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Dopamine Receptor Supports the Potentiation of Intrinsic
Excitability and Synaptic LTD in
Temporoammonic-CA1 Synapse
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Dopaminergic projection to the hippocampus from the ventral tegmental area or locus ceruleus has been considered to play an essential role in

the acquisition of novel information. Hence, the dopaminergic modulation of synaptic plasticity in the hippocampus has been widely studied. We

examined how the D1 and D2 receptors influenced the mGluR5-mediated synaptic plasticity of the temporoammonic-CA1 synapses and showed

that the dopaminergic modulation of the temporoammonic-CA1 synapses was expressed in various ways. Our findings suggest that the dopami-

nergic system in the hippocampal CA 1 region regulates the long-term synaptic plasticity and processing of the novel information.
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INTRODUCTION

Hippocampus plays an important role for the formation of spa-
tial or episodic memories [1, 2]. In addition, the hippocampus is
known to perform the function of recognizing new information
by comparing existing memories with new information [3]. Previ-
ous studies suggest that processing of novel information would be
involved in hippocampal CA1 region, especially synapses that re-
lay from direct temporoammonic (TA) input from the entorhinal
cortex (EC) to the pyramidal cells of CA1 region (herafter TA-CA1

synapse) [4]. It is known that various neuromodulator receptors
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are distributed in the CA1 region, including dopamine receptors
[5]. Previous studies have shown that the dopaminergic modula-
tion of the TA inputs to CA1 region play a role in the detection of
spatial novelty and memory retention [4]. These previous studies
suggested that the dopaminergic modulation of the TA-CA1 syn-
apses would be important to various hippocampal functions.
Dopaminergic receptors are classified into two groups: D1-like
receptors (including the D1 and D5 receptors) and D2-like recep-
tors (including the D2, D3, and D4 receptors), which are relayed to
G-proteins [6-8]. The role of each type of dopamine receptor has
been mainly studied in the basal ganglia, and revealed that each
type of receptor is involved in the different functions of neural
circuits [9]. Studies of the dopaminergic receptors, particularly
the D1 and D2 receptors, have revealed that the synaptic/intrinsic
function in various regions, including the prefrontal cortex (PFC),
is regulated by dopaminergic receptors; they have also revealed the
relationships between dopaminergic modulation and animal be-
havior [10-12]. For dopaminergic modulation in the PFC neurons,
the interaction between the metabolic glutamate receptor type
5 (mGluR5) and dopamine receptors have been widely studied
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[13-15]. However, studies for each dopamine receptor and their
signaling pathways involved with synaptic modulation in the hip-
pocampus have been relatively insufficient.

Previously, we showed that the potentiation of intrinsic excitabil-
ity (PIE) of the pyramidal cells of the CA1 (CA1-PC) was accom-
panied by long-term depression (LTD) induced by low-frequency
stimulation (LFS) at the Schaffer collateral (SC)-CA1 synapses [16].
Although the dopaminergic modulation of the SC-CA1 synapses
that receive inputs from the CA3 pyramidal cells has been widely
studied [17], studies of the TA-CA1 synapse and its dopaminergic
modulation have been relatively insufficient. Here, we studied
LTD in the TA-CA1 synapses and its accompanying EPSP-to-
Spike potentiation (E-S potentiation is an activity-dependent form
of plasticity that boosts the efficiency of the coupling between the
synaptic input and the action potential output in a neuron) in the
CA1-PCs and their mechanisms. We discovered a novel form of
long-term potentiation (LTP)/LTD modulation in the TA-CAL1
synapses, which is caused by dopamine. Our results provide clues
as to how dopamine contributes to the formation and operation of

the neural representation in the hippocampus.
MATERIALS AND METHODS

Animals

All experiments were conducted with the approval of the animal
experiment ethics committee at the Seoul National University
College of Medicine (MD-11-A251). Experiments were conduct-
ed in Sprague-Dawley rats at postnatal days 15~24, and the total
number of animals used was described in below. The animals were
maintained in standard environmental conditions (temperature:
25+2C, humidity: 60+5%, dark/light cycle: 8:00 p.m.~8:00 a.m. of
next day/8:00 a.m.~8:00 p.m.) and monitored under veterinary

supervision.

Slice preparation

Acute transverse slices of intermediate/vental hippocampus
were obtained from juvenile rats (postnatal days 15~24) of either
sex, unless specified otherwise. Rats were anesthetized by inhala-
tion of 5% isoflurane. After decapitation, brains were immediately
removed and submerged in an ice-cold preparation solution
containing the following (in mM): NaCl 116, NaHCO; 26, KCl
3.2,NaH,PO, 1.25, CaCl, 0.5, MgCl, 7, glucose 10, Na-pyruvate 2,
and vitamin C 3. The acute transverse slices (300 um thick) were
prepared using a vibratome (VT12008S, Leica Microsystems). Slices
were maintained at room temperature, and then data were ac-
quired at 32°C in a recording solution containing the following (in
mM): NaCl 124, NaHCO, 26, KCI 3.2, NaIH,PO, 1.25, CaCl, 2.5,
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MgCl, 1.3,and glucose 10. The preparation solution and recording
solution were continuously aerated with mixture of 95% O, and 5%
CO, to a final pH of 7.4. Detailed procedures for slice preparation
is annotated in the previous study [16].

Electrophysiology recordings

Hippocampal slices were transferred to an immersed record-
ing chamber continuously perfused with oxygenated recording
solution using a peristaltic pump (Gilson Miniplus 3; Gilson,
Middleton, WI, USA). CA1-PCs were visualized using an upright
microscope equipped with differential interference contrast optics
(BX51WI, Olympus, Shizuoka, Japan). All electrophysiological
recordings were made in soma with an EPC-8 amplifier (HEKA
Electronik, Lambrecht, Germany) at a sampling rate of 10 kHz.
All the recordings were performed at 32+1T, and perfusion rate
of the recording solution was maintained at 1~1.5 ml/min. Patch
pipettes (3~4 M(Q)) and monopolar glass electrode (1~2 MQ) were
made from glass capillaries (Borosilicate glass capillaries) using a
puller (PC-10, Narishige, Tokyo, Japan). The pipettes were filled
with internal solutions containing the following (in mM): potas-
sium gluconate 130, KCl 7, NaCl,, MgCl, 1, EGTA 0.1, ATP-Mg 2,
Na-GTP 0.3,and HEPES 10 (pH=7.3 with KOH, 295 mOsm with
sucrose). Somatic (positive or negative) current injections were

done at the holding potential -65 mV unless otherwise indicated.

