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Predominant Role of Serotonin
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with Redundant Monoaminergic Modulation
Katsunori Kobayashi,1,3,* Yasunori Mikahara,1 Yuka Murata,2 Daiki Morita,2 Sumire Matsuura,2 Eri Segi-Nishida,2

and Hidenori Suzuki1

SUMMARY

The hippocampal mossy fiber (MF) synapse has been implicated in the pathophysiology and treatment

of psychiatric disorders. Alterations of dopaminergic and serotonergic modulations at this synapse

are candidate mechanisms underlying antidepressant and other related treatments. However, these

monoaminergic modulations share the intracellular signaling pathway at the MF synapse, which im-

plies redundancy in their functions. We here show that endogenous monoamines can potentiate MF

synaptic transmission in mouse hippocampal slices by activating the serotonin 5-HT4 receptor. Dopa-

mine receptors were not effectively activated by endogenous agonists, suggesting that the dopami-

nergic modulation is latent. Electroconvulsive treatment enhanced the 5-HT4 receptor-mediated sero-

tonergic synaptic potentiation specifically at the MF synapse, increased the hippocampal serotonin

content, and produced an anxiolytic-like behavioral effect in a 5-HT4 receptor-dependent manner.

These results suggest that serotonin plays a predominant role in monoaminergic modulations at the

MF synapse. Augmentation of this serotonergic modulationmay mediate anxiolytic effects of electro-

convulsive treatment.

INTRODUCTION

The hippocampal dentate gyrus and its mossy fiber (MF) output have been implicated in the pathophysi-

ology of neuropsychiatric disorders and in their therapeutic treatments (Kobayashi, 2009; DeCarolis and

Eisch, 2010; Tavitian et al., 2019). Particular attention has been paid to their possible involvement in the

mechanism of action of electroconvulsive treatment (ECT). ECT has a broad therapeutic potential for psy-

chiatric disorders and is well known to have a fast-acting antidepressant effect (Husain et al., 2004). ECT

rapidly causes molecular and/or functional changes in the dentate gyrus and at the synapse made by

MF onto CA3 pyramidal cells (Newton et al., 2003; Segi-Nishida et al., 2008; Imoto et al., 2017; Kobayashi

et al., 2017). One characteristic functional feature of the MF-CA3 synapse is its dynamic regulation by

various kinds of neuromodulators including monoamines (Jaffe and Gutiérrez, 2007; Kobayashi, 2010).

Among monoamines, serotonin and dopamine induce robust potentiation of the MF synaptic transmission

(Kobayashi and Suzuki, 2007; Kobayashi et al., 2008). These monoaminergic modulations show marked al-

terations after antidepressant drug administration or ECT in mice (Kobayashi et al., 2008, 2010; 2012, 2013;

2017) and also in mouse models of neuropsychiatric disorders including schizophrenia and epilepsy (Ko-

bayashi et al., 2011b; Ohira et al., 2013; Shin et al., 2013), suggesting possible roles in both therapeutic

treatments and pathophysiology of neuropsychiatric disorders. The potentiating effects of serotonin

and dopamine are mediated by 5-HT4 and D1-like receptors, respectively (Kobayashi and Suzuki, 2007; Ko-

bayashi et al., 2008). Both of these receptors are coupled to the Gs-cAMP-dependent intracellular signaling

pathway and therefore can occlude each other’s signaling. Indeed, in the presence of dopamine, the se-

rotonin-induced synaptic potentiation was greatly reduced (Kobayashi et al., 2008), suggesting redun-

dancy in their modulatory effects. The functional meaning or the mode of operation of this redundant neu-

romodulatory system in physiological and pathological conditions remains to be elucidated.

The 5-HT4 and D1-like receptor signaling at the MF synapse has been extensively investigated by applying

exogenous serotonin and dopamine. However, how these receptors are activated by endogenous mono-

amines remains poorly characterized. Although ECT rapidly and strongly enhances the D1-like receptor-

dependent synaptic potentiation induced by exogenous dopamine (Kobayashi et al., 2017), whether

endogenous dopamine contributes to the effects of ECT remains unknown. Serotonergic fibers abundantly
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project to the hippocampus (Jacobs and Azmitia, 1992), whereas dopaminergic innervation of the hippo-

campal dentate gyrus and CA3 region is sparse (McNamara et al., 2014; Rosen et al., 2015; Broussard et al.,

2016; Takeuchi et al., 2016). Therefore, endogenous dopamine may contribute little to the modulation of

theMF synaptic transmission, which casts doubt on the involvement of the hippocampal dopaminergic sys-

tem in the neuronal mechanisms underlying ECT and other treatments. However, recent studies have

shown that noradrenergic fibers innervating the hippocampus release dopamine in addition to noradren-

aline (Kempadoo et al., 2016) and suggested that dopamine derived from the noradrenergic fibers could

activate D1-like receptor in the hippocampus (Kempadoo et al., 2016; Takeuchi et al., 2016; Wagatsuma

et al., 2018). Since noradrenergic fibers densely project to the hippocampus including the CA3 region

(Loy et al., 1980; Takeuchi et al., 2016), they could be a major source of dopamine for the activation of

D1-like receptors at the MF synapse.

The present study aimed at revealing how endogenous monoamines modulate the MF synaptic transmis-

sion and relevant hippocampal functions, especially focusing on their potential contribution to the mech-

anism of action of ECT. Our present results suggest a predominant role of serotonin in the modulation of

the MF synaptic transmission that may be involved in an anxiolytic action of ECT.

RESULTS

ECT Enhances 5-HT4 Receptor-Dependent Synaptic Modulation

Chronic antidepressant treatments enhance serotonin- and dopamine-induced synaptic potentiation at

theMF synapse (Kobayashi et al., 2010, 2012). Although ECT strongly enhances the dopamine-induced syn-

aptic potentiation (Kobayashi et al., 2017) (see Figure S1A), its effect on the serotonin-induced synaptic

potentiation remains unknown. Therefore, we first examined the effect of ECT on the serotonin-induced

synaptic modulation at the MF synapse. In acute hippocampal slices, bath-applied exogenous serotonin

(5-hydroxytryptamine, 5-HT) potentiated synaptic transmission at the MF synapse, as shown previously (Ko-

bayashi et al., 2008, 2010). We found that three times of ECT (ECTx3) significantly enhanced this 5-HT-

induced synaptic potentiation (Figures 1A and 1C). The magnitude of synaptic potentiation monotonously

increased by repeating ECT up to 11 times (Figures 1B and 1C). The 5-HT-induced synaptic potentiation at

theMF synapse is mediated by the 5-HT4 receptor (Kobayashi et al., 2008, 2010), a subtype of 5-HT receptor

abundantly expressed in the dentate gyrus and along theMF pathway (Vilaró et al., 2005; Imoto et al., 2015).

In mice lacking the 5-HT4 receptor, 5-HT had no significant effect on the synaptic transmission even after 11

times of ECT (ECTx11) (Figure 1B), indicating that the 5-HT4 receptor solely mediates the prominent 5-HT-

induced synaptic potentiation in ECT-treated mice. We also examined the effect of ECT on serotonergic

synaptic modulation in the CA1 region of the hippocampus. At the Schaffer collateral/commissural fiber-

CA1 synapse, 5-HT caused small synaptic potentiation that was dependent on the 5-HT4 receptor at least

in part (Figures 1D and 1E). ECTx3 had no significant effect on this synaptic potentiation (Figures 1D and

1E). These results indicate that ECT enhances the 5-HT4 receptor-dependent synaptic modulation in a syn-

apse-specific manner.

