
Cellular/Molecular

Intracellular Zn2� Signaling Facilitates Mossy Fiber
Input-Induced Heterosynaptic Potentiation of Direct
Cortical Inputs in Hippocampal CA3 Pyramidal Cells

X Kisang Eom,1 X Jung Ho Hyun,1 Dong-gu Lee,1 X Sooyun Kim,1 Hyeon-Ju Jeong,2 Jong-Sun Kang,2 X Won-Kyung Ho,1

and X Suk-Ho Lee1

1Cell Physiology Laboratory, Department of Physiology, Seoul National University College of Medicine and Neuroscience Research Institute, Seoul National
University Medical Research Center, Seoul 03080, Republic of Korea, and 2Department of Molecular Cell Biology, Sungkyunkwan University School of
Medicine, Suwon 03063, Republic of Korea

Repetitive action potentials (APs) in hippocampal CA3 pyramidal cells (CA3-PCs) backpropagate to distal apical dendrites, and induce
calcium and protein tyrosine kinase (PTK)-dependent downregulation of Kv1.2, resulting in long-term potentiation of direct cortical
inputs and intrinsic excitability (LTP-IE). When APs were elicited by direct somatic stimulation of CA3-PCs from rodents of either sex,
only a narrow window of distal dendritic [Ca 2�] allowed LTP-IE because of Ca 2�-dependent coactivation of PTK and protein tyrosine
phosphatase (PTP), which renders non-mossy fiber (MF) inputs incompetent in LTP-IE induction. High-frequency MF inputs, however,
could induce LTP-IE at high dendritic [Ca 2�] of the window. We show that MF input-induced Zn 2� signaling inhibits postsynaptic PTP,
and thus enables MF inputs to induce LTP-IE at a wide range of [Ca 2�]i values. Extracellular chelation of Zn 2� or genetic deletion of
vesicular zinc transporter abrogated the privilege of MF inputs for LTP-IE induction. Moreover, the incompetence of somatic stimulation
was rescued by the inhibition of PTP or a supplement of extracellular zinc, indicating that MF input-induced increase in dendritic [Zn 2�]
facilitates the induction of LTP-IE by inhibiting PTP. Consistently, high-frequency MF stimulation induced immediate and delayed
elevations of [Zn 2�] at proximal and distal dendrites, respectively. These results indicate that MF inputs are uniquely linked to the
regulation of direct cortical inputs owing to synaptic Zn 2� signaling.
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Introduction
Mossy fibers (MFs), the axons of dentate granule cells, make
sparse but strong synapses on CA3 pyramidal cells (CA3-PCs),

and serve as conditional detonators (Henze et al., 2002; Bischof-
berger et al., 2006). MF inputs play an essential role in the initial
encoding and storage of memories at direct cortical synapses on
the CA3 network (Lee and Kesner, 2004). Sparse MF innervation
of CA3-PCs, together with sparse firing of dentate granule cells,
may help the CA3 network to reduce overlap between similar
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Significance Statement

Zn 2� has been mostly implicated in pathological processes, and the physiological roles of synaptically released Zn 2� in intracel-
lular signaling are little known. We show here that Zn 2� released from hippocampal mossy fiber (MF) terminals enters postsyn-
aptic CA3 pyramidal cells, and plays a facilitating role in MF input-induced heterosynaptic potentiation of perforant path (PP)
synaptic inputs through long-term potentiation of intrinsic excitability (LTP-IE). We show that the window of cytosolic [Ca 2�]
that induces LTP-IE is normally very narrow because of the Ca 2�-dependent coactivation of antagonistic signaling pairs, whereby
non-MF inputs become ineffective in inducing excitability change. The MF-induced Zn 2� signaling, however, biases toward
facilitating the induction of LTP-IE. The present study elucidates why MF inputs are more privileged for the regulation of PP
synapses.
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memory representations and thus contribute to pattern separa-
tion (Leutgeb et al., 2007; Neunuebel and Knierim, 2014). Tem-
poral overlap of MF inputs with associational/commissural
(A/C) or perforant path (PP) synaptic inputs facilitates long-term
potentiation (LTP) of concurrent non-MF synaptic inputs by
providing sufficient depolarization of postsynaptic CA3-PCs
(McMahon and Barrionuevo, 2002; Kobayashi and Poo, 2004).
Further studies revealed that kainate receptors or NMDA recep-
tors of MF synapses exert the heterosynaptic potentiation on con-
current A/C synaptic inputs (Sachidhanandam et al., 2009; Hunt
et al., 2013). Most postulated roles for MF input in the CA3 area
are based on its heterosynaptic interactions with other synaptic
inputs arriving close in time (Treves and Rolls, 1992; O’Reilly and
McClelland, 1994). The long-term heterosynaptic influences of
MF inputs to temporally remote non-MF synaptic inputs, how-
ever, are not well understood. Previously Tsukamoto et al. (2003)
reported that high-frequency stimulation of MFs induces LTP of
EPSPs specifically at PP synapses onto CA3-PCs. Subsequently,
we found that this heterosynaptic potentiation of PP-EPSPs is
mediated by downregulation of Kv1.2 at distal apical dendrites of
CA3-PC, which is referred to as the LTP of intrinsic excitability
(LTP-IE). The long-term interaction of MF and PP synapses in a
CA3-PC is potentially important for understanding the role of
MF inputs in the hippocampal CA3 network dynamics, but it is
still obscure whether LTP-IE is uniquely linked to the MF inputs.
In fact, LTP-IE could be induced not only by high-frequency
stimulation of MFs but also by direct somatic stimulation that
elicits a train of action potentials (APs) at 10 Hz (somatic condi-
tioning; Hyun et al., 2013), raising a possibility that non-MF
synaptic inputs may induce LTP-IE as long as they induce
moderate-frequency AP firings in a postsynaptic CA3-PC.

CA3-PCs are extensively connected with each other via A/C
fibers, forming an autoassociation network, which subserves pat-
tern completion (Marr, 1971; Nakazawa et al., 2003). A/C syn-
apses are weak but comprise the largest number of synapses on a
CA3-PC (Amaral et al., 1990). Considering these features of A/C
synapses along with efficient summation of EPSPs owing to slow
membrane time constant (Kowalski et al., 2016), it is plausible
that A/C synaptic inputs may elicit moderate-frequency AP fir-
ings to induce LTP-IE. Because MF and A/C inputs play distinct
roles in the network dynamics, it is of crucial importance to ad-
dress whether LTP-IE is uniquely linked to the MF inputs. It
remains unanswered, however, whether AP firings evoked by A/C
inputs can induce LTP-IE.

The other question related to this issue is why MF input is
more robustly capable of inducing LTP-IE than somatic condi-
tioning. Previously, we reported that the magnitude of LTP-IE by
somatic AP trains at 20 or 50 Hz is less pronounced than that by
AP trains at 10 Hz (Hyun et al., 2013). In contrast, LTP-IE was
readily induced by MF stimulation even if the MF input-induced
postsynaptic AP frequency was �10 Hz (Hyun et al., 2015). This
finding implies that some mechanism unique to MF inputs may
be involved in the robustness of MF inputs in the LTP-IE induc-
tion. Here, we show that the cytosolic free calcium ([Ca 2�]i)
window that induces LTP-IE is normally very narrow because of
Ca 2�-dependent coactivation of antagonistic pairs: protein ty-
rosine kinase (PTK) and protein tyrosine phosphatase (PTP).
Although the coactivation of PTP makes non-MF inputs incom-
petent in inducing LTP-IE, it is evaded by intracellular Zn 2�

signaling upon high-frequency MF inputs.