Synaptic stimulation

Based on previous study [16], A stimulator (Stimulus Isolator
A360; WPI, Sarasota, FL, USA) connected to the monopolar glass
electrode filled with the recording solution was placed in the stra-
tum lacunosum-moleculare (SLM; horizontally 150 um and verti-
cally 300~350 pum away from the top layer of soma) or stratum
radiatum (SR; horizontally and vertically 120~150 um away from
the top layer of soma) of the CA1 region to evoke excitatory post-
synaptic current (EPSC) of TA-CA1 or SC-CA1 synapses, respec-
tively. For the EPSC of TA-CAL1 synapses (hereafter TA-EPSC) or
SC-CAT1 synapses (hereafter SC-EPSC), the stimulus intensity (du-
ration: 0.1 ms; stimulus intensity: 9~31.5 V) of extracellular stimu-
lation was adjusted to evoke current amplitudes between 100 pA
and 300 pA for the baseline. During the whole-cell configuration,
pipette series resistance and membrane capacitance were com-
pensated manually and checked throughout the experiment [18].
Cells in which the series resistance exceeded 20 MQ and changed
15% during the experiment were discarded. The TA-EPSCs or SC-
EPSCs were recorded from CA1-PCs with whole-cell configura-
tion at a holding potential of -63 mV, which were evoked by paired
pulses with 50 msec which were delivered every 10 secs through
stimulation electrodes placed in SLM (TA-EPSC) or SR (SC-EPSC)

https://doi.org/10.5607/en22028
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Fig. 1. Induction of E-S potentiation during the LTD by PP-LES of SLM. (A) Upper: Recording set up. A whole-cell configuration was established in
CA1-PCs of hippocampal slice. Stimulating electrodes were placed in the CA1-SLM. The gray box that contains CA1-PCs and axons from entorhinal
cortex was magnified to lower figure. Lower: Magnitied image from gray box in the upper figure. Glass monopolar electrode was placed near the distal
dendrites of CA1-PCs and whole-cell configuration was formed in CA1-PC soma. (B) The PP-LES of TA-CAL1 synapses induced TA-LTD amplitude.
(C) Upper: Representative TA-EPSCs recorded before PP-LFS induction (a, Control) and 25~30 min after PP-LES (b, pPP-LES). Lower; left: Change of
1" TA-EPSC for the control and pPP-LFS. Lower; right: Change of PPR for the control and pPP-LFS. (D) Upper: Voltage responses to 5 pulses at 50 Hz
of subthreshold stimulation for the control and the pPP-LFS. Lower; left: 1" EPSP amplitude for the control and pPP-LFS. Lower; right: Ratio between
the amplitude of maximal depolarization (EPSP,,) evoked by the 5 pulses at 50 Hz and 1" EPSP amplitude (EPSP,,/EPSP, ratio) for the control and
the pPP-LFS. (E) Raw voltage traces as a result of 10 trials of TA burst stimulation (5 stimuli, 50 Hz, 2 s interval) for the control and the pPP-LEFS. For the
pPP-LES, the 10 trials of TA bursts triggered firing in all trials, in contrast of the control. (Fa) Graph showing distribution of AP probability as a func-
tion of stimulus voltage for the control and pPP-LFS. (Fb) Bar graphs and circles represent that average and individual normalized Sl is significantly
decreased after PP-LFS, respectively. (Ga) Graph showing distribution of firing probability as a function of Max. EPSP slope for the control and the pPP-
LES. (Gb) Bar graphs and circles represent that average and individual Normalized ES;, is significantly decreased after PP-LES, respectively. (Ha) Voltage
responses to 5 trials of suprathreshold TA burst stimulation for the control and the pPP-LFS. Insets: Change of V,,_TA for the control and the pPP-LES
were indicated with arrowheads. (Hb) Bar graphs representing significant V,, hyperpolarization that AP induced by theTA burst stimulation (V,,_TA).
Error bars indicate SEM. For the experiments of Figure 1,9 mice were used.

max’

of CA1 region (hereafter test pulses). Schematic diagram of elec-
trode positions was illustrated as Fig. 1A. After the establishment
of the baseline EPSC (see Results), LTD was induced by applying
low-frequency stimulation consists of paired pulses (PP-LFS)
which is comprised of 900 paired pulses (50 msec interval) deliv-
ered every 1 sec to TA or SC pathway in current-clamp mode with

https://doi.org/10.5607/en22028

the same stimulus intensity used for baseline EPSC recordings
[19]. After the induction of LTD, the test pulses with same inten-
sity as the baseline EPSCs were delivered the glass electrodes until
the end of recording. All recordings were performed in the pres-
ence of an NMDAR antagonist (AP-5 50 uM) to block NMDAR
dependent effects. For evaluation of E-S potentiation in TA-CA1
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synapses, 10 TA bursts which consisted of 5 pulses at 50 Hz (Fig.
1E) were delivered every 10 sec before (control; delivered at time @
in Fig. 1B) and after the PP-LFS (post PP-HFS [hereafter pPP-LFS];
delivered at time ‘b in Fig. 1B). The number of bursts that evoked
APs and their V,, were measured in the control and the pPP-LES.
Paired pulse ratio (PPR) of the test pulses was calculated as ratio
between the amplitude of 2" EPSC and 1" EPSCs those measured
from the baseline evoked by test pulses.

Potassium current recordings

Somatic K" outward current was recorded in the voltage-clamp
mode in the presence of synaptic blockers (plus an inward current
blocker cocktail that consisted of 500 uM Ni*', 300 uM Cd** and
0.5 uM tetrodotoxin (TTX) in order to block voltage-dependent
Ca’ and fast Na+ channels. The pulse protocol for measuring
membrane K* currents was comprised 500 msec depolarization
steps from -30 mV to +50 mV, with 10 mV increment from a hold-
ing potential of -70 mV. The sustained current (/i) amplitude was
measured as the value of somatic K* outward current at the end
of the depolarization pulse. After the establishment of whole cell
configuration of CA1-PCs, the depolarization steps were applied
to measure baseline K currents. Because blocking of Na" and Ca®
current was required to measure K" current, it is not possible to
measure both K" current before and after PP-LFS in a single CA1-
PC. Therefore, the baseline K* current and the K* current after PP-

LES were measured in different cells, respectively.