We then examined the mechanism underlying the enhancement of the 5-HT4 receptor-dependent synaptic

potentiation by ECT. The rapid change in the phenotype of the dentate gyrus neurons requires glutamate

NMDA receptors (Imoto et al., 2017). To address the involvement of NMDA receptors, their antagonist CPP

was injected before each ECT. Although CPP slightly increased the 5-HT-induced synaptic potentiation,

ECTx3 significantly enhanced the 5-HT-induced potentiation in both saline- and CPP-treated mice (Fig-

ure 2A). Although ECTx3 appeared even more effective in the CPP-treated mice, there was no statistically

significant interaction between ECT and CPP treatments. These results suggest that NMDA receptor acti-

vation is not required for the enhanced 5-HT4 receptor-dependent synaptic modulation by ECT. Next, we

examined the possibility that increased 5-HT4 receptor expression underlies the enhanced synaptic mod-

ulation. Since the 5-HT4 receptor-dependent synaptic potentiation at the MF synapse is independent of

GABA-mediated synaptic inhibition and is mediated by presynaptic mechanisms (Kobayashi et al.,

2008), we analyzed the 5-HT4 receptor gene expression in the dentate gyrus. In contrast to the prominent

enhancement of the synaptic modulation, there was no significant change in the expression level of the 5-

HT4 receptor gene after single or repeated ECT (Figure 2B). We also examined a possible change in cAMP-

dependent signaling, a downstream cascade of 5-HT4 receptor activation (Kobayashi et al., 2008), by using

the adenylate cyclase activator forskolin. Bath-applied forskolin (10 mM) greatly potentiated the MF synap-

tic transmission, and ECTx11 had no significant effect on this forskolin-induced synaptic potentiation

(Figure 2C).
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Endogenous Serotonin Modulates MF Synaptic Transmission

We next examined endogenous monoamines involved in the regulation of the MF synaptic transmission

using methamphetamine, which can induce the release of monoamines including serotonin and dopamine

(Rothman and Baumann, 2003). Bath-applied methamphetamine caused slowly developing synaptic

potentiation in naive mice. The 5-HT4 receptor antagonist GR125487 suppressed this methamphet-

amine-induced synaptic potentiation by about 85% (Figures 3A and 3D). On the other hand, the D1-like re-

ceptor antagonist SCH23390, applied at a concentration sufficient for suppressing the exogenous dopa-

mine-induced potentiation (see Figure S1A) (Kobayashi et al., 2017), had no significant effect (Figures 3B

and 3D). The dopamine content in the hippocampal slice may be insufficient for activation of D1-like recep-

tors at the MF synapse. It is also possible that methamphetamine is not effective in releasing dopamine in

the slice preparation. To distinguish between these possibilities, we added the dopamine precursor L-

dopa to increase the dopamine content in the slice. In the presence of L-dopa and GR125487, metham-

phetamine induced robust synaptic potentiation (Figures 3C and 3D). SCH23390 completely suppressed

the methamphetamine-induced synaptic potentiation in the L-dopa-loaded slice (Figure 3E), suggesting

that the extracellular dopamine level was sufficient for activation of D1-like receptors in this condition.

These results support the former possibility that the hippocampal dopamine content is insufficient for acti-

vation of D1-like receptors at the MF synapse in the control condition.

We further examined the synaptic modulation by endogenous monoamines in ECT-treated mice.

Repeated ECT strongly enhanced the methamphetamine-induced synaptic potentiation (Figures 4A and

Figure 1. Enhancement of 5-HT4 Receptor-Dependent Synaptic Modulation by ECT

(A) Effects of ECT repeated three times (ECTx3) on potentiation of MF synaptic transmission induced by 5-HT (5 mM, 5min)

applied in the bath at the horizontal bar. Sample recordings show averages of nine consecutive excitatory postsynaptic

potentials (EPSPs) before and at the end of 5-HT application in ECT-treated mice and mice that received three times of

control treatments (CNTx3). Scale bar: 10 ms, 0.2 mV.

(B) Effects of 11 times of ECT (ECTx11) in normal and 5-HT4 knockout (5-HT4-/-) mice. Results of mice treated with 11 times

of control treatments (CNTx11) are also shown.

(C) Dependence of enhancement of the serotonergic modulation on the number of ECT (Student’s t test; ECTx3, t12 =

3.222, **p = 0.0073; ECTx11, t11 = 16.34, ****p < 0.0001).

(D) Effects of ECTx3 on 5-HT-induced modulation of synaptic transmission in the CA1 region of wild-type mice.

(E) Comparison of the effect of 5-HT on CA1 synapse in wild-type (WT) and 5-HT4-/- mice (one-way ANOVA, F2,17 = 6.545,

p = 0.0078; Tukey’s test **p = 0.0077).

The number (n) of data is shown in the graph in all figures and represents the number of slices in this figure. Data are

presented as means G SEM in all figures.

See also Figure S1.
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4B). As in the naive mice, GR125487 largely inhibited the methamphetamine-induced potentiation in ECT-

treated mice (Figure 4B), suggesting that ECT enhanced synaptic potentiation caused by endogenous 5-

HT acting on the 5-HT4 receptor. The effects of endogenous 5-HT depletion were also examined by inhib-

iting tryptophan hydroxylase (TPH), a rate-limiting enzyme in the 5-HT biosynthesis. The TPH inhibitor 4-

chloro-DL-phenylalanine methyl ester (p-chlorophenylalanine, pCPA) significantly reduced the metham-

phetamine-induced synaptic potentiation in ECT-treated mice (Figures 4C and 4D), which agrees with

the effect of the 5-HT4 receptor antagonist GR125487. Furthermore, in 5-HT4 receptor knockout mice,

the methamphetamine-induced synaptic potentiation was strongly reduced in both control and ECT-

treated mice (Figure S3). In the L-dopa-loaded slice, methamphetamine caused robust D1-like receptor-

dependent synaptic potentiation in the presence of GR125487, as shown above, which was strongly

increased by ECTx3 (Figure 4E). Therefore, although ECTx3 enhanced the D1-like receptor-dependent syn-

aptic modulation as well, the dopamine content in the hippocampal slices was insufficient for robust acti-

vation of D1-like receptors without L-dopa. These results suggest that 5-HT serves as the predominant

endogenous monoamine in modulation of the MF synaptic transmission in normal and ECT-treated mice.

