation, respectively. Each symbol and bar shows the mean � S.E.M.,

respectively. The number in parentheses was the number of neurons

tested. *P�0.05, significantly different from values in the absence

of RS 39604.

Fig. 3. Effects of H-89 (a protein kinase A

inhibitor) on 5-HT4-agonist-induced depolariza-

tion and effects of forskolin (an activator of

adenylate cyclase). In the presence of H-89,

RS 67506-induced depolarization was diminished

(A). Forskolin (10 �M)-induced depolarization in

a hippocampal CA1 neuron (B). Traces of A and

B were obtained from different neurons.
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ECS treated rats, the RS 67333-induced depolarization

was 7.8 � 2.5 mV (n � 6). There was no significant

difference in 5-HT4-receptor-mediated depolarization

between the ECS and sham-treated groups.

Discussion

Hyperpolarization in CA1 neurons is usually observed

during application of 5-HT and is followed by depolar-

ization after termination of the application as demon-

strated previously (4). In the presence of a 5-HT1A-

receptor antagonist (WAY-100,635), depolarization was

evident during application of 5-HT in the hippocampal

CA1 neurons, probably due to blockade of hyper-

polarization mediated by 5-HT1A receptors. This

depolarization was antagonized by the 5-HT4-receptor

antagonist (RS 39604), suggesting that 5-HT-induced

depolarization is mediated by 5-HT4 receptors as

reported previously (9, 17). In addition, the findings

that 5-HT4-receptor agonists, RS 67506 and RS 67333,

induced RS 39604-reversible depolarization also

suggests the existence of a 5-HT4 receptor that mediates

depolarization in the CA1 neurons. The 5-HT4-receptor-

mediated depolarization was suggested to be induced

by activation of protein kinase A since the depolari-

zation was blocked by H-89, a protein kinase A

inhibitor. This conclusion is supported by the additional

finding that forskolin, a stimulator of adenylate cyclase,

induced depolarization of CA1 neurons as observed

with 5-HT4 agonist. This finding is in line with bio-

chemical observations that 5-HT4 receptors are posi-

tively coupled to adenylate cyclase and the receptor

stimulation increases cAMP in cytosol that activates

protein kinase A (18 – 21). In addition, another 5-HT4-

mediated response, a decrease in the calcium-activated

potassium current resulting in afterhyperpolarization,

was also due to an activation of the protein kinase A

system (9, 10). Thus, 5-HT4-receptor activation could

be suggested to cause two different excitatory responses

through activation of protein kinase A system, resulting

in a long-lasting depolarization. Recently, it was

reported that 5-HT4-receptor-mediated depolarization

was not mediated by protein kinase A (22). This dis-

crepancy from our results may be due to the possibility

that 5-HT simultaneously acted on additional 5-HT-

receptor subtypes such as 5-HT6 and 5-HT7, which can

cause excitatory responses (23), although modulation

of single neuronal activity through 5-HT6 and 5-HT7

receptors remains to be determined. In addition, the

possibility that the depolarization pulse used by

Chapin et al. (22) for simultaneous measurement of

afterhyperpolarization may have affected a second

messenger system in 5-HT4-induced depolarization

could not completely be excluded.

Repeated ECS treatment enhanced the 5-HT1A-

receptor-mediated hyperpolarization response (3) and

the 5-HT3-receptor-mediated increase in the frequency

of spontaneous postsynaptic potentials probably due to

release of GABA (5) in rat hippocampal CA1. However,

5-HT4-receptor-mediated depolarization was found not

to be altered following repeated ECS treatment in the

present study. It seems unlikely that this result is due

to the young rats (aged 5 weeks) used here since the

5-HT4-receptor-mediated depolarization was not differ-

ent from that obtained in age-matched sham-operated

animal and the same treatment of the same aged animals

potentiated 5-HT1A- and 5-HT3-receptor-mediated

responses (3, 5). This negative finding suggests that

ECS does not always cause general activation or

sensitization of all 5-HT-receptor subtypes and /or the

related second messenger system. Recently, Bijak et al.

(24) reported that zacopride, a 5-HT4-receptor agonist,

induced a small depolarization, which was not changed

by repeated ECS treatment, although the afterhyper-

polarization was attenuated by the treatment (24). This

observation is partly in line with our results that 5-HT4-

receptor-mediated depolarization with other agonist

RS 67333 was not affected by repeated ECS treatment.

However, the depolarization obtained by Bijak et al.

Fig. 4. Inhibitory effects of H-89 on 5-HT4-agonist (5-HT,

RS 67506, RS 67333)-induced depolarization and depolarizing

effects of forskolin. Ordinate indicates the amplitude of depolari-

zation induced by application of 5-HT (100 �M), RS 67506 (30 �M),

RS 67333 (30 �M), DMSO (0.1%), or forskolin (10 �M). Open

and shaded columns are the effects of 5-HT4-agonists in the

absence and presence of H-89 (1 �M), respectively. Values for drug

treatment without H-89 are the same as those in Fig. 2. Numbers in

parentheses are the numbers of neurons tested. *P�0.05 and

**P�0.01, significantly different from the value in the absence of

H-89. #P�0.05, significantly different from DMSO.
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using zacopride was only 2 mV, which appears to be

too small to evaluate the changes of the membrane

potential by repeated ECS. In contrast, the depolariza-

tion obtained herein using RS 67333 was 8 – 10 mV,

which was large enough to evaluate the change of

membrane potential following repeated ECS. Thus, in

more dominant depolarization, ECS was confirmed to

not affect the 5-HT4-receptor-mediated responses in our

study. In addition, responses mediated by the same

cAMP second messenger system due to activation by 5-

HT4 receptor are probably given different modulations

by ECS treatment. This difference is considered to be

due to the difference of final target ion channels affected

by 5-HT4-receptor activation. However, the reports on

the final target ion channel mechanism to induce

depolarization via 5-HT4 receptors are still controversial

and it remains to be determined (22, 25). The previous

findings that repeated ECS enhances 5-HT1A- and 5-

HT3-receptor-mediated responses, which are involved in

the inhibition of excitability of CA1 pyramidal neurons,

and lack of effects of ECS on depolarization mediated

by 5-HT4 receptor suggest that repeated ECS enhances

the inhibitory system in the hippocampal CA1 region.

Although in the physiological condition, the role of

depolarization induced by 5-HT4-receptor activation in

hippocampal CA1 region need to be elucidated, it

appears to be difficult at present to discuss such point

because of coexistence of many 5-HT receptors

including 5-HT1A, 5-HT2, 5-HT3, and 5-HT4 in the CA1

region and lack of data on 5-HT4-receptor-mediated

physiological responses except for depolarization. In

conclusion, the significant finding here is that inhibitory

regulation of neuronal activity by 5-HT is enhanced

by ECS treatment, but not excitatory effects. This

conclusion is supported by previous findings that

repeated administration of some anti-depressants such

as imipramine, citalopram, fluvoxamine, paroxetine,

and repeated ECS treatment reduced 5-HT4-receptor-

mediated enhancement of population spikes in the

hippocampal CA1 region (24, 26, 27).
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