Data analysis

Resting membrane potential (RMP) of CA1-PCs was measured
as the membrane potential when no current was injected through
the recording electrode after 5 min of whole-cell configuration.
An ascending triangular ramp current (250 pA/s) for 1 sec was
delivered to CA1-PCs during whole-cell configuration to measure
AP threshold (V,,) and the number of APs of CA1-PCs (AP #). To
measure membrane resistance (R;,) and voltage sag, hyperpolariz-
ing current pulses which was comprised 500 msec hyperpolarizing
steps from -250 pA to 0 pA, with 25 pA increment from holding
current which adjusts membrane potential of CA1-PCs to -65
mV (Supplemental Fig. 2, 3). The R, of CA1-PC was calculated
from the voltage deflection induced by the injection of -25 pA
hyperpolarized current, according to a previous study [20]. Voltage
sag in response to the hyperpolarization current was compared
with the voltage sag (V,;=V,...-V)) versus V., (Supplemental Fig.
2). In the case of R,, and V, of CA1-PC, the results measured at
-65 mV and those measured at RMP were the same, so the above

sag

two values were measured and calculated at RMP. The V,;, evoked

by ramp current injection (V,,_ramp) or synaptic stimulation
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(Vin_TA) was determined by the potential where dV/dt of voltage
trace exceeds 10 V/s. We confirmed that V, was not significantly
affected by the TA stimulation intensity. We obtained V;, from at
least five APs, and the averaged value was regarded as the V, of
the cell in each experimental condition. Recordings to compare
V,, were done at a sampling rate of 10~50 kHz. The AP probability
was measured by the success or failure of AP generation during
the trials [(n/10)x100(%)] (See results). From synaptic-stimuli tri-
als with various stimulus intensity, the Max. EPSP slope was mea-
sured from the derivative of the first EPSP within 2 msec from the
stimulation time. Plotted AP probability along stimulus intensity

or the Max. EPSP slope was fitted with sigmoid function.

Drugs

AP-V, bicuculline, CNQX, CGP52432, MPEP, SCH23390, Sul-
piride, picrotoxin and tetrodotoxin were purchased from Tocris
Bioscience (Bristol, UK). Stock solutions of these drugs were made
by dissolution in deionized water or DMSO and were stored at
20T. During the experiment, one aliquot was thawed and used.

The DMSO concentration in solutions was maintained 0.1%.

Statistical analysis

The data were analyzed using IgorPro (version 4.1, WaveMet-
rics) and OriginPro (version 8.0, Microcal, MA, USA) software
and presented as mean+SEM (standard error of mean). Statisti-
cal data were evaluated for normality and variance equality with
Kolmogorov—-Smirnov (K-S) test and Levene's test, respectively.
If data were not satisfied with normality or variance equality,
nonparametric tests such as Wilcoxon signed-rank test were used.
In the Fig. 1 and 2, Students paired ¢-test, Wilcoxon signed-rank
test was used to evaluate statistical significance. Statistical param-
eters (¢-value or Z-value) and significance level (as p-value) were
reported in the Results section. In the Fig. 3, RM-ANOVA and
2-way ANOVA was used to evaluate statistical significance, and F-
value and p-value was reported. In the Fig. 4, paired ¢-test was used
to evaluate statistical significance, and t-value and p-value were
reported. Bonferroni posthoc test and simple main effect analysis
were used to in-depth analysis. The number of samples (i.e. neu-
rons) and statistical tests for determining statistical significance
were stated in the text and figures using following abbreviations:
n.s.: no statistical significance; *: p<.05; **: p<.01; ***: p<.005.

RESULTS
The PP-LFS of the SLM in the CAl-induced E-S

potentiation in association with LTD
In a previous study, we found that the mGluR5-dependent LTD

https://doi.org/10.5607/en22028
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Fig. 2. The GABA, blockers did not occlude the E-S potentiation associated with V,, hyperpolarization during the TA-LTD. (Aa) Application of the anti-
GABARs did not abolish TA-LTD after the PP-LFS. Insets: The representative EPSCs recorded before the PP-LFS induction (a, Control) and 25~30 min
after the PP-LES (b, pPP-LES). (Ab) Change of PPR for the control and pPP-LES under the presence of anti-GABARs. (Ba) Raw voltage traces as a result
of 10 trials of TA burst stimulation (5 stimuli, 50 Hz, 2 s interval) for the control and the pPP-LES. (Bb) Bar graphs representing significant V,, hyperpo-
larization that the AP induced by TA suprathreshold burst stimulation (V,,_TA). (Ca) Graph showing distribution of the AP probability as a function of
stimulus voltage before for the control and the pPP-LES. AP probability was obtained from 10 trials at each stimulus intensity. (Cb) Bar graphs and circles
represent the average and individual normalized Sy, respectively, which is significantly decreased after the PP-LFS. (Da) Graph showing the distribution
of the firing probability as a function of the Max. EPSP slope (Control) and 30 min after the PP-LFS (pPP-LES). The firing probability was obtained from
10 trials at each stimulus intensity. (Db) Bar graphs and circles represent the average and individual normalized ES,, respectively. Error bars indicate the

SEM. For the experiments of Figure 2, 7 mice were used.

at the SC-CALI synapses was accompanied by the LTD of the in-
hibitory synapses and the E-S potentiation of the CA1-PCs [16].
It is well known that the CA1-PCs receive excitatory inputs that
originate from the EC through the TA pathway to synapses at
the distal dendrites of the CA1-PCs [21]. We posed the question
of whether the TA-CA1 synapses also expressed LTD and E-S
potentiation and whether different mechanisms were involved. A
monopolar glass electrode was placed in the SLM of the CA1 area
to evoke TA-EPSCs at a holding potential of -63 mV (Fig. 1A).
The baseline EPSCs were recorded through paired pulses at a 50-
msec interval delivered every 10 s for 5 min, prior to the PP-LFS
being applied for 15 min in the current clamp configuration (Fig.
1A, 1B; see Materials and Methods). The detailed LTD induction
protocol is described in the Materials and Methods section. TA-
EPSC amplitude was evoked after the PP-LFS (193.78+38.71 to
160.78+44.54 pA, 9 neurons, t=-2.965, p=0.018, paired ¢-test; Fig.
1B, 1C). This depression of the TA-EPSCs lasted more than 30