ECT Increases Serotonin Content along the MF Tract

We noted that the effect of ECTx3 on the methamphetamine-induced potentiation was 2- to 3-fold larger

than that on 5-HT-induced potentiation (Figure S4A). This result is somewhat contradictory to the above

observation that the methamphetamine-induced potentiation is mostly mediated by 5-HT. ECT might

have increased the amount of endogenous releasable 5-HT in the hippocampus. To test this possibility,

we performed an immunohistochemical analysis of 5-HT levels along the MF tract in the hippocampal

CA3 region. Fluorescent immunostaining using an antibody against 5-HT revealed puncta-like structures

in the MF projection area (i.e., the stratum lucidum) of the CA3 region (Figure 5A). These puncta most likely

represented the serotonergic nerve terminals. We found that the number of the detectable immunoreac-

tive puncta increased after ECTx3 (Figure 5B), whereas there was no significant change in the relative fluo-

rescence intensity distribution between control and ECTx3-treated mice (Figure 5C). These results suggest

that ECTx3 increased the amount of endogenous 5-HT in the stratum lucidum. On the other hand, there

was no significant change in the number of 5-HT puncta after ECTx11 (Figure S4C). The relative fluores-

cence intensity distribution shifted downward after ECTx11, likely owing to a trend increase in the number

of low-intensity puncta (Figures S4D and S4E). This lack of an obvious effect of ECTx11 on the 5-HT immu-

noreactivity is consistent with the comparable effects of ECTx11 on 5-HT- and methamphetamine-induced

synaptic potentiation shown by electrophysiological methods (Figure S4B).

We further examined a possible increase in the amount of endogenous 5-HT after ECTx3. Since TPH is not

saturated by the substrate tryptophan in physiological conditions (Richard et al., 2009), an increase in

Figure 2. Induction and Expression Mechanisms of Enhancement of Serotonergic Synaptic Modulation

(A) The NMDA receptor antagonist (R)-CPP increased 5-HT-induced synaptic potentiation but did not affect its

enhancement by ECT (two-way ANOVA: ECT effect, F1,20 = 46.83, p < 0.0001; CPP effect, F1,20 = 12.47, p = 0.0021;

interaction ECT 3 CPP, F1,20 = 1.679, p = 0.2098; Sidak’s test, **p = 0.0017, ****p < 0.0001).

(B) No significant effects of ECT on 5-HT4 receptor gene expression in the dentate gyrus.

(C) No significant effects of ECT on synaptic potentiation induced by forskolin (10 mM). The number (n) of data represents

the number of mice in (B) or slices in (A) and (C) of this figure.

See also Figure S2.
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tryptophan availability can increase 5-HT biosynthesis. To test whether a change in tryptophan availability

occurred after ECT, TPH saturation was assessed by electrophysiology. In control mice, acute supplemen-

tation of tryptophan in the slice preparation significantly increased the methamphetamine-induced poten-

tiation (Figure 5D), suggesting that TPH is not saturated by endogenous tryptophan in the control condi-

tion. In contrast, tryptophan supplementation had no significant effect in ECTx3-treated mice (Figure 5E).

Therefore, TPH appeared to be more saturated by endogenous tryptophan in ECT-treated mice than in

control mice. These results support the idea that the tryptophan availability increased after ECT and

may explain the increased 5-HT immunoreactive puncta after ECTx3 (see Discussion).

ECT Has a Rapid Anxiolytic Effect Mediated by 5-HT4 Receptor

The 5-HT4 receptor has been implicated in both antidepressant- and anxiolytic-like behavioral effects in

rodents (Lucas et al., 2007; Tamburella et al., 2009; Warner-Schmidt et al., 2009; Bell et al., 2014; Men-

dez-David et al., 2014; Castello et al., 2018). Finally, we examined the possible role of the enhanced 5-

HT4 receptor-dependent synaptic modulation in behavioral effects of ECT using 5-HT4 receptor knockout

mice. Since we noted during the course of experiments that behavioral effects of ECT critically depended

on the number of treatments, we tested the effects of both ECTx3 and ECTx11. Repeated ECT slightly

increased the activity level of mice (Figure S5 and Table S1). In wild-type mice, ECT increased time spent

on the open arms and entries into the open arms in the elevated plus maze (EPM) (Figure 6A) and

decreased time spent in the center of the open field (OF) (Figure 6B). Although the former anxiolytic-like

effect was evident after ECTx3, the latter anxiogenic-like effect was revealed after ECTx11 (Figures 6A

and 6B). An antidepressant-like effect in the tail suspension test (TST) was also observed after ECTx11 (Fig-

ure 6C). In 5-HT4 receptor knockout mice, the significant effects of ECT were observed in the OF and TST

but not in the EPM (Figures 6D-6F). Three-way ANOVA showed a significant interaction between genotype

Figure 3. Endogenous Serotonin Potentiates MF Synaptic Transmission

(A) MF synaptic potentiation induced by bath-applied methamphetamine (10 mM, 20 min) and its block by the 5-HT4

receptor antagonist GR125487 (GR, 40 nM). Scale bar: 10 ms, 0.2 mV. Sample recordings show averages of 30 consecutive

EPSPs during baseline and at the peak of potentiation. Stimulus artifacts are truncated.

(B) Methamphetamine-induced synaptic potentiation was not affected by the D1-like receptor antagonist SCH23390

(SCH, 50 nM).

(C) Methamphetamine-induced synaptic potentiation in the presence of L-dopa (5 mM) and GR125487.

(D) Summary of effects of methamphetamine (one-way ANOVA, F2,18 = 14.82, p = 0.0002; Tukey’s test **p = 0.006, ***p =

0.0001).

(E) Suppression of methamphetamine-induced potentiation in the presence of L-dopa and GR125487 by SCH23390

(Student’s t test, t7 = 8.92, ****p < 0.0001). Slices were preincubated in the normal or SCH23390-containing saline and

then transferred to the recording chamber perfused with the saline containing L-dopa and GR125487. The number (n) of

data represents the number of slices.
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and treatment in the EPM results (Table S1), suggesting that the anxiolytic-like effect of ECT depends on

the 5-HT4 receptor. A significant interaction between treatment and the number of treatments was

observed in the OF and TST results (Table S1), suggesting that the anxiogenic- and antidepressant-like ef-

fects increase with repetition of ECT. The effects of ECT on the dopamine-induced synaptic potentiation

were similar between wild-type and 5-HT4 receptor knockout mice (Figure S1A). Therefore, it is unlikely

that the 5-HT4 deficiency affected the monoaminergic neuromodulation at the MF synapse or the efficacy

of ECT in a non-specific manner. These results suggest that ECT has a rapid-onset anxiolytic effect that is

mediated at least in part by the 5-HT4 receptor.

DISCUSSION

In the present study, we found that endogenous serotonin plays a predominant role in the monoaminergic

modulations of the hippocampal MF synaptic transmission via activation of the 5-HT4 receptor. Although

the MF synapse appears to be redundantly modulated by 5-HT and dopamine through the common intra-

cellular signaling pathway, the dopaminergic modulation is almost latent in the normal condition likely due

to the low dopamine content in the hippocampus, at least around the MF tract. ECT rapidly and selectively

enhanced the 5-HT4 receptor-dependent synaptic modulation at the MF synapse. ECT also had the rapid

Figure 4. Repeated ECT Enhances Synaptic Potentiation Mediated by Endogenous 5-HT

(A) Effects of ECTx3 on synaptic potentiation induced by methamphetamine.

(B) Summary of effects of ECT and GR125487 on methamphetamine-induced synaptic potentiation (ECTx3: one-way

ANOVA, F2,14 = 19.84, p < 0.0001; CNT versus ECT, p = 0.0006; ECT versus ECT + GR, p = 0.0002; ECTx11: one-way

ANOVA, F2,13 = 17.42, p = 0.0002; CNT versus ECT, p = 0.0006; ECT versus ECT + GR, p = 0.0007).

