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  Long-term potentiation (LTP) and long-term depression (LTD) have both been studied as mechanisms 
of ocular dominance plasticity in the rat visual cortex. In a previous study, we suggested that a 
developmental increase in serotonin [5-hydroxytryptamine (5-HT)] might be involved in the decline 
of LTP, since 5-HT inhibited its induction. In the present study, to further understand the role of 
5-HT in a developmental decrease in plasticity, we investigated the effect of 5-HT on the induction 
of LTD in the pathway from layer 4 to layer 2/3. LTD was inhibited by 5-HT (10 μM) in 5-week-old 
rats. The inhibitory effect was mediated by activation of 5-HT2 receptors. Since 5-HT also regulates 
the development of visual cortical circuits, we also investigated the role of 5-HT on the development 
of inhibition. The development of inhibition was retarded by chronic (2 weeks) depletion of endogenous 
5-HT in 5-week-old rats, in which LTD was reinstated. These results suggest that 5-HT regulates the 
induction of LTD directly via activation of 5-HT2 receptors and indirectly by regulating cortical 
development. Thus, the present study provides significant insight into the roles of 5-HT on the 
development of visual cortical circuits and on the age-dependent decline of long-term synaptic plasticity.
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INTRODUCTION

  Long-term synaptic plasticity has been studied as a 
mechanism of learning and memory [1,2], and experience- 
dependent cortical remodeling [3,4]. In the visual cortex, 
long-term synaptic plasticity has been studied to under-
stand the underlying mechanism of ocular dominance (OD) 
plasticity, a well-studied example of experience-dependent 
cortical remodeling [5,6]. OD plasticity could not be induced 
well after the specific period of an early developmental 
stage called the ‘critical period’ [7]. The fact that long-term 
potentiation (LTP) and long-term depression (LTD) both de-
cline after the critical period suggests a relevance of the 
relationship between long-term synaptic plasticity and OD 
plasticity [8,9].
  Gamma-aminobutyric acid (GABA)-ergic inhibition con-
strains cortical activity in the normal functional range and 
sculpts neuronal activity patterns [10,11]. Inhibition also 
effectively blocks activation of N-methyl-D-aspartic acid re-
ceptor (NMDAR) [12] by preventing synaptic integration 
that is essential for removal of the Mg2＋ block of NMDAR 
[13]. Since Ca2＋ influx through NMDAR is an essential part 
of many forms of synaptic plasticity [14-16], inhibition could 
efficiently regulate the induction of plasticity. Strength of 

intracortical inhibition is an important determinant for vis-
ual cortical circuit formation [17]. It regulates the induction 
of OD plasticity and the timing of the critical period is also 
under the control of inhibitory development [18]. Since in-
hibitory circuits develop later than excitatory circuits dur-
ing the critical period [19], it has been postulated that de-
velopmental increase in inhibition underlies the age-de-
pendent decline of long-term synaptic plasticity in the visu-
al cortex [20].
  Serotonin [5-hydroxytryptamine (5-HT)] is an important 
neuromodulator that is known to regulate synaptic plasti-
city and neuronal development [21,22]. 5-HT is involved in 
OD plasticity [23] and also regulates synaptic plasticity in 
the visual cortex [24-26]. The developmental increase in 
5-HT content has been correlated to an age-dependent de-
crease in LTP in the visual cortex [27]. These findings sug-
gest important roles for 5-HT in the regulation of the crit-
ical period in visual cortical plasticity. In a previous study, 
we reported an age-dependent decline of both LTP and LTD 
during the critical period in the rat visual cortex and the 
decrease in long-term synaptic plasticity was closely related 
to the degree of inhibitory influence [28]. In another study, 
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we confirmed the inhibitory effect of 5-HT on LTP induction 
[29]. However, the effect of 5-HT on LTD induction in the 
visual cortex is yet to be reported despite the known im-
portance of LTD in OD plasticity [30]. Thus, we inves-
tigated the effect of 5-HT on LTD induction in the present 
study. Since 5-HT also is known to be an important devel-
opmental regulator [22], disruption of 5-HT signaling could 
affect the decline of LTD during the critical period. To ad-
dress this issue, the effects of 5-HT depletion on the devel-
opment of inhibition, as well as on the developmental de-
cline of LTD, were investigated. The information on the 
roles of 5-HT in the development of inhibition and the in-
duction of LTD could enrich our understanding of the na-
ture of the developmental regulation of cortical plasticity.