https://doi.org/10.5607/en22028

min, indicating that the PP-LES of the SLM induced the LTD of
the TA-EPSCs (hereafter TA-LTD’). The amplitude of the first
TA-EPSCs and the PPR of the TA-EPSCs evoked by the TA-
paired pulses increased after the PP-LFS (1.41+0.02 to 1.78+0.13,
9 neurons, t=-2.639, p=0.03, paired ¢-test; Fig. 1C). The presence of
the application of the metabolic glutamate receptor 5 antagonist
(mGluR5 antagonist, 25 uM MPEP) abolished the TA-LTD induc-
tion (106.34+12.15 to 103.88+12.85 pA, 5 neurons from 5 animals,
t=0.574, p=0.596, paired t-test; Supplemental Fig. 1) and induced a
change in the PPR (1.41+0.02 to 1.51+0.06, 5 neurons from 5 ani-
mals, £=0.162, p=0.879, paired ¢-test; Supplemental Fig. 1). These
results suggest that activation of the mGluR5 are essential for the
induction of the TA-LTD. By the PP-LFS, the excitatory postsynap-
tic potential (EPSP) induced by a TA burst stimulation (five pulses
at 50 Hz), which was delivered by the monopolar glass pipette in
the CA1-SLM, showed a decrease in the 1" EPSP (EPSP,; Con-
trol, 3.96+1.01 mV; pPP-LES: 3.08+0.82 mV; 5 neurons; t=2.922,
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and shortened latency of the 1" AP. (Ab) Representative voltage responses to a ramp (250 pA/1 s) current injection to soma for the control and the pPP-
LFS during the bath application of SCH23390. Inset: Superimposed traces of significant V,, hyperpolarization and shortened latency of the 1" AP. (Ac)
Representative voltage responses to a ramp (250 pA/1 s) current injection to soma for the control and pPP-LES during the bath application of sulpiride.
Insets: Superimposed traces of significant V,, hyperpolarization and shortened latency of the 1" AP. (B) Bar graphs of V,, hyperpolarization (V,,_ramp)
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p=0.067, TimexCond: F|,,,=4.299, p=0.03; RM-ANOVA and simple effect analysis). (C) Bar graphs of numbel of AP (AP #) before (no PP-LFS; left:
control, middle: SCH23390, right: sulpiride) and after the PP-LFS (+pPP-LFS) (Time: F|, ;,=8.550, p=0.009, Cond: F;, ;,=2.633, p=0.101, TimexCond:
F,,=2.633,p=0.101; RM-ANOVA and simple effect analysis). (D) Bar graphs of 1" AP latency before (no PP-LFS; feft: control, middle: SCH23390, right:
sulpiride) and after the PP-LES (+pPP-LES) (Time: £, ,,=28.987, p<0.00, Cond: F, ;,,=3.181, p=0.067, TimexCond: [, ,=4.299, p=0.03; RM-ANOVA
and simple effect analysis). 20 neurons were used to measurm& parameters of mtrmslc excitability in Figure 3A~3D. (l:a) \’()ltage deflections in response
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There is slight decrease of K currents during the TA-LTD evoked by the PP-LES. (Fa) Voltage deflections in response to a series of current steps (-30 mV
to +50 mV, 10 mV increment) before (no PP-LFS, left) and after the PP-LES (pPP-LES, right). (Fb) Application of D1 blocker (SCH23390; 6 neurons) did
not decreased K' current after the PP-LFS, but increased the current after the PP-LFS. (Ga) Voltage deflections in response to a series of current steps (-30
mV to +50 mV, 10 mV increment) before (no PP-LES, left) and after the PP-LES (pPP-LES, right) during the bath application of sulpiride (6 neurons).
(Gb) Application of D2 blocker, sulpiride, decreased K* current after the PP-LFS. (Figure 3E~3G: Cond: F(; ,,0,=0.00, p=1.00; voltage: Fy,,,,<0.001, p=1.00;
voltagexCond: £ 5,,,,,<0.001, p=1.00; 2-way ANOVA and simple main effect analysis; Figure 3E~3G). For the experiments of Figure 3, 44 mice were
used.
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Fig. 4. Contribution of the dopamine receptors to the TA-LTD. (Aa) The PP-LES to the TA-CA1 synapses induced the LTP of the TA-EPSC amplitude
under the SCH23390. Top, representative EPSCs recorded before the induction of the PP-LFS (a, Control) and 25~30 min after the PP-LFS (b, pPP-LFS).
(Ab) The PP-LES to the TA-CAI synapses did not change the PPR of the TA-CA1 synapses under the SCH23390. (Ba) The PP-LES of the SLM induced
the LTP of the TA-EPSC amplitude under the sulpiride. Top, representative EPSCs recorded before the induction of the PP-LFS (a, Control) and 25~30
min after the PP-LFS (b, pPP-LES). (Bb) The PP-LES to the TA-CA1 synapses did not change the PPR of the TA-CA1 synapses under the sulpiride. (Ca)
The PP-LES of the SLM under the anti-DARs (co-application of SCH23390 and sulpiride) transiently increased the TA-EPSC; however, the increase was
not sustained. Top, representative EPSCs recorded before the induction of the PP-LES (a, Control) and 25~30 min after the PP-LES (b, pPP-LFS). (Bb)
The PP-LFS to the TA-CAL1 synapses did not change the PPR of the TA-CA1 synapses under the anti-DARs. (Da) The SC-LES at the Schafter collateral
(SC) under the anti-DARs (co-application of SCH23390 and sulpiride) induced the LTD of the TA-EPSC. Top, representative EPSCs recorded before the
induction of the PP-LES (a, Control) and 25~30 min after the PP-LES (b, pPP-LES). (Db) The PP-LES to the TA-CA1 synapses did not change the PPR of

the SC-CAL synapses under the anti-DARs.

p=0.043; paired ¢-test), but the maximal depolarization evoked
by the TA burst stimulation (EPSP,,,,) increased, resulting in an
increased EPSP summation ratio (Control: 1.53+0.06, six neurons;
pPP-LES: 3.29+0.86; six neurons; Z=-2.201, p=0.028; Wilcoxon
signed rank test; Fig. 1D). The increased temporal EPSP summa-
tion after the PP-LFS was accompanied by the TA-LTD, as shown
in Fig. 1B~1D. The potentiation of the EPSP summation, shown
in Fig. 1D, could be associated with E-S potentiation, an activity-
dependent plasticity that boosts the efficacy of coupling between
the synaptic input and the AP output.

To evaluate the E-S reinforcement of the TA-CA1 synapses, we
delivered TA burst stimuli consists of 10 TA bursts which consist-
ed of 5 pulses at 50 Hz through glass monopolar electrodes placed
on the SLM of the CA1 region. The stimulus intensity was adjusted
from a subthreshold to suprathreshold level to elicit various num-