(C and D) Suppression of methamphetamine-induced synaptic potentiation by the TPH inhibitor p-chlorophenylalanine

(pCPA) in ECT-treated mice (Student’s t test, t9 = 4.828, ***p = 0.0009). Hippocampal slices were prepared from mice

intraperitoneally injected with pCPA (300 mg/kg) and maintained in the saline containing pCPA (200 mM) before

recording.

(E) Enhancement of methamphetamine-induced potentiation in the presence of L-dopa and GR125487 by ECTx3

(Student’s t test, t5 = 13.85, ****p < 0.0001). The number (n) of data represents the number of slices.

See also Figure S3.
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anxiolytic-like behavioral effect that was attenuated in the 5-HT4 receptor knockout mice. These results

suggest that the enhanced 5-HT4 receptor-dependent modulation at the MF synapse is a plausible candi-

date mechanism mediating the anxiolytic effect of ECT.

The serotonergic fibers abundantly project to the hippocampus (Jacobs and Azmitia, 1992). Activation of

the serotonergic fibers in brain slices has been shown to potentiate Schaffer collateral/commissural fiber-

CA1 synaptic transmission via the 5-HT4 receptor (Teixeira et al., 2018). Consistently, we found that endog-

enous 5-HT released by methamphetamine can induce robust potentiation of the MF synaptic transmission

in hippocampal slices. Although the dopaminergic projection to the hippocampus is sparse, recent studies

have suggested that dopamine released from noradrenergic fibers could effectively activate D1-like recep-

tors in the hippocampus (Kempadoo et al., 2016; Takeuchi et al., 2016; Wagatsuma et al., 2018). However,

we were unable to detect significant contribution of endogenous dopamine to the methamphetamine-

induced synaptic potentiation in the control condition. These results suggest the predominant role of

endogenous 5-HT in modulating the MF synaptic transmission, although the actual functioning of these

monoamines in vivo depends on factors that cannot be assessed bymethamphetamine, such as firing prop-

erties of monoaminergic neurons and the release probability from the nerve ending. Based on the dose-

response relationship of exogenous 5-HT-induced synaptic potentiation in the presence of a 5-HT uptake

inhibitor (Kobayashi et al., 2008), the peak extracellular 5-HT concentration in the presence of methamphet-

amine is estimated to be around 60 nM. As for dopamine, this concentration is near the threshold level for

inducing detectable synaptic potentiation (Figures S1B and S1C). In addition, the amount of dopamine in

the hippocampus is 50-fold smaller than that of 5-HT (see Figure S3A in Yamasaki et al., 2008). Taken

together, these results suggest that dopamine released from dopaminergic or noradrenergic fibers by

methamphetamine was insufficient for activation of D1-like receptors at theMF synapse in our experimental

A

D E

B C

Figure 5. Repeated ECT Increases Serotonin Content along MF Tract

(A) Representative images of immunoreactivity of 5-HT in the CA3 region of control mice (left) and ECTx3-treated mice

(right). The stratum lucidum is indicated by the dashed line. The insets show enlarged images of the areas indicated by the

red rectangles. Scale bar: 100 mm.

(B) ECTx3 increases the number of 5-HT immunoreactive puncta in the stratum lucidum (Student’s t test, t16 = 3.032, **p =

0.0079).

(C) No significant effect of ECTx3 on cumulative relative probability distributions of the signal intensity of 5-HT

immunoreactive puncta.

(D and E) Effects of acute tryptophan (TRP, 10 mM) supplementation on methamphetamine-induced synaptic potentiation

in control mice (D) (Student’s t test, t16 = 2.643, *p = 0.0177) and ECTx3-treated mice (E). Tryptophan was applied in the

bath at least 1 h before methamphetamine administration and continuously perfused throughout the recording. The

number (n) of data represents the number of slices.

See also Figure S4.
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condition. In other words, the D1-like receptor-dependent modulation at the MF synapse is latent in the

control condition due to a lack of the sufficient amount of endogenous agonists to activate the receptors.

Supplementation of L-dopa unveiled a component of methamphetamine-induced synaptic potentiation

mediated by dopamine D1-like receptors. ECTx3 strongly enhanced this D1-like receptor-dependent

potentiation, which is consistent with our previous study showing that repeated ECT greatly enhances

D1-like receptor-dependent synaptic potentiation induced by exogenous dopamine (Kobayashi et al.,

2017). Activation of the latent dopaminergic modulation by L-dopa suggests a low rate of L-dopa synthesis

in the hippocampus. Indeed, tyrosine hydroxylase, which catalyzes the conversion of tyrosine to dopa, is

expressed at low levels in the hippocampus (Miyazaki et al., 2000). Expression or activity of tyrosine hydrox-

ylase in the hippocampus can be enhanced by ischemia (Miyazaki et al., 2000) or stress (Nisenbaum and

Abercrombie, 1992). Therefore, the latent dopaminergic modulation may be activated and robustly

contribute to potentiation of the MF synaptic transmission in some conditions, possibly in the pathological

conditions.

The enhancement of the 5-HT4 receptor-dependent neuromodulation by ECTwas observed at theMF-CA3

synapses, but not at the Schaffer collateral/commissural fiber-CA1 synapses, in the present study. Previous

studies in the CA1 region have shown that repeated ECT had no effect on 5-HT4 receptor-dependent so-

matic depolarization (Ishihara and Sasa, 2004) or attenuated a 5-HT4 receptor-dependent increase in pop-

ulation spikes (Bijak et al., 2001). Therefore, ECT enhances the 5-HT4 receptor signaling in a synapse and/or

cell type-specific manner. A detailed mechanism underlying this MF synapse-specific effect of ECT on the

5-HT4 receptor signaling remains unknown. There was no significant change in the expression of the 5-HT4
receptor gene in the dentate gyrus after repeated ECT. We have previously shown that chronic treatment

Figure 6. Effects of ECT on Anxiety- and Depression-Related Behavior

(A–C) Effects of ECT on behavior of wild-type mice. (A) Time spent on the open arms (Sidak’s test, **p = 0.0019) and

relative number of entries into open arms in the elevated plus maze test (**p = 0.005). (B) Time spent in the center of the

open field (****p < 0.0001). (C) Immobility in the tail suspension test (*p = 0.0195).

(D–F) Effects of ECT on behavior of 5-HT4 receptor knockout mice. (D) Time spent on the open arms and relative number

of entries into open arms in the elevated plus maze test. (E) Time spent in the center of the open field (*p = 0.0365). (F)

Immobility in the tail suspension test (**p = 0.0016). See Table S1 for details of the results of three-way ANOVA. The

number (n) of data represents the number of mice.