Materials and Methods
Animals and ethical approval. All studies, experimental protocols, and
animal manipulation protocols described in this article were conducted
with the approval of the Institutional Animal Care and Use Committee.
The animals were maintained in standard environmental conditions
(temperature, 25 � 2°C; humidity, 60 � 5%; dark/light cycle, 12/12 h)
and monitored under veterinary supervision by the Institute for Experi-
mental Animals, Seoul National University College of Medicine.

Zinc transporter 3 mutant mice. Zinc transporter 3 (ZnT3) knock-out
(KO) mice (donating investigator: Richard Palmiter, University of
Washington School of Medicine, Seattle; The Jackson Laboratory), hy-
brids of C57BL/129Sv mice, were provided by Dr. Jae-Young Koh (Col-
lege of Medicine, University of Ulsan, Ulsan, Republic of Korea) and
backcrossed to the C57BL/6J background for at least seven generations
for homogeneity of genetic background. The targeting construct for
these mice was the same as that described by Cole et al. (1999). Depletion
of Zn 2� from synaptic vesicles in MF terminal is also validated by (Cole
et al. (1999). The KO and wild-type (WT) mice used for the experiments
were generated by breeding heterozygotes (HTs), which in turn came
from the breeding of ZnT3 HT mice to C57BL/6J mice (The Jackson
Laboratory). For genotyping, DNA was isolated from the tail of each
mouse in the litter at the age of 6 - 8 d., as described by Cole et al. (1999).
All animals were maintained on the standard environmental conditions
described above.

Preparation of slices. Acute transverse hippocampal slices were ob-
tained from Sprague Dawley rats [postnatal day 15 (P15) to P22] or mice
(P15 to P24) of either sex. Animals were anesthetized by inhalation of
isoflurane. After decapitation, brain was quickly removed and chilled in
ice-cold preparation solution containing the following (in mM): 75 su-
crose, 87 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 25 D-glucose, 7
MgCl2, and 0.5 CaCl2, equilibrated with a carbogen mixture of 95% O2

and 5% CO2. After mounting on a slicer (model VT1200, Leica), 300-
�m-thick transverse slices were prepared and incubated at 34°C for 30
min in the preparation solution and thereafter were stored at room tem-
perature (22°C). For experiments, slices were transferred to a submersion
recording chamber superfused with standard aCSF containing the fol-
lowing (in mM): 124 NaCl, 26 NaHCO3, 3.2 KCl, 1.25 NaH2PO4, 10
D-glucose, 2.5 CaCl2, and 1.3 MgCl2.

Electrophysiological recordings. Whole-cell voltage-clamp or current-
clamp recordings from CA3-PCs were performed at near-physiological
temperature (34 � 1°C), while the recording chamber was perfused with
the standard aCSF at �1–1.5 ml/min. Patch pipettes were pulled from
borosilicate glass tubing (outer diameter, 1.5 mm; wall thickness, 0.225
mm) with a horizontal pipette puller (P-97, Sutter Instruments) and
filled with the intracellular solution containing the following (in mM):
130 K-gluconate, 7 KCl, 1 MgCl2, 2 Mg-ATP, 0.3 Na-GTP, 10 HEPES,
and 0.1 EGTA, with pH adjusted to 7.20 with KOH, at 295 mOsm. Pipette
resistance was �3– 4 M�. Recordings were preferentially obtained from
the hippocampal CA3b. After formation of whole-cell configuration on
the somata of CA3-PCs, recordings were performed only from cells that
had a stable resting membrane potential (RMP) between �76 and �58
mV. Cells that exhibited more positive or unstable RMP were discarded.
Under this condition, input conductance (Gin) was measured from sub-
threshold voltage responses to �30 and �10 pA current steps of 0.5 s
(Hyun et al., 2015). Gin was monitored every 10 s before and after deliv-
ery of a conditioning protocol. To avoid voltage-dependent activation of
K � channels, the membrane potential was held at �68 � 1 mV by
current injection for all recordings. Recordings were discarded when the
absolute amount of current injection was �50 pA. Recordings were ob-
tained in the presence of a GABAA receptor antagonist, picrotoxin (PTX;
100 �M) unless specified. All recordings were made using a MultiClamp
700B amplifier controlled by Clampex 10.2 software through a Digidata
1440A Data Acquisition System (Molecular Devices).

Synaptic stimulation of MF, A/C, and PP synapses. We stimulated dif-
ferent types of synapses on CA3-PCs to evaluate the influence of each
synaptic input on the intrinsic excitability of CA3-PCs. Afferent MFs
were stimulated with a recording solution-filled glass monopolar elec-
trode with resistance of �1–2 M� placed in stratum lucidum (SL; stim-
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ulus intensity with �2–20 V) using minimal stimulation techniques
(Hyun et al., 2015). Afferent PP and A/C fibers were stimulated with a
concentric bipolar electrode (CBAPB125, FHC) positioned at stratum
radiatum (SR) of CA3 (for A/C stimulation) or stratum lacunosum mo-
leculare (SLM) on the border of the subiculum and CA1 for PP stimula-
tion (Perez-Rosello et al., 2011). Brief stimulation pulses (100 �s) were
generated by a computer-controlled digital stimulator (DS8000, WPI)
and delivered to a stimulation electrode through an isolation unit
(DLS100 Stimulus Isolator, WPI). For the stimulation of A/C fibers, we
made an incision through the hilus of dentate gyrus (DG) to truncate MF
input (Berzhanskaya et al., 1998) and the hippocampal sulcus to truncate
entorhino-hippocampal input (Tsukamoto et al., 2003). The type of syn-
aptic inputs were identified by the 20 – 80% rise time of EPSCs and the
sensitivity to the group II mGluR agonist (2S,2�R,3�R)-2-(2�,3�-
dicarboxycyclopropyl)glycine (DCG-IV; 2 �M). Consistent with previ-
ous reports (Tsukamoto et al., 2003), DCG-IV attenuated PP-EPSCs and
MF-EPSCs by 72.8% and 72.6%, respectively, but did not attenuate
A/C-EPSCs.

Dynamic clamp. To emulate massive and distributed A/C synaptic
inputs (see Figure 2), we constructed a conductance waveform mimick-
ing A/C synaptic input by convolving a Poisson process (2 s; mean fre-
quency between 100 and 600 Hz) with unitary conductance of A/C
synaptic inputs (Perez-Rosello et al., 2011). The amplitude distribution
of the unitary synaptic conductance was randomly chosen from the log
normal distribution of A/C synaptic inputs that has been previously re-
ported in (Ikegaya et al., 2013). The constructed conductance waveform
[G(t)] was instantaneously converted to the current waveform [Iinj(t)]
according to the equation, Iinj 	 G(t) (Vm � Erev), by a custom-made
dynamic-clamp device that uses an analog multiplier (model AD734,
Analog Devices) (Iinj, injected current; Vm, measured membrane poten-
tial; Erev, reversal potential of AMPA current). The current waveform was
delivered to the patch-clamp amplifier to be injected into the cell.