https://doi.org/10.5607/en22028

bers of APs from the CA1-PCs (Fig. 1E). The PP-LFS evoked the
E-S potentiation of the TA-CA1 synapses, which was represented
by an increased number of APs after the PP-LFS (Fig. 1Fa). The AP
probability was increased after the PP-LFS, compared to the con-
trol (Fig. 1Fa, 1Fb). The definition of AP probability was described
in Materials and Methods section. The relationship between the
AP probability and stimulus intensity was plotted as graph and
fitted as sigmoid curve (Fig. 1Fa). The SI;, was defined as the
stimulus intensity at which AP appeared 5 times out of 10 repeated
burst inputs based on the fitting curve (Fig. 1Fa), and the values of
SI;, for the control and pPP-LFS were normalized and compared
in Fig. 1Fb. The SI, significantly decreased in the neurons that
underwent LTD (0.78+0.07% in the pPP-LES, 6 neurons, t=3.596,
p=0.016, paired ¢-test; blue, Fig. 1Fb). In Fig. 1Ga, the Max. EPSP
slope is plotted on the x-axis, and the AP probability is plotted on
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the y-axis and fitted as a sigmoid curve, as in Fig. 1Fa. The Max.
EPSP slope (V/s) was taken from the maximal value of the first de-
rivative of the EPSP trace (corresponding to the steepest rise in the
EPSP rising phase from Fig. 1D). The ES,, (Fig. 1Gb) was defined
as the value of the Max. EPSP slope at which the AP appeared 5
times out of 10 repeated burst inputs based on the fitting curve (Fig,
1Ga), and the values of the ES;, in the control and the pPP-LFS
were normalized and compared. The PP-LFS induced a decrease
in the value of the ES;; to 0.84:+0.03 (6 neurons, t=4.694, p=0.005,
paired ¢-test) compared to the control. For the SC-CA1 synapses,
a previous study suggested that the E-S potentiation evoked after
the PP-LFS would be correlated with the hyperpolarization of the
AP threshold (V) [16]. We determined the V,,_TA as the mem-
brane potential of the CA1-PCs, where dV/dt was over 10 V/s,and
we found that the V,,_TA was significantly hyperpolarized after
the PP-LFS was delivered to the TA-CA1 synapses (-39.26+1.04
to -44.38+1.08 mV; 8 neurons, t=3.678, p=0.008, paired ¢-test; Fig.
1Ha~HD). The above results showed that the TA-LTD in the CA1-
PCs evoked by the PP-LFS was accompanied by the PIE.

GABA blockers did not influence the intrinsic excitability
changes during TA-LTD

Previously, we showed that the E-S potentiation after the PP-LFS
at the SC-CA1 synapses was attributable to decreased GABAergic
inputs, and the mixture of GABA receptor A (GABA,R) blockers
and GABA receptor B (GABAR) blockers (hereafter anti-GAB-
ARs) occluded the effects of the PP-LFS on the E-S potentiation
and the V,, hyperpolarization without affecting the expression of
the LTD [16]. To investigate whether decreased GABAergic inputs
contributed to the E-S potentiation and V;, hyperpolarization after
the PP-LES, we performed a series of experiments, shown in Fig.
1, in the presence of anti-GABARs, the mixture of a GABA R an-
tagonist (bicuculline 20 uM or picrotoxin 100 uM) and a GABA,R
antagonist (CGP52432 1 uM). The TA-LTD in TA-CAL1 synapses
was still induced by the PP-LFS despite of the presence of anti-
GABARSs (232.83+35.01 to 192.31+37.18 pA, 6 neurons; t=-1.094,
p=0.294; paired t-test; Fig. 2Aa). The PPR of the TA-CAT1 still
increased after the PP-LFS despite the presence of anti-GABARs
(1.360.05 to 1.49+0.05, 6 neurons, t=-2.639, p=0.03, paired t-test;
Fig. 2Ab). These results suggest that the inhibition of GABAergic
inputs would not significantly contribute to the induction of TA-
LTD. The AP probability in response to the TA burst stimulation
increased significantly after the PP-LFS (Fig. 2Ba) along with
the V,, hyperpolarization in the presence of the anti-GABARs
(Control, -41.67+0.89 mV; pPP-LFS, -46.92+1.41 mV; 7 neurons,
t=4.083, p=0.003, paired ¢-test; Fig. 2Bb). The normalized SI;,
(0.83+0.05 in the pPP-LFS, 7 neurons, t=3.303, p=0.016, paired ¢-
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test, Fig. 2Ca and 2Cb) and the normalized ES;; (0.91+0.03 in the
pPP-LFS, 7 neurons, t=2.515, p=0.046, paired ¢-test; Fig. 2Da and
2Db) significantly decreased after the PP-LFS despite the anti-
GABARs. These results indicate that the GABAergic mechanism
was not a major contributor to the E-S potentiation of the TA-
CA1 synapses induced by the PP-LFS.

As a possible mechanism underlying the increased excitability
associated with synaptic LTD at the TA-CA1 synapses, we first
examined the h-current (/,) downregulation because the HCN
channels, which evoke 7}, play a role in the dendritic excitability
of the CA1-PCs [22], and increased excitability due to 7, down-
regulation during mGluR-dependent LTD has been reported [23].
However, the PP-LES did not significantly decrease the voltage sag
(a phenomenon in which the membrane potential initially shows
a transient peak in response and then decays to a steady level to
current injection; see Materials and Methods), which is a typical
feature of I, inhibition (PP-LFS: F; ;,=0.528, p=0.469, Current:
F;11,=23.781, p<0.001, PP-LFSxCurrent: F{,,,,=0.082, p=0.999; 8
neurons; 2-way ANOVA; Supplemental Fig. 1Aa and 1Ab). These
results suggest that I, inhibition is not a major contributor to the

increased excitability during TA-LTD.

The D1-dependent decrease in the K* current underlies the
PP-LFS-induced E-S potentiation

The SLM of the CA1 receives not only the TA inputs from the
entorhinal cortex but also the dopaminergic inputs from the
ventral-tegmental area (VTA) or locus coeruleus (LC) and the
cholinergic inputs from the nucleus basalis of Meynert (nbM)
[24]. It is known that dopamine receptors, including the D1 and
D2 receptors, participate in the synaptic plasticity associated with
memory and behavior [25-27], and they are involved in the regu-
lation of the voltage-dependent K" channels [28-30]. A previous
study showed that the interaction between the dopamine recep-
tors and mGluRs evoked afterdepolarization, which was induced
by AP bursts [13]. We measured the AP latency and V,, evoked by
the ramp current under the control or the D1/D2 receptor antago-
nist. The hyperpolarization of V,, was eliminated by application
of the D1 receptor antagonist (SCH23390; Tocris, #0925, Bristol,
UK) but not the D2 receptor antagonist (SCH23390; Tocris,
#0925, Bristol, UK), not the D2 receptor antagonist (Sulpiride;
Tocris, #0895, Bristol, UK) (Control: F,,,=24.267, p<0.001, 8
neurons; SCH23390: F, ,,=0.432, p =0.520, 6 neurons; sulpiride:
F,,7=16.038, p<0.001, 6 neurons; RM-ANOVA and simple ef-
fect analysis; Fig. 3Aa and 3Ba). The number of APs evoked by the
ramp current did not increase with the application of SCH23390,
however, it was increased by the sulpiride (Control: £, ,,=10.668,
p=0.005; SCH23390: F,, ,,=0.018, p=0.894; sulpiride: F,, ,,=4.645,
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p=0.046; RM-ANOVA and simple effect analysis; Fig. 3Ab and
3Bb). The latency of the 1" AP was shortened after the PP-LFS
under the control or supiride, however, application of SCH23390
abolished the shortening of AP latency after the PP-LFS (Control:
Fy1=13.769, p=0.002; SCH23390: £, -=0.140, p =0.713; sulpiri-
de: F;,,=5.33, p=0.034; RM-ANOVA and simple effect analysis;
Fig. 3Ac and 3Bc). The parameters of intrinsic excitability were
not changed despite the dopamine antagonists (Vy: F{,,,=1.026,
p=0.379; AP#: F, . =0.075, p=0.928; AP latency: F,, - =0.048,
p=0.953; RM-ANOVA and simple effect analysis; Fig. 3A and 3B).