See also Figure S5.
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with the selective serotonin reuptake inhibitor (SSRI) fluoxetine enhanced the 5-HT4 receptor-dependent

synaptic modulation at the MF synapses without affecting 5-HT4 receptor ligand binding in the dentate gy-

rus or along theMF tract (Kobayashi et al., 2012). Thus, an altered 5-HT4 receptor expression level is unlikely

to underlie the enhanced 5-HT4 receptor signaling caused by these treatments. In the present study, we

also showed that repeated ECT did not affect the forskolin-induced synaptic potentiation at the MF syn-

apse, which is consistent with the previous study reporting the absence of ECT effects on forskolin-induced

cAMP production in vivo (Gur et al., 1997a). These results suggest that the enhanced 5-HT4 receptor

signaling by ECT is most likely due to facilitated coupling of the 5-HT4 receptor activation to the down-

stream cAMP signaling pathway.

Our fluorescent immunohistochemical study demonstrated that ECTx3 increased the number of 5-HT immuno-

reactive puncta in the stratum lucidum in theCA3 regionwithout affecting the fluorescence intensity distribution,

suggesting that ECTx3 increased the amount of 5-HT in this area. Consequently, ECT is supposed to increase the

amount of 5-HT that canbe releasedbymethamphetamine, which can at least partly explainour observation that

the effect of ECT on themethamphetamine-induced potentiation was apparently larger than that on exogenous

5-HT-induced potentiation. There was no detectable change in 5-HT uptake efficacy in the hippocampal slice

after ECTx3 (Figure S2). Therefore, it is likely that the increased amount of releasable 5-HT can boost the

enhancing effect of ECT on the 5-HT4 receptor signaling, although we do not have direct evidence for increased

extracellular 5-HT levels. The increased 5-HT immunoreactive puncta after ECT may be due to the formation of

new serotonergic terminals and/or increased 5-HT content in the existing terminals, resulting in the detection of

previously undetectable terminals. In support of the latter possibility, our tryptophan supplementation experi-

ment suggests that TPH is more saturated by the substrate tryptophan after ECTx3, which could lead to

enhanced 5-HT biosynthesis. ECT strongly suppresses hippocampal expression of the gene encoding trypto-

phan dioxygenase (TDO), a tryptophan-metabolizing enzyme (Imoto et al., 2017), and therebymay increase hip-

pocampal tryptophan levels. Mice lacking TDO exhibit a dramatic increase in tryptophan levels and a 2-fold in-

crease in 5-HT levels in the hippocampus (Kanai et al., 2009). Since the effects of the TDO deficiency may be

partly due to suppression of the peripheral tryptophan metabolism, the downregulation of TDO in the hippo-

campus is predicted to cause a smaller change in the 5-HT content. A previous in vivomicrodialysis study showed

no significant effect of repeated ECT on basal extracellular 5-HT levels in the hippocampus (Gur et al., 1997b). A

moderate increase in the 5-HT content may have little influence on overall extracellular 5-HT levels that are

affected by both release and reuptake of 5-HT. In addition, the effect of ECT on extracellular 5-HT levels may

depend on the treatment condition. Indeed, we did not observe clear changes in 5-HT immunoreactivity after

ECTx11. ECT increases TPH protein levels in the hippocampus but decreases its enzymatic activity (Koubi

et al., 2001). Therefore, in some conditions, ECT may not significantly influence 5-HT levels in the hippocampus.

It is also possible that ECT preferentially changed the 5-HT content in particular areas of the hippocampus via a

subregion-specific effect of ECT on the gene expression (Imoto et al., 2017). Such a non-homogeneous change

in the 5-HT level may be hardly detected in the bulk hippocampal dialysate.

In the present study, we found that ECT had an anxiolytic-like behavioral effect in mice that was dependent

on the 5-HT4 receptor and emerged faster than its antidepressant-like effect. The robust and rapid anxio-

lytic-like effect of ECT was observed in the EPM. Although chronic treatments with the SSRI fluoxetine also

enhances the 5-HT4 receptor signaling (Kobayashi et al., 2010), our previous behavioral studies performed

in the same experimental condition did not detect any anxiolytic-like effects of fluoxetine in this test (Ko-

bayashi et al., 2008, 2011a). In principle, SSRI influences all serotonergic transmission, and chronic SSRI can

enhance the serotonergic transmission in a non-specific manner via downregulation of the inhibitory 5-

HT1A autoreceptor (Stahl, 1998). In contrast, ECT can enhance the 5-HT4 receptor signaling in a synapse

and/or cell type-specific manner as discussed above. Some serotonergic pathways are involved in promot-

ing anxiety-like behavior (Marcinkiewcz et al., 2016; Ren et al., 2018). The synapse and/or cell type-specific

effect of ECT may underlie its superior anxiolytic-like effect over SSRI in the EPM. Hippocampal extracel-

lular 5-HT levels can be increased by environmental stimulation. Especially, the aversive condition such

as the exposure to the elevated plus maze was suggested to be critical in increasing extracellular 5-HT

levels (Rex et al., 2005), which may be relevant to the involvement of the 5-HT4 receptor in the anxiolytic-

like effect of ECT in the elevated plus maze shown here.

Although ECT is well known as a strong treatment for depression in humans (Husain et al., 2004), it is not

commonly used to treat anxiety disorders. SSRIs are considered as the first-line treatment for anxiety dis-

orders. However, SSRIs are not effective for a significant proportion of patients, and their therapeutic action
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is slow in onset, typically requiring several weeks of treatment (Bystritsky, 2006; Bandelow et al., 2008). One

treatment option for the medication-resistant patients is ECT (Maletzky et al., 1994; Hanisch et al., 2009;

Margoob et al., 2010; Marino and Friedman, 2013). Our present preclinical finding supports the robust ther-

apeutic efficacy of ECT for anxiety disorders and also suggests its rapid onset of action. The differential

behavioral effects of ECT and SSRI observed in the EPM may be relevant to the effectiveness of ECT in

the medication-resistant anxiety disorders. Since the anxiogenic-like effect also emerged during repeated

ECT, chronic ECT may be unfavorable for treating anxiety disorders in some conditions (Fink, 1982). Given

the faster emergence of the anxiolytic-like effect than the antidepressant-like effect in mice, an ECT

schedule optimized for treatment of depressionmay not benefit anxiety disorders. The 5-HT4 receptor defi-

ciency attenuated the anxiolytic-like, but not antidepressant-like, effect of ECT. Combined use of 5-HT4 re-

ceptor ligands and ECT may optimize the therapeutic efficacy of ECT for anxiety disorders.

In conclusion, the seemingly redundant monoaminergicmodulation at the hippocampal MF synapse is pre-

dominantly mediated by 5-HT in normal conditions. Augmentation of this serotonergic synaptic modula-

tion may be involved in the rapid anxiolytic-like behavioral effect of ECT. Activation of the latent dopami-

nergic modulation (e.g., by L-dopa administration) could be a potential strategy to improve the efficacy of

ECT.