METHODS

Slice preparation

  Visual cortical slices were prepared from Sprague-Dawley 
rats of either sex (postnatal 3 and 5 weeks, Orientbio Inc., 
Korea), housed under standard conditions (23±1oC, 12/12 
hours light/dark cycle). Animal care and surgical proce-
dures were approved by the Ethics Committee of the 
Catholic University of Korea and were consistent with the 
National Institutes of Health guideline for the care and use 
of laboratory animals. The brains were quickly removed af-
ter anesthetization with chloral hydrate (400 mg/kg, i.p.) 
and submerged in an ice-cold dissection medium. Coronal 
sections of the occipital cortex [400 μm in thickness for field 
potential (FP) recording and 300 μm in thickness for 
whole-cell recording] were prepared on a vibrotome 
(Campden Instruments, Leics, UK) and recovery was al-
lowed in a storage chamber for 40 min at 37oC. The slices 
were maintained at room temperature prior to recording. 
The dissection and storage medium consisted of 125 mM 
NaCl, 2.5 mM KCl, 1 mM CaCl2, 2 mM MgSO4, 1.25 mM 
NaH2PO4, 25 mM NaHCO3, and 10 mM D-glucose, bubbled 
with 95% O2/5% CO2. The slices were transferred to the 
submerging chamber for recording and were superfused 
continuously with artificial cerebrospinal fluid (ACSF, 1.5∼
2 ml/min) containing 125 mM NaCl, 2.5 mM KCl, 2 mM 
CaCl2, 1 mM MgSO4, 1.25 mM NaH2PO4, 25 mM NaHCO3, 
and 10 mM D-glucose, bubbled with 95% O2/5% CO2 at 32∼
33oC.

Electrophysiological recording

  The primary visual cortex was identified according to a 
rat brain atlas by Paxinos and Watson [31]. For FP record-
ing, recording electrodes (2∼3 MΩ), pulled from borosilicate 
glass pipettes (1B150F-4, World Precision Instruments, Inc., 
Sarasota, FL, USA) using a micropipette puller (MODEL 
P-97, Sutter instrument Co., Novato, CA, USA), were filled 
with ACSF and positioned in layer 2/3. FP was evoked by 
a brief square current pulse (0.1 or 0.2 msec) to the under-
lying layer 4 at a site in the middle of the cortex, using 
a concentric bipolar stimulating electrode (100 μm in diam-
eter, SNE-100, David Kopf, CA, USA) and a constant cur-
rent stimulus isolator (A 360, World Precision Instruments, 
Inc.). The amplitude of the negative FP peak was used as 
a measure of the evoked population excitatory synaptic 
current. A baseline response was obtained at 30-second in-

tervals for at least 10 minutes with a stimulus intensity 
that yielded half-maximal FP amplitude. Low-frequency 
stimulation (LFS, 900 pulses at 1 Hz) was applied to induce 
LTD at the test stimulus intensity. The FP was recorded 
for 50 min after the application of LFS. The signals were 
amplified 1,000-fold, filtered between 0.1 and 3 kHz, digi-
tized at 10 or 20 kHz (Digidata 1200A, Axon Instruments, 
Foster City, CA, USA), and then saved to a Pentium PC 
using the LTP Program (v2.3, www.ltp-program.com).
  Whole-cell responses were recorded using a whole-cell 
patch-clamp recording technique with an EPC9 amplifier 
(HEKA Elektronik, Lambrecht, Germany) and Pulse 8.31 
software (HEKA Elektronik). Patch electrodes (4∼5 MΩ) 
were pulled from borosilicate glass and filled with a sol-
ution containing (in mM) 130 K-gluconate, 10 KCl, 4 Mg- 
ATP, 10 Na2-phosphocreatine, 0.3 Na3-GTP and 10 HEPES 
(pH 7.25 by KOH). Pyramidal neurons in layer 2/3 of the 
primary visual cortex were identified using IR-DIC vid-
eo-microscopy with an upright microscope (BX51-WI fitted 
with a 40×/0.80NA water immersion objective, Olympus, 
Tokyo, Japan), and their regular spiking patterns were 
confirmed. Typical access resistance was 15∼20 MΩ. Mem-
brane potentials were not corrected for ∼14-mV junction 
potential. Input resistance was measured by injection of a 
brief negative current pulse that evoked 5∼15 mV of 
hyperpolarization. Membrane potential and current were 
both measured by switching between current clamp mode 
and voltage clamp mode. Excitatory events were measured 
at a holding potential of −75 mV in normal ACSF, and 
inhibitory events were subsequently recorded at a holding 
potential of 0 mV in the presence of the NMDAR antago-
nist, D-aminopentanoate (D-AP5, 50 μM), and the alpha- 
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 
(AMPAR) antagonist, 6,7-dinitroquinoxaline-2,3-dione (DNQX, 
20 μM), by stimulation of layer 4. Data were filtered at 
2.9 kHz, sampled at 20 kHz, and saved to the hard drive 
of a Pentium PC.