These results suggest that the D1 receptor-mediated downregu-
lation of the K* currents mediated the downward shift of the V,,
of the CA1-PCs after the PP-LFS. The decreased K" conductance
(defined as membrane current/driving force) suggests that mem-
brane resistance (R,,) of CA1-PCs increased after the PP-LFS. The
R,, of CA1-PC was increased after PP-LES in the control group
and sulpride-treated group, but not in the SCH23390-treated
group (Control: F; ,4=9.507, p=0.007, 7 neurons; SCH23390:
F,,6=0.783, p=0.389, 5 neurons; sulpiride: F{, ,,=2.208, p=0.157,
5 neurons; Supplemental Fig. 3). Although the significance level
for the sulpiride group was not significant, a consistent upward
trend of R;, was observed, as shown in Supplementary Fig. 3. The
K" conductance in the CA1-PCs decreased in both the control
and sulpiride groups; the direction of change in the RMP was dif-
ferent in each group (Control: £, ,5=13.096, p=0.003; SCH23390:
F,13=0.964, p=0.344; sulpiride: F{, ;3=0.798, p=0.388; Supplemen-
tal Fig. 3). This suggests that the change in the K" conductance
after the PP-LFS in this study did not seem to have a significant
effect on the RMP.

We studied the involvement of the K" current inhibition evoked
by dopaminergic signaling in the increased excitability by the
PP-LFS. Because application of dopamine antagonist did not
change parameters of intrinsic excitability per se, (Vy,: F(,,,=3.181,
p=0.067; APs: F,,,,=0.843, p=0.448; F,, -=1.254, p=0.310; RM-
ANOVA and simple main effect analysis; Fig. 3B~3D), measur-
ing only the K" currents after the PP-LFS would be sufficient to
explain the changes in the intrinsic excitability after the PP-LFS
and the effect of the dopamine receptors on it. Since the purpose
of our study was to determine which dopamine receptors were
involved in the downregulation of K* currents induced by PP-
LES (which causes mGIuR5 activation), so the effect of dopamine
receptor application alone was not tested. The K" currents were
measured by applying depolarization voltage pulses (1 s duration,
10 mV step to -30 mV~+50 mV) from the holding potential of
-70 mV for the before (no PP-LFS, Fig. 3Aa) and 30 min after PP-
LES (pPP-LES, 7 neuron, Fig. 3Ea), showing a slight decrease in the
K" current (no PP-LFS vs. pPP-LES: p=0.005, 2-way ANOVA and

https://doi.org/10.5607/en22028

Bonferroni posthoc test; Fig. 3Eb, Table 1). Because parameters
of intrinsic excitability in Fig. 3A~3D would be influenced by
steady-state depolarization current (Fig. 3A, 3B), steady-state cur-
rent (I;) was measured. The application of SCH23390 (6 neuron)
caused a slight increase, rather than a decrease, in the K" current
of the CA1-PCs after the PP-LFS. (no PP-LFS vs. pPP-LFS;(; 155300
p<0.001, RM-ANOVA and Bonferroni posthoc test; Fig. 3B, Table
1). However, the application of sulpiride (6 neuron) decreased the
K" current of CA1-PC after PP-LFS, and this decrease was similar
to the K* current of the CA1-PC measured after the PP-LFS in
the control (no PP-LFS vs. pPP-LFS : p=0.042; pPP-LES vs.

sulpiride-
PPP-LES 4 p=1.00, RM-ANOVA and Bonferroni post hoc
analysis; Fig. 3C, Table 1). Taken together, the downregulation of
K" currents and the PIE after the PP-LFS that would be evoked by
activation of mGIuR5 and D1 receptors would be associated with

lowered V,,, increased R, after the PP-LFS.

Contribution of the dopamine receptors to the TA-LTD

We showed that dopaminergic signaling modulated the intrinsic
excitability of the CA1-PCs during the PP-LES. The interaction
between the dopamine receptors and the mGluR occurred during
synaptic activities, and various signal pathways that could influ-
ence synaptic modulation converged in the prefrontal pyramidal
neurons [11,13, 14, 31]. Because the modulation of the two classes
of dopamine receptors was different, we studied the potential
influence of two dopamine receptor antagonists (SCH23390
and sulpiride) on the synaptic plasticity of the CA1-PCs. Sur-
prisingly, delivery of the PP-LFS under the application of either
SCH23390 (F,, =4.941, 7 neurons, p=0.040; RM-ANOVA and
simple main effect analysis; Fig. 4Aa) or sulpiride (F,,,=6.113, 8
neurons, p=0.024; RM-ANOVA and simple main effect analysis;
Fig. 4Ba) evoked the TA-LTP but not the TA-LTD, which should
have occurred in the control condition. Moreover, co-blockade
of D1 and D2 by the co-application of SCH23390 and sulpiride
induced neither LTP nor LTD (F|;,,=0.009, 5 neurons, p=0.926;
RM-ANOVA and simple main effect analysis; Fig. 4Ca). In con-
trast to the increase in PPR after the LTD induction by the PP-
LFS at the TA-CA1 synapse in the control group (Fig. 1B), in the
groups treated with SCH23390 or sulpiride (Fig. 4Ab and 4Bb),
LTP instead of LTD, was induced by PP-LFS and the PPR did not
change (SCH23390: F,, ,,=0.876, 6 neurons, p=0.362; sulpiride:
F11,=0.079, 8 neurons, p=0.782; RM-ANOVA and simple main
effect analysis; Fig. 4Ab, 4Bb). Co-application of SCH23390 and
sulpiride did not change PPR after the PP-LFS (F{, ;;,=0.423, 5 neu-
rons, p=0.524, RM-ANOVA and simple main effect analysis; Fig,
4Cc). The baseline PPR did not change despite of application of
dopamine antagonists (F;,,=1.517, p=0.236, 1-way ANOVA). The
369
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Table 1. Values of K* current in CA1-PCs'