Limitations of the Study

Since our studies were performed in the slice preparation in which the monoaminergic fibers are severed

from their cell bodies, the present results may not be directly translated to physiological functions of the

hippocampal monoaminergic system in vivo. Although we have concluded that 5-HT, rather than dopa-

mine, predominantly regulates MF synaptic transmission, our results do not exclude the possibility that

endogenous dopamine significantly contributes to the monoaminergic modulation at the MF synapse

in vivo. Another limitation of the present study is the use of only normal mice. Given the therapeutic poten-

tial of ECT for anxiety disorders, it is worth investigating the serotonergic modulation and its modification

by ECT using relevant animal models of these disorders. Since the 5-HT4 receptor deficiency itself does not

significantly increase anxiety-related behaviors in untreated control mice (Kobayashi et al., 2011a; but see

Compan et al., 2004), the pathophysiology and therapeutic treatment of anxiety disorders may not be sim-

ply explained by impairment and augmentation of 5-HT4 receptor-dependent signaling. Further studies

are required to clarify these points.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101025.
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Vilaró, M.T., Cortés, R., and Mengod, G. (2005).
Serotonin 5-HT4 receptors and their mRNAs in rat
and Guinea pig brain: distribution and effects of
neurotoxic lesions. J. Comp. Neurol. 484,
418–439.

Wagatsuma, A., Okuyama, T., Sun, C., Smith,
L.M., Abe, K., and Tonegawa, S. (2018). Locus
coeruleus input to hippocampal CA3 drives
single-trial learning of a novel context. Proc. Natl.
Acad. Sci. U S A 115, E310–E316.

Warner-Schmidt, J.L., Flajolet, M., Maller, A.,
Chen, E.Y., Qi, H., Svenningsson, P., and
Greengard, P. (2009). Role of p11 in cellular and
behavioral effects of 5-HT4 receptor stimulation.
J. Neurosci. 29, 1937–1946.

Yamasaki, N., Maekawa, M., Kobayashi, K., Kajii,
Y., Maeda, J., Soma, M., Takao, K., Tanda, K.,
Ohira, K., Toyama, K., et al. (2008). Alpha-CaMKII
deficiency causes immature dentate gyrus, a
novel candidate endophenotype of psychiatric
disorders. Mol. Brain 1, 6.

12 iScience 23, 101025, April 24, 2020

http://refhub.elsevier.com/S2589-0042(20)30209-1/sref40
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref40
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref40
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref40
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref40
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref41
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref41
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref41
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref41
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref41
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref41
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref42
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref42
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref42
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref42
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref43
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref43
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref43
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref43
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref43
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref43
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref44
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref44
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref44
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref44
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref44
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref45
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref45
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref45
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref45
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref46
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref46
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref46
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref46
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref46
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref47
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref47
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref47
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref47
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref48
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref48
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref48
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref49
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref49
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref49
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref49
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref49
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref50
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref50
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref50
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref50
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref50
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref50
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref51
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref51
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref51
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref51
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref51
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref52
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref52
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref52
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref52
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref52
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref52
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref53
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref53
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref53
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref53
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref53
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref53
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref53
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref54
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref54
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref54
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref55
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref55
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref55
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref55
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref55
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref55
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref56
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref56
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref56
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref56
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref56
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref56
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref57
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref57
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref57
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref57
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref57
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref58
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref58
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref58
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref58
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref58
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref59
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref59
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref59
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref59
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref59
http://refhub.elsevier.com/S2589-0042(20)30209-1/sref59


iScience, Volume 23

Supplemental Information

Predominant Role of Serotonin

at the Hippocampal Mossy Fiber Synapse

with Redundant Monoaminergic Modulation

Katsunori Kobayashi, Yasunori Mikahara, Yuka Murata, Daiki Morita, Sumire
Matsuura, Eri Segi-Nishida, and Hidenori Suzuki



Supplemental Figures 

 

Figure S1. Synaptic potentiation induced by exogenous dopamine and its 

enhancement by ECT, Related to Figure 1 

(A) Repeated ECT significantly enhances synaptic potentiation induced by exogenous 

dopamine (DA) in both wild-type (WT) and 5-HT4 knockout (5-HT4-/-) mice. 

Three-way ANOVA revealed significant main effects of ECT treatment (F1,42 = 134.95, 

p < 0.0001; Sidak’test: WT, **p = 0.004, ****p <0.0001; 5-HT4-/-, **p = 0.0041, ****p 

<0.0001) and number of treatments (F1,42 = 14.132, p = 0.0006), and significant 

interaction between ECT treatment and number of treatment (F1,42 = 17.532, p = 0.0002), 

but no significant effect of the genotype. (B) Enhancement of dopamine-induced 



synaptic potentiation by the noradrenaline transporter inhibitor nisoxetine (1 μM), but 

not by the dopamine transporter inhibitor GBR12909 (GBR, 500 nM) (one-way 

ANOVA, F1,10 = 11.86, p = 0.0023; Dunnett’s test, *p = 0.015). (C) Dose-response curve 

for dopamine-induced synaptic potentiation in the presence of nisoxetine (n = 3 to 5 for 

each concentration). The number (n) of data represents the number of slices. Data are 

presented as means ± SEM in all figures. 

 

  



 

 

 

Figure S2. Effects of serotonin uptake inhibition on exogenous serotonin-induced 

synaptic potentiation in control and ECT-treated mice, Related to Figure 2 

Synaptic potentiation was induced by 5-HT applied at a low concentration (0.5 μM) in 

the presence and absence of the 5-HT uptake inhibitor fluoxetine (3 μM). Fluoxetine 

(FLX) and ECT treatments augmented 5-HT-induced synaptic potentiation without 

significant interaction (two-way ANOVA: ECT effect, F1,19 = 6.138, P = 0.0294; FLX 

effect, F1,19 = 65.37, P < 0.0001; Interaction ECT × FLX, F1,19 = 3.278, P = 0.1015; 

Sidak’s test, **P = 0.0011, ****P < 0.0001), suggesting intact 5-HT uptake after ECT. 

The number (n) of data represents the number of slices. 

 

  



 

 

 

 

 

 

 

 

 

Figure S3. Reduced effects of methamphetamine in control and ECT-treated 5-HT4 

knockout mice, Related to Figure 4 

Effects of methamphetamine on the mossy fiber synaptic transmission in wild-type 

(WT) and 5-HT4 knockout mice (5-HT4-/-). Mice were sham-treated (left, control) or 

treated with 11 times of ECT (right, ECTx11). The number (n) of data represents the 

number of slices. 

  



 

Figure S4. Chronic ECT does not effectively increase 5-HT content along MF tract, 

Related to Figure 5  

(A, B) The data shown in Figure 1C and Figure 4B are normalized by the magnitude of 

potentiation in control groups. The effect of ECTx3 (A), but not ECTx11 (B), on 

methamphetamine-induced potentiation appears much larger than that on 5-HT-induced 

potentiation. (C) No significant effect of ECTx11 on the number of 5-HT 

immunoreactive puncta. (D) Cumulative relative probability distributions showing a 

significant decrease in the signal intensity of 5-HT immunoreactive puncta after 

ECTx11 (Kolmogorov-Smirnov test, P < 0.0001). (E) A histogram of the signal intensity 

of 5-HT immunoreactive puncta showing a trend of an increase in low-intensity puncta. 

The number (n) of data represents the number of slices. 