Depletion of 5-HT

  5-HT was acutely depleted in the visual cortical slices 
by incubation of the slices in a solution containing para- 
chloroamphetamine (PCA) (10 μM) for 2 hours. For chronic 
depletion in vivo, PCA (8 mg/kg) was intraperitoneally in-
jected into 3-week-old rats and the effect was investigated 
at 5 weeks of age. 

Chemicals

  D-AP5, DNQX, bicuculline, NAN-190, 2-methyl-5-hydrox-
ytryptamine (2-me-5-HT), (±)-2,5-dimethoxy-4-iodoamphet-
amine (DOI), and ketanserin were purchased from Tocris 
(Bristol, UK). PCA, serotonin, (±)-8-hydroxy-2-dipropylami-
notetralin (8-OH-DPAT), mesulergine, and other chemicals 
were purchased from Sigma (St. Louis, MO, USA).

Statistical analysis

  Data were expressed as the mean±SE. Group compar-
isons were performed using either a paired or an unpaired 
two-tailed Student’s t-test unless otherwise specified. One- 
way ANOVA followed by a Tukey’s post hoc test was also 
used (Systat v11, SYSTAT Software, Inc., Richmond, CA, 
USA). The level of significance was set at p＜0.05.



Serotonergic Inhibition of Long-term Depression 339

Fig. 1. Inhibitory effect of 5-HT on the induction of LTD. (A) Effect 
of 5-HT on the induction of LTD in 3-week-old rats. Low-frequency 
stimulation (LFS) with 0.2-msec square pulses was applied to 
induce LTD under normal ACSF (open circle, ‘0.2 ms Con,’ n=5) 
and in the presence of 5-HT (10 μM, closed circle, ‘0.2 ms＋5-HT,’
n=9). LTD was also induced by stimulation with 0.1-msec square 
pulses (open square, ‘0.1 ms Con,’ n=5; closed square, ‘0.1 ms＋
5-HT,’ n=9; respectively). Right panel plots individual data 
(symbols) and averages (thick solid lines). *p＜0.05 vs. ‘Con’ for 
each stimulus pulse duration. (B) LFS with stimulus pulse duration 
of 0.2-msec was applied to the slices from 5-week-old rats (open 
circle, ‘0.2 ms Con,’ n=5). Concentration-dependent responses were 
obtained with four different concentrations of 5-HT at 0.01 μM 
(closed square, n=7), 0.1 μM (closed triangle, n=7), 1 μM (closed 
circle, n=8), and 10 μM (closed diamond, n=8). Right panel plots 
individual data (symbols) and averages (thick solid lines). *p＜0.05 
and **p＜0.01 vs. ‘0.2 ms Con’. (C) Concentration-inhibition curve 
for the effect of 5-HT. The curve was fitted by sigmoid function 
(IC50=1.3 μM). Insets show average traces taken from a represen-
tative experiment at the indicated period. 

RESULTS

5-HT inhibition on the induction of LTD

  An increase in 5-HT content in the rat primary visual 
cortex during the critical period reportedly is important in 
the developmental decrease in LTP [27,29]. To further elu-
cidate the role of 5-HT, the effect of 5-HT on LTD induction 
was investigated by bath application of 5-HT. In a previous 