Elevation of network activity using high-potassium aCSF. To enhance
A/C synaptic inputs (Fig. 1), we used a modified recording solution
containing the following (in mM): 124 NaCl, 26 NaHCO3, 5 KCl, 1.25
NaH2PO4, 10 D-glucose, 2.5 CaCl2, and 1.3 MgCl2 (referred to as
high-K � aCSF). To block MF inputs and PP inputs, we made two inci-
sions through the hilus of DG and the hippocampal sulcus (Berzhanskaya
et al., 1998), and added 2 �M DCG-IV to the bathing solution to attenuate
MF and PP inputs. After obtaining stable membrane potential in the
standard aCSF without synaptic blockers, we applied high-K aCSF to
activate CA3 subregion. After high-K � aCSF depolarized the RMP of
CA3-PCs, the RMP was readjusted to that at the standard aCSF by hy-
perpolarizing current injection to prevent high [K �] from contributing
to AP firing in the CA3-PC under observation. Because MF and PP inputs
were blocked by the incision of hilus and hippocampal sulci and
DCG-IV, the only excitatory inputs to the CA3-PCs are recurrent inputs
from other CA3-PCs, we can assume that AP bouts caused by high-K �

aCSF originate largely from A/C inputs.
Measurements of intracellular Ca2� and Zn2�. CA3-PCs were loaded

with Ca 2� indicator dye (Fura-2 pentapotassium salt; 100 �M) or Zn 2�

indicator dye (FluoZin-3 tetrapotassium salt; 50 �M) through a whole-
cell patch pipette to acquire fluorescence images of them. Imaging of
dendrites of CA3-PCs was performed with a 60
 water-immersion ob-
ject lens (numerical aperture, 0.9; LUMPlanFI, Olympus), an air-cooled
scientific CMOS digital camera (model C11440 –22CU, Hamamatsu
Photonics), and a monochromator (xenon-lamp based, Polychrome-V,
TILL-Photonics), which were operated by Digidata 1440A Data Acqui-
sition System and custom-made software. Acquired images were ana-
lyzed with HC-Image Live 4.0 (Hamamatsu Photonics). All cellular
fluorescence values in a region of interest (ROI) were used after subtract-
ing background values measured in the cell-free area near the ROI.

Measurements of cytosolic Ca2�. The procedures for measurement of
cytosolic [Ca 2�] in the slice have been described in detail previously (Lee
et al., 2000; Helmchen, 2011). To increase the time resolution and min-
imize photobleaching, we used single-wavelength protocol in imaging of
dendrites of CA3-PCs. Images were taken at 20 Hz with single wavelength
excitation at 380 nm (F380) preceded and followed by excitation at an
isosbestic wavelength (360 nm). The intensity of isosbestic fluorescence

(Fiso) was linearly interpolated between points just before and after the
period of excitation at 380 nm. Calibration parameters were calculated
using an in-cell calibration protocol (Helmchen, 2011), where the min-
imum ratio (Rmin), maximum ratio (Rmax), and intermediate ratio (Rint)
values were determined using intracellular solutions containing 10 mM

EGTA, 10 mM [Ca 2�], or 10 mM EGTA, and 5 mM CaCl2 ([Ca 2�] �159
nM), respectively. Values for fluorescence ratio (Fiso/F380) in data traces
were converted to [Ca 2�] using the following equation: [Ca 2�] 	 Keff

(R � Rmin)/(Rmax � R). The effective dissociation constant (Keff) was
calculated using the fluorescence ratio at intermediate [Ca 2�].

Measurements of cytosolic Zn2�. Because the control intracellular solu-
tion contains 0.1 mM EGTA, which chelates not only Ca 2� but also
Zn 2�, 0.1 mM EGTA was routinely included in the intracellular solution
for Zn 2� imaging together with 50 �M FluoZin-3. Images were taken at
20 Hz with the excitation wavelength at 494 nm. To quantify the fluores-
cence changes in an ROI, we determined the mean value for the baseline
fluorescence (F0) before electrical stimulation. Measured values for the
change in fluorescence from the baseline value in the same ROI (�F )
were divided by F0, and the ratio of �F/F0 was regarded as a parameter for
[Zn 2�]i. Because the visual field of our camera does not encompass the
whole length of an apical dendrite of CA3-PC, to image MF stimulation-
induced FluoZin-3 signals at multiple ROIs along an apical dendrite we
repeated the same imaging protocol with the visual field shifted along the
apical dendrite. But repetition of imaging in a cell did not exceed three
times.

Chemicals and reagents. Unless specifically noted, all chemicals and
reagentswerepurchasedfromSigma-Aldrich.2-{[Bis(2-pyridinylmethyl)
amino]ethylamino}benzenesulfonic acid hydrate sodium (ZX1) was
purchased from Strem Chemicals. Fluorescence indicators (Fura-2 and
FluoZin-3) were purchased from Thermo Fisher Scientific. For a series of
antibody studies, we used a rabbit IgG antibody targeted to the whole D2

domain of receptor tyrosine phosphatase � (RPTP�; catalog #07-472,
Millipore; RRID:AB_310645; Gomez et al., 2015) or rabbit IgG targeted
to a synthetic peptide located between amino acids 686 and 735 of
RPTP� (catalog #LS-C80716-50, LSBio; RRID:AB_1600934). Before use,
antibodies were dialyzed with PBS using a dialysis kit (Thermo Fisher
Scientific).

RNA interference. To test the specificity of LS-C80716-50 antibody,
HEK293T cells were transfected with the control small interfering RNA
(siRNA; catalog #SN-1011; Bioneer) or two different RPTP� siRNAs
(catalog #SDH-1001) by using Lipofectamine RNAiMAX Reagent
(Thermo Fisher Scientific) following the manufacturer instruction. The
sequences for the PTPRA-RNAi are as follows: 5786-1 (RPTP�), 5�-
GUCA UGGUUACCAACCUGA-3�; and 5786-2 (RPTP�), 5�-GAUU
UCUGGCGGAUGAUCU-3�. On the 48 h after transfection, HEK293T
cells were lysed in an ice-cold lysis buffer containing 50 mM Tris (pH 7.4
adjusted with HCl), 150 mM NaCl, 1 mM EDTA, and 1% SDS, and the
lysate was subject to immunoblotting analysis. Heat shock protein 90
(HSP90) was measured as a control with the same molecular weight.
Horseradish peroxidase-conjugated goat anti-rabbit IgG was used as a
secondary antibody.