  



 

 

 

Figure S5. Effects of ECT on activity of wild-type and 5-HT4 knockout mice during 

behavioral tests, Related to Figure 6  

(A, B) Effects of ECT on behavior of wild-type mice (WT). (C, D) Effects of ECT on 

behavior of 5-HT4 receptor knockout mice (5-HT4-/-). (A, C) Total distance traveled in 

the open field test (Sidak’s test, *P = 0.0211). (B, D) Total distance traveled and total 

number of entries into arms in the elevated plus maze test. See Table S1 for the results 

of three-way ANOVA. The number (n) of data represents the number of mice. 

 

  



Table S1. Three-way ANOVA analysis of behavioral data, Related to Figure 6 

  

Open field test Elevated plus maze test 

Tail 

suspension 

test 

Distance 
Time in 

center 
Distance 

Number 

of entries 

Time in 

open arms* 

Entries into 

open arms 
Immobility 

Main effect 

Treatment 
F1,98 = 6.385 F = 17.71 F1,106 = 6.944 F = 2.992 F = 17.18 F = 8.341 F1,96 = 17.56 

P = 0.0131 P < 0.0001 P = 0.0097 P = 0.0866 P < 0.0001 P = 0.0047 P < 0.0001 

Genotype 
F = 4.535 F = 2.789 F = 0.07195 F = 0.9792 F = 0.1598 F = 1.695 F = 0.7467 

P = 0.0357 P = 0.0981 P = 0.789 P = 0.3247 P = 0.6902 P = 0.1958 P = 0.3897 

Treatment number 
F = 10.602 F = 25.06 F = 1.937 F = 11.59 F = 2.019 F = 0.5848 F = 17.74 

P = 0.0016 P < 0.0001 P = 0.1669 P = 0.0009 P = 0.1583 P = 0.4461 P < 0.0001 

Interaction 

Treatment ×  

Genotype 

F = 0.499 F = 3.897 F = 0.307 F = 2.169 F = 1.97 F = 4.258 F = 0.6063 

P = 0.4817 P = 0.0512 P = 0.5807 P = 0.1437 P = 0.1633 P = 0.0415 P = 0.4381 

Treatment ×  

Treatment number 

F = 5.034 F = 10.34 F = 0.01791 F = 1.403 F = 0.7857 F = 0.9359 F = 6.719 

P = 0.0271 P = 0.0018 P = 0.8938 P = 0.239 P = 0.3774 P = 0.3355 P = 0.011 

Genotype ×  

Treatment number 

F = 0.415 F = 0.033 F = 0.00196 F = 1.086 F = 0.01229 F = 0.25224 F = 1.151 

P = 0.5212 P = 0.8558 P = 0.9647 P = 0.2996 P = 0.9119 P = 0.6165 P = 0.286 

Treatment ×  

Genotype ×  

Treatment number  

F = 0.224 F = 0.008 F = 0.00677 F = 0.00052 F = 0.01365 F = 0.01142 F = 0.00197 

P = 0.6371 P = 0.9267 P = 0.9346 P = 0.9818 P = 0.9072 P = 0.9151 P = 0.9646 

*Homogeneity of variances is not met. 

 

 

  



Transparent Methods 

Animals 

Male C57BL/6J mice were purchased from Japan SLC or Charles River Japan. The 

5-HT4 receptor mutant mice (strain name: B6.129P2-Htr4<tm1Dgen>/J> backcrossed to 

the C57BL/6J background more than 10 times were purchased from the Jackson 

Laboratory. Male homozygous mutant mice and their wild-type littermates from 

heterozygous mating were used for behavioral experiments. Mice were singly housed 

for electrophysiological experiments unless otherwise stated or in group up to 4 for 

behavioral experiments in the institutional standard condition (14:10 light/dark cycle; 

lights on at 6:00 A.M. through 8:00 P.M.) with ad libitum access to food and water. 

Animal use and procedures were in accordance with the National Institute of Health 

guidelines and approved by the Animal Care and Use Committee of Nippon Medical 

School and Tokyo University of Science. 

 

Electroconvulsive treatment  

Bilateral electroconvulsive treatment (ECT; 25 mA, 0.5 ms delivered at 100 Hz for 1 s) 

was administered to mice at the age of 9 to 10 weeks via moistened, spring-loaded 

ear-clip electrodes with a pulse generator (ECT Unit; Ugo Basile). In order to avoid 

sudden unexpected death associated with ECT-induced immediate seizures, mice were 

anesthetized with isoflurane (1.5 to 2%). In repeated treatments, ECT was administered 

4 times a week for up to 3 weeks. Mice did not show spontaneous seizures in their home 

cages during the course of treatments. The sham-treated animals were handled in an 

identical manner to the ECT-treated animals without the administration of shock. 

 



Electrophysiological analysis  

Mice were decapitated under deep halothane anesthesia at the age of 9 to 11 weeks or 

24 h after the last ECT, and both hippocampi were isolated. Transverse hippocampal 

slices (380 μm) were cut using a tissue slicer (7000smz, Campden Instruments Ltd., 

Leics., UK) in ice-cold saline (see below). Slices were then incubated for 30 min at 30 

ºC and maintained in a humidified interface holding chamber at room temperature 

before use. Electrophysiological recordings were made in a submersion-type chamber 

maintained at 27.0 - 27.5 ºC and superfused at 2 ml/min with recording saline composed 

of (in mM): NaCl, 125; KCl, 2.5; NaH2PO4, 1.0; NaHCO3, 26.2; glucose, 11; CaCl2, 

2.5; MgCl2, 1.3 (equilibrated with 95% O2 / 5% CO2). Field excitatory postsynaptic 

potentials (EPSPs) arising from the mossy fiber (MF) synapses were evoked by 

stimulating the dentate granule cell layer with bipolar tungsten electrodes and recorded 

from the stratum lucidum of CA3 using a glass pipette filled with 2 M NaCl. The 

amplitude of field EPSPs was measured with a 0.5-ms window positioned at 70 - 80% 

of the peak of baseline field EPSPs. A criterion used to identify the MF input was more 

than 85% block of EPSP by an agonist of group II metabotropic glutamate receptors, 

(2S,2'R,3'R)-2-(2',3'-dicarboxycyclopropyl)glycine (DCG-IV, 1 μM). Single electrical 

stimulation was delivered at a frequency of 0.05 Hz. For recording field EPSPs at the 

Schaffer collateral/commissural fiber-CA1 synapse, both stimulating and recording 

electrodes were placed in the stratum radiatum in the CA1 region. The initial slope of 

EPSPs was measured on analysis. In the experiments using 4-Chloro-DL-Phenylalanine 

methyl ester hydrochloride (pCPA), normal saline (NaCl, 0.9%) or pCPA-containing 

saline (300 mg/kg) was intraperitoneally injected immediately after each ECT and 

additionally once during the interval between second and third ECT. After dissection, 



hippocampal slices from the pCPA-treated mice were maintained in the extracellular 

solution containing pCPA (200 μM). 

3-((R)-2-Carboxypiperazin-4-yl)-propyl-1-phosphonic acid ((R)-CPP, 20 mg/kg) was 

intraperitoneally injected 30 min before each ECT. In the experiments using SCH23390, 

slices were preincubated in the recording saline containing SCH23390 (50 nM) more 

than 1 hour, and then recordings were made in the normal recording saline unless 

otherwise specified. This protocol is sufficient for nearly complete block of 

dopamine-induced synaptic potentiation in ECT-treated mice (Kobayashi et al., 2017). 