report, we found that short-duration, high-intensity stim-
ulation recruited more inhibition, and that LTD could not 
be induced in older animals with short-duration stimulation 
[28]. For example, LTD could be induced by 0.1-msec and 
0.2-msec stimulation in 3-week-old rats, but only 0.2-msec 
stimulation could induce LTD in 5-week-old rats. Thus, in 
the present study, the 5-HT effect was studied with 0.1- 
and 0.2-msec stimulation in 3-week-old rats and with 
0.2-msec stimulation in 5-week-old rats, because these ex-
perimental settings were LTD-inducing. In slices of 3-week- 
old rats, LFS with 0.1-msec stimulation induced LTD (76.6± 
3.1%, n=5), similar to that in our previous study [28]. LTD 
was diminished by the application of 10 μM 5-HT (90.7± 
3.1%, n=9, p＜0.05). LTD induced with 0.2-msec stim-
ulation (77.8±2.1%, n=5) also was inhibited by 10 μM 5-HT 
(93.0±5.0%, n=9, p＜0.05) (Fig. 1A). In 5-week-old rats, LTD 
induced with 0.2-msec stimulation (79.4±3.3%, n=5) was 
completely inhibited by the application of 10 μM 5-HT 
(102.3±4.3%, n=8, p＜0.01), while 0.1 μM 5-HT (85.6±3.7%, 
n=7, p＜0.01 vs. baseline recording) and 1 μM 5-HT (91.0± 
3.5%, n=8, p＜0.05 vs. baseline recording) exerted lesser in-
hibitory effects on the induction of LTD (Fig. 1B, C). The 
sigmoidal fit yielded a value for IC50 of 1.3 μM (Fig. 1C). 
Thus, 5-HT inhibited the induction of LTD in the pathway 
from layer 4 to layer 2/3 in the rat visual cortex. Since 
10 μM 5-HT completely inhibited the induction of LTD in 
5-week-old rats, this concentration was used to investigate 
the effect of 5-HT in later experiments.

5-HT receptor subtypes involved in the inhibition of 
LTD

  5-HT receptors consist of 7 different subtypes [32]. The 
involvement of 5-HT1A, 5-HT2, and 5-HT3 receptor subtypes 
was investigated in the present study, since these receptors 
are known to regulate cortical activity in the rat visual cor-
tex [25,26,33]. All the experiments in this section were per-
formed with 0.2-msec stimulation in slices of 5-week-old 
rats. The 5-HT1A receptor agonist, 8-OH-DPAT (10 μM), did 
not inhibit LTD (87.7±2.2%, n=10, p＜0.01 vs. baseline re-
cording) and co-application of the 5-HT1A receptor antago-
nist, NAN-190 (10 μM), with 5-HT (10 μM) did not affect 
the inhibitory effect of 5-HT on LTD (102.2±3.1%, n=7) 
(Fig. 2A). On the contrary, the 5-HT2 receptor agonist, DOI 
(10 μM), inhibited LTD (103.3±3.2%, n=9) and co-applica-
tion of the 5-HT2 receptor antagonist, mesulergine (10 μM) 
(77.6±3.4%, n=7, p＜0.01 vs. baseline recording), or ketan-
serin (10 μM) (89.8±2.9%, n=8, p＜0.05 vs. baseline record-
ing), with 5-HT (10 μM) blocked the inhibitory effect of 
5-HT on LTD (Fig. 2B). The 5-HT3 receptor agonist, 2-me- 
5-HT (30 μM), had no effect on LTD induction (84.4±2.5%, 
n=8, p＜0.01 vs. baseline recording) (Fig. 2C). These results 
suggest that activation of the 5-HT2 receptor mediates the 
inhibitory effect of 5-HT on the induction of LTD.

Effect of 5-HT depletion on the induction of LTD

  Previously, we reported that 5-HT content increased dur-
ing the critical period in the visual cortex and that the de-
pletion of endogenous 5-HT in visual cortical slices by 
2-hour incubation of slices with PCA (10 μM) reinstated 
LTP in 5-week-old rats [29]. Thus, the effect of 5-HT deple-
tion by incubation of slices with PCA was investigated to 
elucidate the role of endogenous 5-HT on LTD induction. 
In this experiment, LTD was induced by 0.1-msec stim-
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Fig. 2. Effects of 5-HT receptor subtype-specific agonists and 
antagonists on the induction of LTD. LFS was applied with the 
stimulus duration of 0.2-msec to the slices from 5-week-old rats. 
(A) LFS was applied in the presence of 8-OH-DPAT (10 μM) (closed 
circle, ‘DPAT,’ n=10) or 5-HT (10 μM)＋NAN-190 (10 μM) (open 
circle, ‘5-HT＋NAN,’ n=7). (B) LFS was applied in the presence of 
DOI (10 μM) (closed circle, ‘DOI,’ n=9), 5-HT (10 μM)＋mesul-
ergine (10 μM) (open circle, ‘5-HT＋Mes,’ n=7) or 5-HT (10 μM)＋
ketanserin (10 μM) (open square, ‘5-HT＋Ket,’ n=8). (C) LFS was 
applied in the presence of 2-me-5-HT (30 μM) (closed circle, 
‘2-me-5-HT,’ n=7). Insets show average traces taken from a 
representative experiment at the indicated period. Right panels 
plot individual data (symbols) and averages (thick solid lines).
*p＜0.05 and **p＜0.01 vs. the baseline response.