Experimental design and statistical analysis. Electrophysiological data
were obtained from 96, 10, and 11 hippocampal CA3-PCs from rats, and
WT and ZnT3KO mice, respectively, of either sex. Imaging data were
acquired from 25 and 10 hippocampal CA3-PCs from rats and mice of
either sex, respectively (WT mice, 5; ZnT3KO mice, 5). The number of
slices studied per an animal were two to three and one to two for rats and
mice, respectively. Only one cell was recorded from each slice. Statistical
data are expressed as the mean � SEM and the number of cells measured
(denoted as n). Statistical data were evaluated for normality and variance
equality with Kolmogorov–Smirnov test and Levene’s test, respectively.
For data that satisfy normality and equality of variances, statistical eval-
uations were performed with Student’s t test or one-way ANOVA. For
data that did not satisfy the above properties, nonparametric tests were
performed for evaluation. The number of cells and statistical tests for
determining statistical significance are stated in the text using following
abbreviations: n.s., no statistical significance; *p � 0.05; **p � 0.01;
***p � 0.005. Statistical analyses were performed using PASW Statistics
18 (SPSS).
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Figure 1. A/C synaptic inputs are incapable of inducing LTP-IE of CA3-PCs. A, Induction of LTP-IE by the repetitive somatic firing at 10 Hz (gray) or 20 Hz MF stimulation (red) for 2 s delivered at
0 s. B, Neither local electrical stimulation of A/C fibers (orange) nor high-K � aCSF (cyan) induced the LTP-IE of CA3-PCs. Electrical stimulation was delivered at 0 min. To enhance A/C fiber inputs,
high-K � aCSF containing 2 �M DCG-IV was applied as indicated by the horizontal bar. A, B, Insets, Representative traces for AP responses (left panels) to conditioning stimulations, and subthreshold
voltage responses (right panels) to �30 and �10 pA recorded before (black) and 30 min after conditioning (colored). The conditioning methods are indicated by the same color code in each panel.
Ca, Representative traces for membrane potential during and after applying high-K aCSF, which contained 2 �M DCG-IV to suppress MF and PP synaptic inputs (see Materials and Methods).
Membrane potential (top) and current injection (bottom) are depicted on the same time axis. The gray and black boxed regions are expanded in time on the inset. To readjust the membrane potential
depolarized by high-K � aCSF to the control level, hyperpolarizing current was injected (gray box, left inset). After a sufficient number of APs were elicited, the generation of APs was stopped by the
injection of additional hyperpolarizing current (black box, right inset) The current injection time points are indicated by arrowheads. Cb, Application of synaptic blockers (PTX and CNQX) completely
abolished not only the firing of CA3-PCs, but also subthreshold synaptic responses caused by high-K � aCSF. Da, Relative changes of Gin (�Gin) as a function of (Figure legend continues.)
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Results
A/C synaptic inputs are incapable of inducing LTP-IE
of CA3-PCs
We confirmed our previous observations that not only does 20
Hz MF stimulation (for 2 s) cause long-term reduction of Gin in
CA3-PCs, which is referred to as LTP-IE (Hyun et al., 2013,
2015), but also the somatic injection of suprathreshold current
pulses (10 Hz for 2 s, somatic conditioning). Gin was measured
from subthreshold voltage deflections in response to �30 and
�10 pA current steps (0.5 s; Fig. 1A, right inset). Statistical values
for changes in Gin are expressed as fractional changes (%) in Gin

measured at 30 min after conditioning compared with each con-
trol value. The 20 Hz MF stimulation reduced Gin of the CA3-PCs
(69.75 � 4.27%; n 	 5; t(4) 	 4.528, p 	 0.011, paired t test) to a
similar extent as the somatic conditioning (70.58 � 1.44%; n 	 9;
t(8) 	 14.363, p � 0.005, paired t test; Fig. 1A).

To examine whether LTP-IE can be induced by synaptic in-
puts other than MFs, Gin was monitored before and after 20 Hz
stimulation delivered to A/C fibers for 2 s using a bipolar elec-
trode positioned at SR (see Materials and Methods). Stimulation
intensity was adjusted such that the amplitudes of EPSCs evoked
by A/C fiber stimulation (A/C-EPSCs) were similar to those of
minimally evoked MF-EPSCs. Because of the strong short-term
depression of A/C synaptic inputs, the 2 s 20 Hz stimulation of
A/C fibers elicited only a few APs in the early phase of the train
and did not reduce Gin (99.81 � 4.31%, n 	 8). To attain the
effective somatic AP frequency (10 –20 Hz) required for the in-
duction of LTP-IE (Hyun et al., 2013), we tested a theta burst
stimulation (10 bursts at 5 Hz, 10 pulses at 100 Hz for each burst).
Although theta burst stimulation of A/C fibers increased the
number of elicited APs (range, �0.5–13 Hz; mean, 7.2 � 2.1 Hz),
it still failed to induce LTP-IE (97.99 � 3.77%; n 	 5; t(4) 	 0.805,
p 	 0.466, paired t test; Fig. 1B, orange).

Because local electrical stimulation cannot elicit A/C synaptic
inputs that are widely distributed over a dendritic arbor, we
tested whether the enhancement of CA3 network activity can
induce LTP-IE. To this end, we applied an aCSF bathing solution
containing 5 mM KCl (high-K� aCSF) in the presence of DCG-IV
(for procedure details, see Materials and Methods), after measur-
ing the baseline Gin of a CA3-PC under the normal aCSF condi-
tions. High-K� aCSF depolarized RMP of the CA3-PC typically
by 5 mV before spontaneous EPSPs began. In order for synaptic
input-induced AP generation not to be facilitated by depolarized
RMP, the RMP was readjusted to the value in normal aCSF by the
injection of hyperpolarizing current (Fig. 1Ca, right inset, boxed
by gray broken line). Under these conditions, spontaneous EPSPs
and AP bouts were elicited in most slices examined (9 of 10), and
these APs were abolished by synaptic blockers 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) and PTX (Fig. 1Cb), indicat-
ing that A/C synaptic inputs are responsible for the spontaneous
APs. Once spontaneous APs had lasted �2 s and their averaged
frequency reached �10 Hz, the spontaneous APs were stopped by
the injection of additional hyperpolarizing current (Fig. 1Ca);
then, we resumed the monitoring of Gin after a complete change
of bathing solution to normal aCSF (Fig. 1Ca, inset, boxed by

black broken line). As shown in Figure 1B, the enhancement of
CA3 network activity using high-K� aCSF did not induce LTP-IE
(99.10 � 2.27%; n 	 6; t(5) 	 0.345, p 	 0.821, paired t test).
Figure 1D summarizes the change of Gin (denoted by �Gin)
caused by different stimulation protocols. The number of APs
elicited by local A/C stimulation, which occurred for last 2 s in
high-K� aCSF, were not significantly different from that elicited
by 20 Hz MF stimulation (local A/C stimulation, 14.4 � 4.2;
high-K� aCSF, 12.2 � 2.2; MF stimulation, 19.2 � 3.5; one-way
ANOVA, F(3,22) 	 2.75, p 	 0.067). Nevertheless, neither the
local simulation of A/C fibers nor the high-K� aCSF induced
LTP-IE in CA3-PCs, indicating that the optimal number of APs is
necessary but is not the only factor needed for the induction of
LTP-IE.