Comparison
V.. (mV) noPP-LFS (pA)  pPP-LFS(pA)  +SCH23390 (pA)  +Sulpiride (pA) LR
mem conditions
(for voltage)
-30 187.3+46.1 267.9+49.3 303.9+53.3 218.0+53.3 F,3=1.076
p=0.379
-20 321.2466.9 441.8+71.5 549.8+77.2 427.7+77.2 F3 5571691
p=0.197
-10 571.4+89.8 717.3495.9 932.3+103.7 733.7+103.7 F5 0372313
p=0.103
0 1,0159+111.2 1,077.9+118.9 1,455.0+128.5 1,124.3+128.5 F5,3=2.498
p=0.085
+10 1,644.1+132.9 1,549.1+142.1 2,153.3+153.5 1,600.0+153.5 F5,3=3.450
p=0.033
+20 2,358.7+169.7 2,026.0+181.4 2,921.741959 2,108.3£195.9 F5=4.407
p=0.014
+30 3,199.24214.2 2,562.2+229.0 3,716.74247.3 2,643.3+247.3 F5,3=4.982
p=0.008
+40 3,944.9+255.1 3,116.84272.6 4,541.6+294.4 3,203.3+294.4 F3,3=5.503
p=0.005
+50 4,766.1+302.7 3,626.6+323.7 5,371.7+349.6 3,763.3£349.6 F5,=6.067
p=0.003
Comparison between V,,,, value Control: pPP-LES: SCH23390: Sulpiride:
Fg=33.651 Figq=16.789 Fg1=30.335 Fa=16528
p<0.001 p<0.001 p<0.001 p<0.001
RM-ANOVA’,

Cond (control, PP-LFS, SCH23390, Sulpride): F; ,;=4.413,p=0.014.
voltage (from -30 mV to +50 mV): F5 ,=584.902, p<0.001.
Condxvoltage: F,, 5,=6.123,p<0.001.

'Caution: Because blockade of Ca™ and Na" channels are required to measure K* currents, repetitive measure of K* current before and after the PP-LFS

from same neurons is not possible.

*Statistical significance were stated in the text and figures using following abbreviations: n.s.: no statistical significance; *: p<.05; **: p<.01; **: p<.005.

LTD of SC-CA1 synapses was not influenced by the co-blockade
of D1 and D2 (£=2.028, 5 neurons, p=0.113; paired ¢-test; Fig. 4Da).
Also, the PPR in the SC-CA1 increased after the PP-LEFS despite
the presence of the dopamine antagonists (Z=-2.023, p=0.043,
Wilcoxon signed-rank test; Fig. 4Db). Considering that the LTD
of the SC-CAL synapses after the PP-LFS was accompanied with
increased PPR [16], along with previous studies about the mecha-
nisms of mGIuR-LTD [32], the TA-LTD, which was induced by
the PP-LFS, would be evoked by mechanisms involved with the
presynaptic compartment also.

DISCUSSION

Our study showed that the TA-LTD evoked by the PP-LFS was
accompanied by the PIE. The PIE was evoked by the downregula-
tion of the K" currents affected by the interaction of the mGIuR5
with the D1 receptor (Fig. 3). However, the synaptic regulation of
the TA-CA1 synapses was determined to be rather complex. Acti-
vation of both the D1 and D2 receptors and the mGluR5 induced
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the LTD of the TA-CA1 synapses by the PP-LFS (Fig. 1); however,
when only one of the D1 or D2 receptors and the mGluR5 were
activated, the PP-LFS induced the LTP but not the LTD (Fig. 4 and
5). The results of our study revealed the effect of dopamine on the
hippocampal neural circuits, thereby providing clues to the pro-
cess by which dopamine contributes to synaptic plasticity, spatial
learning, and memory formation in the hippocampus.

Possible mechanisms of the PIE after the PP-LFS

Previous studies showed that synaptic activity that evokes syn-
aptic plasticity was often accompanied with PIE [22, 33]. It has
been known that intrinsic excitability of neurons was regulated
by various factors, including neuromodulators. Neuromodulators,
such as dopamine, are also known to play an important role in the
regulation of hippocampal neuron intrinsic excitability [34, 35].
Dopaminergic fibers projected to the hippocampus originate from
the VTA [36] and locus ceruleus [37]. Because the D1 receptor and
D2 receptor are present in the ventral CA1 area [5], we focused on
the role of the D1 and D2 receptors.

https://doi.org/10.5607/en22028
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Fig. 5. Understanding input-output (I-O) plasticity during the LTD by the integration of synaptic plasticity in the TA-CA1 synapses and the E-S poten-
tiation. Activation of the MAP kinase (MAPK) at the TA-CAL1 synapse could only be activated by the simultaneous activation of the mGluR5 and two
types of dopamine receptors. Activation of either the D1 receptor or D2 receptor alone may induce LTP by increasing postsynaptic AMPA conductance;
however, a potential retrograde signaling, which would influence the presynaptic release, would require the converging activation of MAPKSs to induce
LTD. Independent from the synaptic plasticity, the activation of the D1 receptors would contribute to the PIE of the CA1-PCs by inhibiting the K" cur-

rent.

The PP-LES, which activates the mGluR5 and the D1 and D2
receptors in the TA-CA synapses, decreased the V,, and increased
the R;, in the CA1-PCs (Fig. 1, Supplementary Fig. 3). These were
associated with the downregulation of the K" conductance in the
CA1-PCs and contributed to the E-S potentiation by the TA-CA1
synapses. The effect of the downregulation of the K* current on
the RMP after the PP-LFS was slight because the direction of the
RMP fluctuations in the control and sulpiride groups where the
K" current downregulation occurred after the PP-LFS was incon-
sistent (Supplementary Fig. 3). In the TA-CA1 synapse, unlike the
SC-CAT1 synapse [16], inhibition of the GABA synapse did not
affect the excitability parameters such as the E-S potentiation; so,
the effect of the GABA synapse on the modulation of the TA-CA1
synapse was negligible. Taken together, the interaction between the
mGluR5 and dopamine receptors induced by the PP-LFS caused
the downregulation of the K" current. Considering the involve-
ment of the D1 receptor and the mGluR5 in a previous study

https://doi.org/10.5607/en22028

[13], the potentiation of intrinsic excitability accompanied by the
TA-LTD was mediated by the D1 receptor, not the D2 receptor.
However, it was reported that K* current modulation could occur
with dopamine itself in the prefrontal cortex [38]. Considering
the research results that activation of D1 and D2 receptor itself
decreases or increases K current [38], it is also difficult to exclude
the possibility that inhibition of each receptor has already affected
the baseline K" current. Therefore, more research on the effect
of the dopamine receptor itself rather than the interaction of the
mGluR5-dopamine receptor is needed.