Fig. 3. Effect of 5-HT depletion on the induction of LTD. Slices 
from 5-week-old rats were incubated in PCA (10 μM)-containing 
solution for 2 hours to deplete 5-HT acutely and then LFS was 
applied with 0.1-msec stimulation duration (closed circle, ‘acute
PCA,’ n=9). To investigate the effect of chronic depletion of 5-HT, 
LFS was applied to the slices from 5-week-old rats, in which 5-HT 
was depleted for 2 weeks by intraperitoneal injection of PCA (8 
mg/kg) (open square, ‘chronic PCA,’ n=10). Insets show average 
traces taken from a representative experiment at the indicated 
periods. Right panel plots individual data (symbols) and averages 
(thick solid lines). ***p＜0.001 vs. the baseline response.

ulation, which induced no LTD in 5-week-old rats [28]. In 
contrast to LTP, LTD was not reinstated by acute depletion 
of 5-HT in slices of 5-week-old rats (93.1±3.3%, n=9, p=0.07 
vs. baseline recording) (Fig. 3). Thus, acute depletion of en-
dogenous 5-HT did not affect the induction of LTD in 
5-week-old rats. Next, we investigated the effect of long- 
term depletion of 5-HT, since 5-HT has been known to regu-
late the development of visual cortical circuits [23]. To de-
plete 5-HT in vivo, PCA (8 mg/kg) was injected intraperi-
toneally in 3-week-old rats [34]. Then, the effect of 5-HT 

depletion was investigated at 5 weeks of age. LTD was 
readily induced by 2 weeks of chronic depletion of 5-HT in 
5-week-old rats (75.2±2.8%, n=10, p＜0.001 vs. baseline re-
cording) (Fig. 3). This result indicates that LTD could be 
reinstated by chronic depletion of endogenous 5-HT.

Effect of chronic 5-HT depletion in the developing 
visual cortex

  To understand the effect of chronic depletion of 5-HT on 
the induction of LTD, we investigated the effect of 5-HT 
depletion on the development of inhibition, since develop-
ment of inhibition is an important determinant of the crit-
ical period in the visual cortex [18,20]. From a functional 
point of view, an increase in inhibition relative to excitation 
is more important than the development itself [35]. Thus, 
the relative development of inhibition compared to ex-
citation was assessed after chronic depletion of 5-HT. To 
this end, we evoked 20 mV of depolarization from the mem-
brane potential of −75 mV in layer 2/3 pyramidal cells by 
stimulation of the underlying layer 4 under normal ACSF. 
Then, DNQX (20 μM) and D-AP5 (50 μM) were applied to 
eliminate the excitatory components and positive current 
was injected to depolarize the membrane potential to 0 mV 
in order to maximize the inhibitory postsynaptic potentials 
(IPSPs) and currents (IPSCs) (Fig. 4A). These components 
were mediated by GABA receptor type A, since bath appli-
cation of the GABAA receptor antagonist, bicuculline (10 μM), 
abolished them (data not shown). IPSCs and IPSPs, evoked 
by the stimulus intensity evoking 20 mV of depolarization 
at −75 mV, were measured in slices from 3-week-old rats 
(‘3 weeks,’ n=8), 5-week-old rats (‘5 weeks,’ n=8), 5-week-old 
rats which were injected with PCA at 3 weeks of age 
(‘chronic PCA,’ n=8), and 5-week-old rats in which endoge-
nous 5-HT was acutely depleted by incubation with PCA 
for 2 hours (‘acute PCA,’ n=8) (Fig. 4B, C). Input resistance 
decreased during development from ‘3 weeks’ (141.3±9.2 M
Ω) to ‘5 weeks’ (94.5±4.7 MΩ, p＜0.001) and PCA treatment 
did not affect input resistance (89.5±6.9 MΩ for ‘chronic 
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Fig. 4. Effect of chronic 5-HT depletion on the development of the 
inhibitory network. 5-HT was depleted by single intraperitoneal 
injection of PCA (8 mg/kg) at 3 weeks of age and slices were taken 
at 5 weeks of age. (A) Experimental sequences. 20 mV of post-
synaptic potential (PSP) and corresponding postsynaptic current 
(PSC) were recorded at −75 mV of membrane potential (left traces).
Bath application of DNQX (20 μM) and APV (50 μM) eliminated 
PSP and PSC (center traces). At 0 mV of membrane potential, 
isolated inhibitory postsynaptic potential (IPSP) and current 
(IPSC) were recorded (right traces). CC: current clamp mode; VC: 
voltage clamp mode. (B) Averaged IPSPs (upper traces) and IPSCs 
(lower traces) showing differences between groups. Left traces: 
IPSPs and IPSCs recorded from slices of 3-week-old (thin line, n=8) 
and 5-week-old rats (thick line, n=8). Center traces: from slices of 
5-week-old (thick line) and 5-week-old PCA-injected (thin line, n=8) 
rats. Right traces: from slices of 5-week-old rats (thick line) and 
slices of 5-week-old rats in which 5-HT was depleted by PCA 
incubation for 2 hours (thin line, n=8). (C) Individual data (symbols) 
and averages (thick lines) for PSP, PSC, IPSP and IPSC for each 
of the groups indicated in the lower panels. *p＜0.05, **p＜0.01, 
and ***p＜0.001 between groups linked by lines.