Control slices were preincubated in the normal saline without SCH23390. All 

recordings were made using a Multiclamp 700B amplifier (Molecular Devices, 

Sunnyvale, CA, USA), filtered at 2 kHz and stored in a personal computer via an 

interface (digitized at 10 kHz). Data were taken from distinct samples. Serotonin 

hydrochloride, 3,4-dihydroxy-L-phenylalanine (L-dopa), pCPA and forskolin were 

purchased from Sigma-Aldrich. DCG-IV, GR125487, (R)-CPP, GBR12909, nisoxetine 

and SCH23390 were purchased from Tocris Bioscience (Bristol, UK). Tryptophan, 

dopamine and fluoxetine were from FUJIFILM Wako Pure Chemical Industries, Ltd 

(Osaka, Japan). Methamphetamine hydrochloride was from Sumitomo Dainippon 

Pharma (Osaka, Japan). 

 

Real time PCR 

Mice were decapitated at 24 h after the last ECT, and the dentate gyrus of the 

hippocampus was dissected under a stereoscopic microscope. Total RNA was extracted 

from the isolated dentate gyrus by using Reliaprep RNA Cell Miniprep System 

(Promega), and subjected to the reverse transcription reaction with Superscript VILO 



(Invitrogen), followed by real time PCR with StepOne system (Applied Biosystems) 

using Thunderbird SYBR qPCR mix (TOYOBO). Crossing point values were acquired 

by using the second derivative maximum method. The expression level of each gene 

was quantified using external standardized dilutions. Relative expression levels of target 

genes between samples were normalized to that of 18S rRNA. The specificity of each 

primer set was confirmed by checking the product size by gel electrophoresis. Primer 

sequences for each gene are 5'-TCTGGATGTCCTACTTACCACAG-3' and 

5'-GCAGCAGATGGCGTAATACCT-3' for Htr4, and 

5'-GAGGCCCTGTAATTGGAATGAG-3' and 

5'-GCAGCAACTTTAATATACGCTATTGG-3' for 18S rRNA. Data were taken from 

distinct samples. 

 

Immunohistochemistry 

Mice were perfused with saline and 4% paraformaldehyde in 0.1 M phosphate buffer, 

pH 7.4. The brains were dissected out and postfixed in the same fixative at 4˚C for 24 h. 

After immersion in 0.1 M phosphate buffer containing 20% sucrose at 4˚C overnight, 

the brains were rapidly frozen at -80˚C and sectioned using a cryostat at 30 μm 

thickness. The free-floating sections were first incubated with 10% normal equine 

serum in PBS containing 0.3% Triton X-100 for 1 h at room temperature and 

subsequently incubated with rabbit anti-serotonin antibody (Immunostar, 20080, 

RRID:AB_572263, diluted 1:300) overnight at 4˚C. After washing with PBS containing 

0.3% Triton X-100, the sections were incubated with secondary antibody conjugated 

with AlexaFluor488 (Molecular Probes). After washing, the sections were mounted on 

slides. For the quantification of 5-HT signal within the stratum lucidum, 3 sections of 



the hippocampus from each mouse were photographed (BZ-X710, Keyence). Sections 

were coded to ensure that the analysis was performed by a blind observer. The images 

were converted into 16-bit gray scale, and the number of 5-HT immunoreactive puncta 

within the stratum lucidum and the average of signal intensity within the puncta were 

quantified by computer-assisted image analysis (ImageJ). To make the background level 

consistent, the zero value was set at the modal value in histogram of the intensity 

distribution in each image. 

 

Behavioral experiments 

Mice were transferred to a behavioral testing room and allowed to acclimatize to the 

environment of the room for at least 1 h 30 min before starting behavioral tests. All tests 

were performed between 13:30 P.M. and 18:00 P.M. The tests were sequentially 

performed on different days within 4 days after the last ECT. Only one test was 

conducted for each mouse in a day. Room temperature was kept at 23 ± 0.5 °C. To 

minimize olfactory cues from the preceding trial, each apparatus was wiped and cleaned 

with a hypochlorous acid solution (~15 ppm, pH 5 - 6.5) before each test. 

The open field test was the first test of the test battery and carried out using an 

apparatus composed of opaque white walls and a floor (50 × 50 × 50 cm) illuminated at 

an intensity of 40 lux. Each mouse was placed at the corner of the open-field arena, and 

then locomotor (horizontal) activity was monitored for 20 min via a CCD camera 

positioned above the apparatus. The ambulatory distance and relative time spent in the 

central zone were measured. To calculate relative time spent in the center, the floor of 

the apparatus was divided into 25 squares and time spent in the central nine squares was 

measured. All records were stored on a PC and analyzed using software based on the 



public domain ImageJ (ImageJ OF; O’Hara and Co., Ltd., Tokyo, Japan). Although the 

open field test was conducted for all mice, a part of data was not included in the results, 

because the cage bedding was changed just before testing by mistake. Therefore, the 

number of data in this test is smaller than that in the elevated plus maze test. 

The elevated plus maze test was carried out using an apparatus consisted of a central 

platform (5 × 5 cm), two opposed open arms (25 × 5 cm) and two opposed closed arms 

of the same size, but with 15-cm-high opaque walls. The edges of the open arms were 

raised by 0.25 cm to avoid falls of mice. The apparatus was elevated to a height of 50 

cm above the floor and illuminated at an intensity of 40 lux. At the beginning of each 

test, each mouse was placed on the central platform and gently forced to enter one of the 

closed arms. Then, activity of mice was monitored for 10 min via a CCD camera 

positioned above the apparatus. The time spent in each arm, the number of entries into 

each arm and the ambulatory distance were recorded and analyzed using software based 

on the public domain ImageJ (ImageJ EP, O’Hara & Co., Ltd., Tokyo, Japan). 

The tail suspension test was performed at the end of the test battery. In this test, the 

tip (1 cm) of mouse tail was securely fastened with adhesive tape to a metallic plate. 

The plate was hung from the ceiling of a test box (30.5 × 40 × 40 cm), and behavior of 

mice was monitored for 6 min with a CCD camera mounted on the side of the box. 

Immobile time was measured during the last 5 min. All records were stored on a PC and 

analyzed using software based on the public domain ImageJ (ImageJ PS4, O’Hara & 

Co., Ltd., Tokyo, Japan). This test was not conducted for some mice, because the 

experimenter was not able to perform the test within 4 days after ECT. 

 

Statistics  



All data are presented as means ± SEM. Three-way ANOVA was performed using SPSS 

17.0. Other statistical tests were performed using GraphPad Prism version 7.01. 

Experiments with two groups were compared with unpaired two-tailed Student’s t test 

unless otherwise specified in the figure legends. Since the fluorescence intensity 

distribution in the immunohistochemical study significantly deviated from the normal 

distribution, the Kolmogorov-Smirnov test was used to analyze the difference in the 

distribution. Experiments with more than two groups were subjected to one-way 

ANOVA, followed by the Tukey’s or Dunnett’s test, or two-way ANOVA, followed by 

the Sidak’s test. Effects of three factors were analyzed using three-way ANOVA, 

followed by the Sidak’s test. Statistical significance was set at P < 0.05. 
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