Only a narrow window of distal dendritic [Ca 2�]i allows the
induction of LTP-IE
Given that LTP-IE depends on backpropagating AP (bAP)-
induced Ca 2� signaling at distal dendrites, we hypothesized that
the induction of LTP-IE is regulated not only by the mean fre-
quency of APs but also by their instantaneous frequencies. We
investigated distal dendritic [Ca 2�] evoked by different patterns
of somatic APs. To this end, we have to elicit APs in more con-
trolled way, because it is not technically easy to study Ca 2� sig-
naling evoked by spontaneous APs, as in Figure 1C. Most of the
A/C synaptic inputs are weak in synaptic strength (Ikegaya et al.,
2013; Guzman et al., 2016). Such weak but high-frequency A/C
synaptic inputs may elevate the membrane potential to a sub-
threshold depolarization level, as is evident in Figure 1C. To em-
ulate the high-frequency A/C inputs, we injected a conductance
waveform mimicking randomly arriving A/C synaptic inputs
(GA/C waveform) for 2 s under the dynamic clamp mode (see
Materials and Methods). To make the GA/C waveform, we made a
waveform of excitatory postsynaptic conductance of unitary am-
plitude (uEPSG) from the averaged trace of minimally evoked
A/C-EPSCs (Fig. 2Aa, inset). The amplitude distribution of
uEPSG was assumed to follow the log normal distribution re-
ported by Ikegaya et al. (2013). Assuming that A/C synaptic in-
puts of variable amplitudes arrive in a Poisson process (Fig. 2Aa),
we constructed a GA/C waveform (referred to as “simulated A/C
noise”; Fig. 2Ab) by convolving the uEPSG with the event trace.
The stimulation intensity was set by the mean frequency of GA/C

events (100 – 600 Hz for 2 s). The mean number of somatic APs
was proportional to the mean frequency of GA/C events (Fig. 2Ac).
To test whether the simulated A/C noise can induce LTP-IE in
CA3-PCs, the frequency of simulated A/C noise was adjusted
such that it evokes 10 –30 somatic APs for 2 s, which has been
noted as the optimal number of APs for the LTP-IE induction
(Hyun et al., 2013, 2015). Similar to high-K� aCSF, the simulated
A/C noise did not induce LTP-IE (115.39 � 8.78%; n 	 7; t(6) 	
�1.959, p 	 0.090, paired t test; Fig. 2Ad), indicating that the
optimal AP frequency (10 –20 Hz) does not ensure LTP-IE induc-
tion. The distribution of instantaneous AP frequencies upon 20
Hz MF stimulation is compared with those upon high-K� aCSF
and upon simulated A/C noise at different frequencies (Fig. 2Ae).
The 20 Hz MF stimulation was distinguished from other stimu-
lation in that it lacked instantaneous AP frequencies of �30 Hz
(referred to as “AP bursts”), implying that excessively high
[Ca 2�]i elevation resulting from AP bursts may inhibit the induc-
tion of LTP-IE.

Figure 2Ba shows distal dendritic Ca 2� transients (CaTs)
evoked by different stimulation protocols. We categorized stim-
ulation protocols as “adequate stimulation” (10 Hz AP train, 20

4

(Figure legend continued.) somatic AP frequency elicited by conditioning stimuli (gray, 10 Hz
2 s AP train; red, 20 Hz 2 s MF stimulation; yellow, local stimulation of A/C fibers; cyan, high-K �

aCSF). Db, Summary for �Gin measured at 30 min after indicated conditioning. The number of
APs elicited by each conditioning are also shown. n.s., No statistical significance. *p � 0.05;
***p � 0.005.
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Hz MF stimulation; Fig. 2Ba) and “inade-
quate stimulation” (other stimulation
protocols; Fig. 2Ba, boxed by purple bro-
ken line) based on their capability of
LTP-IE induction that has been observed
from this and our previous studies (Hyun
et al., 2013, 2015). The elevated [Ca 2�]i

plateau was a characteristic feature of
CaTs evoked by adequate stimulation
(Fig. 2Ba). We compared individual CaTs
evoked by different stimulation on the
plane of peak versus mean [Ca 2�]i (Fig.
2Bb). Remarkably, CaTs evoked by ade-
quate stimulation well overlapped with
each other on this plane, and the peak
[Ca 2�]i levels of adequate stimulation
were found within a narrow range (338 –
378 nM), with relatively high mean
[Ca 2�]i levels (168 –243 nM) for their
peaks. These results imply that [Ca 2�]i el-
evation within a narrow window is re-
quired for the induction of LTP-IE, and
an excessive [Ca 2�]i peak may prevent the
induction of LTP-IE. This view is consis-
tent with our previous observation that
LTP-IE induced by 20 and 50 Hz somatic
AP trains are significantly less than that
induced by a 10 Hz train (Hyun et al.,
2013).

To test the hypothesis that AP bursts
induced excessive [Ca 2�]i elevation pre-
vents the induction of LTP-IE, we exam-

Figure 2. Optimal [Ca 2�]i window at distal apical dendrites for induction of LTP-IE. Aa, Simulation of Poisson random arrivals
of A/C synaptic inputs at the mean frequency of 400 Hz. The amplitude of synaptic conductance was assumed to follow a log normal
distribution with a mean and SD of 0.49 and 0.5, respectively. Inset, Template waveform of uEPSG at A/C–CA3 synapses. Ab, The
conductance waveform for simulated A/C inputs, which was constructed from convolution of the events of A/C inputs with the
uEPSG waveform shown in Aa. Ac, The number of APs as a function of mean frequencies of simulated A/C inputs for 2 s. Ad,
Simulated A/C inputs for 2 s delivered to the soma at 0 s did not reduce Gin (yellow symbols). For comparison, Gin changes caused
by somatic conditioning are plotted again from Figure 1Aa (gray). Inset, Representative AP responses to the simulated A/C inputs
(top) and the subthreshold voltage responses to injection of �30 and �10 pA for 0.5 s (bottom). Ae, Probability distributions for
instantaneous frequencies of APs elicited by 20 Hz MF stimulation, high-K � aCSF, and simulated A/C inputs at 300 – 600 Hz. The