PCA;’ 97.2±9.1 MΩ, for ‘acute PCA,’ p=0.16). Whole-cell cur-
rents for a depolarization of 20 mV were similar among the 
groups (528.2±45.2 pA, 526.8±47.9 pA, 523.1±60.2 pA, and 
500±39.1 pA for ‘3 weeks,’ ‘5 weeks,’ ‘chronic PCA,’ and 

‘acute PCA,’ respectively, p=0.93 by ANOVA) (Fig. 4C, up-
per right panel). Stimulus currents applied to evoke 20 mV 
of depolarization also were similar among groups (128.3± 
8.7 μA, 148.5±7.7 μA, 144.5±5.2 μA, and 150.7±8.9 μA for 
‘3 weeks,’ ‘5 weeks,’ ‘chronic PCA,’ and ‘acute PCA’, re-
spectively, p=0.194 by ANOVA). To the contrary, IPSPs 
were increased from 12.1±1.5 mV in ‘3 weeks’ to 18.4±1.5 
mV in ‘5 weeks’ (p＜0.05), and this increase was completely 
reverted to that of ‘3 weeks’ in ‘chronic PCA’ (11.1±1.4 mV, 
p=0.63 vs. ‘3 weeks’). The IPSPs for ‘acute PCA’ (19.3±1 
mV) were similar to ‘5 weeks’ and much greater than for 
‘chronic PCA’ (p＜0.001) (Fig. 4C, lower left panel). The 
IPSCs showed similar results (242.8±26.9 pA, 328.6±23.9 
pA, 220.5±29.6 pA, and 373.5±39.8 pA for ‘3 weeks,’ ‘5 
weeks,’ ‘chronic PCA,’ and ‘acute PCA,’ respectively) (Fig. 
4C, lower right panel). These results indicate that an in-
crease in the inhibitory to excitatory (I/E) ratio by endoge-
nous 5-HT might be involved in the developmental decline 
of the induction of LTD in the rat visual cortex.