Possible mechanisms of the TA-LTD after the PP-LFS

The most remarkable difference between the LTD of the TA-
CAl and SC-CA1 synapses was the dependency of the dopamine
receptors. For the SC-CAL1 synapses, blocking of the dopamine
receptors did not influence the LTD induction (Fig. 4). It is known
that the mGluR-LTD induction is a retrograde endocannabinoid
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signal, which is evoked by protein kinase C (PKC) activated by
DAG and Ca™ [32], and suppresses the neurotransmitter release
from the presynaptic axon terminal [32, 39]. Although a previous
study showed that the action of the cannabinoid receptor type 1
in TA-CAL1 synapse was insignificant [31], the potential role of
cannabinoid receptors could not be ruled out due to the pres-
ence of the cannabinoid receptor type 1 in the medial perforant
path synapses, which originated from the EC [40]. The TA-LTD
in our study (Fig. 1) was accompanied by increased PPR, and the
blockade of the mGluR5 abolished both the LTD and the change
in the PPR (Supplemental Fig. 1). Considering the mechanism of
the mGluR5-LTD and its signaling pathway [16, 32], the authors
hypothesize that the role of mGluR5-related retrograde signals can
be considered in TA-LTD.

The interaction between the mGluR5 and the dopamine recep-
tors were studied previously in PFC pyramidal cells [14, 31, 41,
42]. Previous studies showed that activation of PKC by mGIuR5
and postsynaptic D2 receptor and protein kinase A (PKA) by D1
receptor converged to activation of MAP kinase pathway, which
induces downregulation of AMPA currents [11,43]. According to
aforementioned studies, D1 and D2 receptors act synergistically to
produce arachidonic acid (AA) that acts as potent PKC activator
in postsynaptic region [11,44]. A previous study suggested that the
synergistic activation of PKC evoked by both the mGIuR5 and do-
pamine receptors evoked activation of MAP kinase and effectively
induced LTD [11]. The PP-LFS in the control increased the PPR
during the TA-LTD, which suggests the PP-LFSs effect on the TA-
CALl synapses depressed the presynaptic release (Fig. 1). Both the
TA-LTD and increased PPR were abolished by the co-blockade
of the D1 receptor and D2 receptor (Fig. 4C). The blockade of the
D1 and D2 receptors inhibited the synergism of the dopamine
receptors, thereby inhibiting the PKC, which activates MAP kinase
[45], or inhibiting the production of the AA [44], a precursor of
endocannabinoids [45, 46]. Based on previous studies and our
data, activation of MAP kinase would cause decrease AMPA com-
ponent with postsynaptic manner and retrograde signaling which
would be involved with the AA and endocannabinoids. however,
it is assumed that PKC activation evoked by only the mGluR5 did
not induce sufficient MAP kinase activation or endocannabinoid
production (Fig. 5).

Conversion to TA-LTP from TA-LTD under the dopamine
antagonists

Unexpectedly, our study revealed that blockade of either the
D1 or D2 receptor induced TA-LTP and not TA-LTD, after the
PP-LEFS. In contrast to the TA-LTD, shown in Fig. 1, there was no
change in the PPR after the PP-LES during the TA-LTP under the
372
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dopamine receptor antagonists (Fig. 4). These results suggest that
the TA-LTD and TA-LTP involved mechanisms that were mainly
in the presynaptic and postsynaptic regions. Previous studies sug-
gested that activation of D1 increased PKA, which induced AMPA
upregulation and subsequent postsynaptic LTP and MAP kinase
activation, which downregulated the AMPA conductance and
subsequently induced LTD [11, 14, 47]. Other studies in prefron-
tal cortex showed that the D2 receptors either activated the PKC
which induced and maintained the LTP in the CA1-PCs [48] or
inhibited the PKA which induced the LTP [11, 31,43].If either the
D1 or D2 receptor were blocked, the activity of the PKC by the D2
receptor or the PKA by the D1 receptor remained and increased
the AMPA component [47, 49]. However, blocking of either D1
or D2 alone is not sufficient to induce MAP kinase activity, which
will result in the production of the AA, a precursor of endocan-
nabinoids, and inhibition of AMPA components [39,40,45].

This study had several limitations. Although the distributions
of the dopamine receptors in the hippocampus have been widely
studied, the exact location of these receptors remains debated.
Because the co-activation between the mGluR5 and dopamine
receptors have mainly been studied in the PFC, there have been
few studies on the co-activation in the hippocampus, especially
the TA-CAL1 synapses. Although a retrograde mechanisms affect-
ing presynaptic release is suspected to exist, a possible candidate
for the mechanisms in the TA-CAL1 synapses should be studied
turther. Previous studies have suggested that the D1 and D2 recep-
tors are present at the presynaptic terminal including the TA-CA1
or PFC terminals, and these receptors may function to inhibit
synaptic release [50]. The potential role of presynaptic dopamine
receptors needs to be further studied in the future. Given the
dopamine suppression of the presynaptic domain and the signal-
ing pathways involved in the mGluR and postsynaptic dopamine
receptors, the balance between the presynaptic and postsynaptic
changes induced by the PP-LFS needs to be further studied. Tak-
ing the contents of the Fig. 3 and 4 together, the TA-LTD of CA1-
PCs after the PP-LFS are thought to initiate from the activation of
postsynaptic mGluR5 and two types of dopamine receptors. On
the other hand, PIE of CA1-PCs after PP-LES is thought to be due
to the action of the D1 receptor and mGluR5 (Fig. 5).

Physiological implication

We showed that dopaminergic projection could modulate the di-
rect cortical inputs to the CA1-PCs. A previous study showed that
TA inputs that originate from the entorhinal cortex contribute to
encoding external mnemonic and sensory information [51], spa-
tial working memory and novel recognition [4] in the hippocam-
pus. A previous study showed that spatial representations in CA1
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region was impaired by lesion of direct cortical inputs to CAI (i.e.
TA inputs) [52]. Also, dopaminergic modulation of hippocampal
CAL region was contribute to the place cell reorientation [53]. Pre-
vious study revealed that synaptic plasticity, including LTP, would
be important to formation and maintenance of CA1 place field [54,
55]. However, another study revealed that the saturation of LTP
prevents further learning [56]. This study suggests that stabiliza-
tion and balance of the neuronal activity in a certain level would
be important for the further learning and memory. This rule of
balance would be applied for the LTD also. Therefore, PIE of CA1-
PCs that experienced synaptic LTD would be important for main-
taining the balance of neural networks in terms of homeostatic
plasticity by allowing them to more sensitively receive subsequent
inputs. This prediction would be consistent with previous studies
[22, 57]. Taken together, dopaminergic modulation to hippocam-
pus would contribute to maintaining hippocampal circuit stability
within an appropriate level and allowing animals to smoothly rec-

ognize new information.
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