4

distributions for the first two conditionings are based on data
from Figure 1. Note that high-frequency AP bursts exceeding
30 Hz are generated by high-K aCSF or simulated A/C inputs,
but not by 20 MF stimulation. The inset is the same plot ex-
panded in y-axis. Ba, Somatic AP responses (top) and distal
dendritic CaTs (bottom) evoked by different conditioning pro-
tocols, which are categorized by capability for the induction of
LTP-IE (adequate or inadequate stimulations). In each panel of
CaT, an averaged trace (red) is overlapped on raw CaTs evoked
by the same stimulation protocol in different cells (gray). Com-
posite AP train, somatic 10 Hz AP train intervened by 5 APs at
50 Hz in the middle. Bb, For all individual CaTs evoked by dif-
ferent stimulations, their time-averaged [Ca 2�] levels are
plotted as a function of their peak [Ca 2�] levels. Note that
CaTs evoked by adequate stimulations (gray and red filled
symbols) are found within a narrow window of peak [Ca 2�]
levels between 338 and 378 nM, and do not overlap with CaTs
induced by inadequate stimuli. Ca, To elicit excessive [Ca 2�]i

elevation, CA3-PCs were stimulated at 0 s with a composite AP
train under standard aCSF (red triangle) or a 10 Hz AP train in
the presence of extracellular 4 mM Ca 2� and 10 �M BayK8644
(blue triangle). Neither reduced the Gin of CA3-PCs, in contrast
to somatic conditioning (10 Hz AP train for 2 s, gray; replotted
from Fig. 1A). Insets, Representative AP responses to a com-
posite train (top) and subthreshold voltage responses to current
injection for measuring Gin (middle and bottom; black, before con-
ditioning;color,30minafterconditioning).Cb,Summaryformean
�Gin measured at 30 min after different conditionings. The �Gin

values for the first two conditionings (10 Hz AP train and high-K �

aCSF) are repeated from Figure 1D for statistical comparison. n.s.,
No statistical significance. ***p � 0.005.
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ined Gin changes caused by two different stimulation conditions
that induce high [Ca 2�]i elevation in CA3-PCs. First, we inserted
a bout of AP bursts (5 APs at 50 Hz) in the middle of the somatic
conditioning protocol (referred to as “composite train”). The
composite train under standard aCSF conditions induced the
CaTs with high [Ca 2�]i peaks out of the optimal range at distal
apical dendrites (Fig. 2Ba, rightmost trace). Second, because
the activation of L-type voltage-dependent calcium channels
(VDCCs) is required for induction of LTP-IE (Hyun et al., 2013),
a 10 Hz AP train for 2 s was delivered to the soma in the presence
of 10 �M Bay K8644, an L-type VDCC agonist, and 4 mM extra-
cellular Ca 2� (denoted as “high-Ca 2� aCSF”). Consistent with
our hypothesis, neither the composite train nor the 10 Hz AP
train under high-Ca 2� aCSF induced LTP-IE of CA3-PCs. (com-
posite AP train: 98.83 � 9.58%, n 	 5, t(4) 	 0.341, p 	 0.751,
paired t test; high-Ca 2� aCSF: 107.6 � 10.7%, n 	 5, t(4) 	
�0.964, p 	 0.39, paired t test; Fig. 2Ca). In Figure 2Cb, the mean
values for �Gin caused by high-K� aCSF, simulated A/C noise,
the composite train, and 10 Hz AP under high-Ca 2� aCSF con-

ditions are compared with those obtained by standard somatic
conditioning (10 Hz AP train for 2 s).

Inhibition of PTP enables inadequate stimulation to
induce LTP-IE
LTP-IE is mediated by Ca 2�-dependent activation of PTKs
(Hyun et al., 2013). Given that CaTs with excessively high peaks
prevent the LTP-IE induction, such a high [Ca 2�] may activate
not only PTKs, but also a signaling process antagonizing PTKs,
probably PTPs. Previous studies have suggested that Kv1.2 sub-
units undergo reciprocal regulation by PTKs and RPTP� (Lev et
al., 1995; Tsai et al., 1999). Under the hypothesis that excessive
[Ca 2�]i elevation may activate RPTP� and antagonize the action
of PTKs, we tested whether phosphatase inhibitors can enable
inadequate stimulation to induce LTP-IE. As an inadequate stim-
ulation, we used a 50 Hz somatic AP train (2 s), which normally
does not induce LTP-IE (Hyun et al., 2013). Indeed, when 100 �M

sodium orthovanadate, a general protein phosphatase inhibitor,
was applied through the whole-cell patch pipette, the 50 Hz AP

Figure 3. Inhibition of PTP enables inadequate stimulation to induce LTP-IE. Somatic current pulse injection for 2 s, which elicits a 50 Hz AP train, was used as an inadequate conditioning
stimulation. For inhibition of PTP, 100 �M Na3VO4 or anti-RPTP� antibody (1 �g/ml) was added to the whole-cell patch pipette. Aa, Relative changes of Gin caused by a 50 Hz AP train was delivered
at 0 s with (cyan) or without (purple) Na3VO4 in the patch pipette. The LTP-IE caused by the 50 Hz AP train in the presence of intracellular Na3VO4 was similar to the somatic conditioning (10 Hz for
2 s, gray), which was reproduced from Figure 1A for comparison. Insets, AP responses to 50 Hz 2 s somatic AP train (top) and subthreshold voltage responses for measuring Gin with the same color
code as the main panel (bottom; black, control). Ab, The peak values for distal dendritic [Ca 2�]i evoked by a 50 Hz AP train are compared between conditions with or without intracellular Na3VO4.
Ba, Test for specificity of the anti-RPTP� antibody. Ctrl siRNA, Nontargeting siRNA; RPTP� siRNA, RPTP�-targeting siRNA. Bb, Relative changes of Gin caused by a 50 Hz AP train with intracellular
application of anti-RPTP� antibody (green filled symbols) or isotype antibody (green open symbols). In addition, the effects of PMA on Gin changes after a 10 Hz AP train are superimposed (orange).
For comparison, somatic conditioning-induced �Gin (gray) was reproduced from Figure 1A. Insets, Subthreshold voltage responses for measuring Gin with the same color codes as the main panel. Bc,
Summary for �Gin measured at 30 min after different conditionings: 10 Hz AP train (control), 50 Hz AP train (50 Hz), 50 Hz AP train with intracellular Na3VO4 (50 Hz � VO4), anti-RPTP� Ab L (50 Hz � Ab L),
anti-RPTP� Ab M (50 Hz � Ab M), non-immunized Ab (50 Hz � ctrl Ab) and 10 Hz AP in the presence of PMA (10 Hz � PMA). n.s., No statistical significance. ***p � 0.005.
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train was able to induce LTP-IE (68.99 � 2.24%; n 	 6; t(5) 	
12.106, p � 0.001, paired t test; Fig. 3Aa). The peak values for
distal dendritic [Ca 2�]i evoked by the 50 Hz AP train were not
significantly altered by intracellular application of Na3VO4 (con-
trol: 1167.2 � 146.25 nM, n 	 5; Na3VO4: 1225.6 � 228.87 nM,
n 	 5; t(8) 	 0.395, p 	 0.835; independent t test; Fig. 3Ab). To
narrow down the type of phosphatase involved in the regulation
of Kv1.2, we intracellularly perfused the CA3-PCs with a rabbit
IgG antibody targeted to the whole D2 domain of RPTP� (de-
noted as “anti-RPTP� Ab M”; catalog #07-472, Millipore) or that
targeted to the synthetic peptide located between amino acids 686
and 735 of the intracellular catalytic domain of RPTP� (denoted
as “anti-RPTP� Ab L”; 1 �g/ml; catalog #LS-C80716M-50, LSBio;
see Materials and Methods) through the whole-cell patch pipette.
Because anti-RPTP� Ab M was previously validated (Gomez et al.,
2015), we tested only for the specificity of anti-RPTP� Ab L by
immunoblotting of HEK293T cell lysates that were transfected
with control or RPTP�-targeting siRNA (Fig. 3Ba). RNA inter-
ference of RPTP� significantly reduced the immunoblot stained
by anti-RPTP� Ab L at the 90 kDa band that corresponds to the
expected molecular weight of RPTP�. Similar to Na3VO4, the
incompetence of 50 Hz AP trains in LTP-IE induction was readily
rescued by intracellular perfusion with one of two different anti-
RPTP� antibodies (anti-RPTP� Ab L: 69.19 � 4.96%, n 	 4,
t(3) 	 4.445, p 	 0.004; anti-RPTP� Ab M: 70.61 � 2.67%, n 	 5,
t(4) 	 7.920, p 	 0.001), but not by intracellular perfusion of
rabbit IgG isotype control antibody as a negative control (1 �g/
ml; catalog #LS-C351731, LSBio; 105.31 � 12.35%, n 	 5, t(4) 	
�0.615, p 	 0.572, paired t test; Fig. 3Bb,Bc). In the presence of
phosphatase inhibitors, the changes in Gin caused by the 50 Hz
AP train were comparable to those caused by somatic condition-
ing (t(8) 	 �1.207, p 	 0.262, independent t test; Fig. 3Bc). Next,
given that protein kinase C (PKC) is a positive regulator of
PTPR� (Tsai et al., 1999; Brandt et al., 2003), we examined
whether LTP-IE induction by somatic conditioning (10 Hz AP
train, 2 s) is inhibited by phorbol ester. In the presence of 100 nM