DISCUSSION

  In the present study, we investigated the effects of 5-HT 
on the induction of LTD in the rat visual cortex. In 
5-week-old rats, LTD was completely inhibited by 10 μM 
5-HT. Although activation of both 5-HT1A and 5-HT2 re-
ceptors were required to inhibit the induction of LTP [29], 
activation of the 5-HT2 receptor alone was sufficient to 
block the induction of LTD. Reportedly, 5-HT1A receptors 
exert an inhibitory effect on LTP via the suppression of 
NMDAR [25,36]. Since LTD was induced with less Ca2＋ 
than LTP [37], it is conceivable that the Ca2＋ influx 
through NMDAR might have been enough to induce LTD 
even though NMDAR was partially blocked by activation 
of the 5-HT1A receptor. Alternatively, Ca2＋ from other sour-
ces, such as voltage-gated Ca2＋ channels, could have been 
involved in the induction of LTD under these conditions. 
In any case, activation of 5-HT1A receptors would not be 
necessary for the inhibitory effect of 5-HT on LTD. In 
3-week-old rats, the inhibitory effect of 5-HT on LTD was 
much weaker than in 5-week-old rats. This result suggests 
that the mechanism underlying 5-HT2 receptor-mediated 
inhibition of LTD might develop at 3 to 5 weeks of age. 
GABAergic inhibition is one of the most plausible candi-
dates as a target of 5-HT2 receptor-mediated modulation, 
since inhibition increases during the critical period [19] and 
is an important regulator of the induction of synaptic plasti-
city [18]. In addition, it was suggested that the inhibitory 
effect of 5-HT2 receptors on LTP might be mediated by the 
modulation of inhibitory influences [26], since 5-HT prefer-
entially depolarizes inhibitory neurons [38]. A detailed 
mechanism for the action of the 5-HT2 receptor on in-
hibitory neurotransmission remains to be addressed. 
  Depletion of 5-HT in slices by 2-hour incubation with 10μM 
PCA was enough to reinstate LTP in 5-week-old rats [29]. 
However, LTD was not reinstated by the same acute 
treatment. By contrast, prolonged depletion of 5-HT by in-
traperitoneal injection of PCA [34,39] reinstated LTD, 
which might have resulted from the retarded development 
of inhibition. As mentioned, the late maturation of the in-
hibitory circuit is one of the proposed mechanisms for the 
decline of long-term synaptic plasticity during the critical 
period [20]. Although we did not directly evaluate excitatory 
development, since 20-mV depolarization was evoked by 
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similar amplitudes of stimulus currents among groups, we 
predicted that excitatory circuits might not be significantly 
affected by 5-HT depletion. Thus, these results support the 
crucial involvement of postnatal development of inhibitory 
circuits on the age-dependent decline of long-term synaptic 
plasticity. However, the causal relationship between re-
tarded development of inhibition and reinstatement of LTD 
was uncertain in this experiment. The effect of pharmaco-
logic agents which enhance GABAergic inhibition, such as 
benzodiazepine [40], on LTD induction in 5-HT depleted sli-
ces would help explain the causal relationship.
  In addition, since our experimental protocol measured in-
hibitory strength relative to excitation, it could be in-
terpreted that inhibitory development was relatively re-
tarded compared to excitatory development by depletion of 
5-HT. To the best of our knowledge, this is the first evidence 
that 5-HT preferentially controls the development of in-
hibition over excitation. The mechanism underlying 
5-HT-mediated modulation of neuronal development is 
largely unknown. Because brain-derived neurotrophic fac-
tor (BDNF) mediates the effect of 5-HT on neuronal devel-
opment [41,42], and BDNF is an important regulator of the 
maturation of inhibition [43], 5-HT might regulate the de-
velopment of inhibitory circuits through the modulation of 
BDNF signaling. Studies on the effect of 5-HT depletion 
on BDNF signaling would help address this issue.
  In contrast to the present study, 5-HT facilitated the in-
duction of long-term synaptic plasticity in cats [24,44] and 
in adult rats [45]. Since 5-HT receptor distribution is heter-
ogeneous in various species and brain regions [32], 5-HT 
could affect various cellular functions differently in differ-
ent conditions. More importantly, the effect of 5-HT on the 
induction of plasticity could change during development, 
since expression patterns of 5-HT receptors change during 
development [46,47]. Thus, further studies on the effects 
of 5-HT in older animals would promote a more thorough 
understanding of the roles of 5-HT.
  Results of the present study suggest that 5-HT could in-
hibit LTD either directly via the activation of the 5-HT2 
receptor or indirectly by regulating the development of 
inhibition. Since 5-HT content increases during the critical 
period in the visual cortex, these results suggest important 
roles for 5-HT in a developmental decrease in long-term 
synaptic plasticity and in the timing of the critical period. 
These findings also provide a framework for understanding 
the interplay between 5-HT and the development of in-
hibition in the visual cortex, both of which have been known 
to regulate the induction of long-term synaptic plasticity 
and OD plasticity.
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