phorbol 12-myristate 13-acetate (PMA) in aCSF, somatic condi-
tioning did not reduce Gin (96.78 � 3.24%; n 	 5; t(4) 	 1.173,
p 	 0.306, paired t test; Fig. 3Bb,Bc). These findings suggest that
the activation of RPTP� is responsible for the incompetence of
inadequate stimulation in LTP-IE induction. Because inadequate
stimulation excessively elevates distal dendritic [Ca 2�]i, RPTP�
may be activated by such a high [Ca 2�]i level and antagonize the
action of PTKs that induce LTP-IE. The mean values for �Gin 30
min after conditioning shown in Figure 3 are summarized in
Figure 3Bc. The baseline intrinsic properties under different ex-
perimental conditions are summarized in Table 1.

Zn 2� released from MF terminals enables MF inputs to
induce LTP-IE even at high postsynaptic firing rates
Our results suggest that excessively high peak CaTs evoked by AP
bursts prevent the induction of LTP-IE. However, this prediction
has a caveat. The 50 Hz MF stimulation (1 s) reduced Gin to the
same extent as the 20 Hz MF stimulation (2 s; Fig. 4Aa; Hyun et
al., 2015), despite the fact that the distal dendritic peak [Ca 2�]i

evoked by 50 Hz MF stimulation was significantly higher than
that by 20 Hz MF stimulation (50 Hz: 452.00 � 18.24 nM, n 	 5;
20 Hz: 352.42 � 6.1 nM, n 	 6; t(9) 	 2.687, p 	 0.021, indepen-
dent t test; Fig. 4Ab). Not all of CaTs evoked by 50 Hz MF stim-
ulation fell into the optimal [Ca 2�] window (Fig. 4Ab, broken
line box) on the plane of mean versus peak [Ca 2�]i. This may be
ascribed to postsynaptic AP bursts that occurred during the 50 Hz
MF stimulation (Fig. 4Ac). How is the 50 Hz MF stimulation

capable of inducing LTP-IE despite the presence of an excessive
distal dendritic [Ca 2�]i level?

Given that PTP inhibitors rescued inadequate stimulation for
LTP-IE induction (Fig. 3), these results raise a possibility that
PTP may be suppressed by one of the neurotransmitters released
from MF terminals. Previously, it has been shown that Zn 2�

inhibits PTPs at picomolar concentrations (Brautigan et al., 1981;
Wilson et al., 2012). Zinc ions, coreleased with glutamate from
MF terminals (Qian and Noebels, 2005), enter postsynaptic py-
ramidal cells (Li et al., 2001a,b; Takeda et al., 2007).

We hypothesized that Zn 2� released from MF terminals may
widen the calcium window for the induction of LTP-IE by the
inhibition of PTPs. To test this hypothesis, we first examined the
effect of bath-applied 1 �M TPEN, a membrane-permeable Zn 2�

chelator, on the MF-induced LTP-IE. TPEN did not suppress the
LTP-IE induced by 20 Hz MF stimulation (74.66 � 4.76%; n 	 5;
t(4) 	 3.742, p 	 0.005, paired t test) or somatic conditioning
(71.93 � 3.79%; n 	 5; t(4) 	 5.583, p 	 0.00, paired t test; Fig.
4Ba), which elicits adequate CaTs (Fig. 2). In contrast, 50 Hz MF
stimulation for 1 s did not induce LTP-IE in the presence of
TPEN (105.54 � 3.95%; n 	 6; t(5) 	 �1.249, p 	 0.267, paired
t test; Fig. 4Bb). Moreover, intracellular perfusion with either of
two different anti-RPTP� antibodies rescued the competence of
50 Hz MF stimulation for the induction of LTP-IE despite the
presence of TPEN (anti-RPTP� Ab L: 60.81 � 2.88%, n 	 5, t(4) 	
�8.652, p 	 0.001; anti-RPTP� Ab M: 64.61 � 0.92%, n 	 5,
t(4) 	 �14.304, p � 0.001, paired t test; Fig. 4Bb), suggesting that
the TPEN effect is mediated by the inhibition of RPTP�. Ca 2�

influx associated with glutamatergic synaptic activation can de-
polarize mitochondria (Bindokas et al., 1998) and evoke the re-
lease of mitochondrial free Zn 2� to the cytosol (Sensi et al.,
2003). TPEN, a membrane-permeable chelator, may deplete
Zn 2� in intracellular organelles. Because we cannot address
which organellar or synaptically released Zn 2� is responsible for
the TPEN effect, we examined the effect of bath-applied 100 �M

Table 1. Parameters for intrinsic excitability

Input conductance
(nS)

AP onset time
(ms)

First spike latency
(ms)

Control (CA3-PC in SD rats;
n 	 9)

3.74 � 0.17 10.0 � 0.16 469.1 � 13.12

TPEN (n 	 16) 4.73 � 0.30 10.6 � 0.4 640.2 � 34.9
100 �M ZX1 (n 	 16) 4.83 � 0.36 9.4 � 0.2 599.6 � 112.7*
50 �M ZX1 (n 	 5) 5.27 � 0.67 8.82 � 0.2 591.7 � 40.7*
Na3VO4 (n 	 11) 4.50 � 0.25 11.03 � 0.3 538.2 � 35.0
Anti-RPTP� antibody

(LS-C80176 –50) (n 	 8)
5.70 � 0.33* 10.2 � 0.2 684.7 � 55.8*

Anti-RPTP� antibody
(07– 472) (n 	 5)

6.35 � 0.67* 9.6 � 0.2 740.6 � 50.9***

Nonimmunized antibody (n 	 5) 4.34 � 0.4 8.1 � 0.46 578.17 � 58.46
ZnCl2 supplement (n 	 10) 5.31 � 0.32 11.0 � 0.3 620.5 � 32.85
8 � 14 week-old mice (n 	 10) 5.25 � 0.52 9.6 � 0.8 554.1 � 40.2
�8- to 14-week-old mice �

ZnCl2 (n 	 5)
6.46 � 1.49 8.48 � 0.8 566.2 � 99.25

ZnT3 �/� (n 	 5)a 3.52 � 0.34 8.8 � 0.8 493.8 � 22.5
ZnT3 �/� (n 	 10) 3.62 � 0.23 9.4 � 0.5 502.3 � 39.9
ZnT3 �/� and ZnCl2

supplement (n 	 6)
3.45 � 0.09 8.3 � 0.3 471.2 � 37.9

Statistical values and significance for the effects of conditioning on Gin , AP onset time, and the first spike latency
were determined at 30 min after conditioning; AP onset time and the first spike latency are defined in Hyun et al.
(2013). All values are shown as the mean � SEM. Statistical significance was tested in comparison with control
values using one-way ANOVA and Bonferroni correction.
aData from ZnT3 �/� CA3-PCs were used for control of data from ZnT3 �/� mice. Otherwise, data from Sprague
Dawley rats were regarded as control.

*p � 0.05; ***p � 0.005.
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Figure 4. Zn 2� released from MF terminals is responsible for the robustness of MF inputs in LTP-IE induction. Aa, The 50 Hz MF stimulation (for 1 s) reduced the Gin of postsynaptic CA3-PCs,
similar to the 20 Hz MF stimulation (for 2 s; reproduced from Fig. 1A). Ab, The 50 Hz MF stimulation-induced CaTs at distal apical dendrites are plotted on the mean vs peak [Ca 2�]i plane. Data for
CaTs evoked by somatic conditioning or 20 Hz MF train are reproduced from Figure 2Bb. The broken line box indicates the optimal Ca 2� window into which adequate CaTs fell. Insets, Representative
somatic voltage response (top) and distal dendritic CaTs (bottom) to 50 Hz MF stimulation. Raw (gray) and averaged (red) CaTs are overlapped in the bottom. Ac, Probability distribution for
instantaneous AP frequency evoked by MF stimulation. B, C, Relative Gin changes caused by MF stimulation at 20 Hz (2 s; Ba, Ca), 50 Hz (1 s; Bb, Cb), and in the presence of 1 �M TPEN (B) or ZX1 (C)
in bathing solution. As a control, we observed the Gin time profiles upon somatic conditioning (10 Hz AP; gray) in the presence of 1 �M TPEN (B) or ZX1 (C) in bathing solution. Conditioning stimuli
were delivered at 0 min (arrowheads). In the presence of TPEN, anti-RPTPa Ab M or anti-RPTPa Ab L was intracellularly perfused to block RPTP� (Bb). Insets, Representative subthreshold voltage
responses before (black) and 30 min after MF stimulation (colored) or somatic conditioning (gray). Calibration: 5 mV, 0.2 s. D, Relative changes of Gin (Figure legend continues.)
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ZX1, a fast membrane-impermeable zinc
chelator, on the induction of LTP-IE. Al-
though 100 �M ZX1 did not suppress the
induction of LTP-IE caused by 20 Hz MF
stimulation (79.00 � 2.94%; n 	 6; t(5) 	
5.603, p 	 0.003, paired t-test) or somatic
conditioning (70.32 � 3.20%; n 	 6;
t(5) 	 5.355, p 	 0.006, paired t-test; Fig.
4Ca), it significantly supressed the LTP-IE
following 50 Hz MF stimulation (97.09 �
3.65%; n 	 5; t(4) 	 0.890, p 	 0.414,
paired t test; Fig. 4Cb). Similar to the effect
of ZX1 on LTP at MF–CA3 synapses (Pan
et al., 2011), 50 �M ZX1 did not suppress
the LTP-IE induced by 50 Hz MF stimu-
lation (60.81 � 2.89%; n 	 5; t(4) 	 3.819,
p 	 0.019, paired t test; Fig. 4Cb), suggest-
ing that Zn2� influx channels may be lo-
cated in a spatial range close to MF
terminals. Because the effects of membrane-
impermeable ZX1 on LTP-IE were similar
to those of TPEN, extracellular Zn 2�,
rather than Zn 2� released from the intra-
cellular organelle, may mediate the facili-
tation of MF-induced LTP-IE induction.
In Figure 4D, the changes of Gin are plot-
ted as a function of MF-induced postsyn-
aptic firing rates with or without Zn 2�

chelators. Whereas MF stimulation in-
duced LTP-IE at a wide range of postsyn-
aptic AP frequencies under the control
conditions (Fig. 4D, gray circles; adapted
from Hyun et al., 2015), in the presence of
Zn 2� chelator, it induced LTP-IE only at a
narrow range of AP frequencies (10 –15
Hz; Fig. 4D) similar to direct somatic AP
stimulation (Fig. 4D, filled squares).
These results suggest that Zn 2� signaling
is responsible for the robustness of MF in-
puts to postsynaptic firing rates in the
LTP-IE induction.

Deletion of vesicular zinc transporter
(ZnT3) abolishes the privilege of MF
inputs in the LTP-IE induction
To test whether synaptic vesicular Zn 2�

plays an essential role in facilitating the
MF input-induced LTP-IE, we studied
LTP-IE in CA3-PCs from ZnT3 KO mice,
in which synaptic vesicular Zn 2� is de-
pleted (Cole et al., 1999; Vergnano et al.,
2014). The EPSC amplitudes evoked by
minimal stimulation of MFs in CA3-PCs
were not different between WT and
ZnT3KO mice (WT mice: 71.9 � 7.4 pA,

n 	 10; ZnT3KO mice: 66.1 � 7.5 pA, n 	 10; t(18) 	 0.549, p 	
0.59, independent t test). The reduction of Gin induced by MF
stimulation at 50 Hz was not different from that at 20 Hz in WT
littermates of ZnT3KO mice (20 Hz: 74.24 � 2.4%, n 	 5; 50 Hz:
74.54 � 2.1%, n 	 5; t(8) 	 �0.095, p 	 0.926, independent t test;
Fig. 5Aa). These values were similar to those from Sprague Daw-
ley rats shown in Figure 1 (F(2,16) 	 3.067, p 	 0.075). In ZnT3
KO mice, however, the extent of MF-induced �Gin was heavily

4

(Figure legend continued.) as a function of postsynaptic AP frequencies. Color codes are the
same as in A–C. The data for �Gin caused by MF and somatic stimulations under control condi-
tions (gray symbols) are reproduced from our previous reports (Hyun et al., 2013, 2015). Inset,
Magnified view for the area of postsynaptic APs between 5 and 15 Hz of the plot in D, showing
that zinc chelators did not suppress the induction of LTP-IE upon the 10 Hz AP train or 20 Hz MF
stimulation. Note that Zn 2� chelators render the 50 Hz MF stimulation incompetent in the
induction of LTP-IE (colored symbol).

Figure 5. Deletion of vesicular zinc transporter (ZnT3) abolishes the privilege of MF inputs in LTP-IE induction. A, MF stimulation
induced relative Gin changes in postsynaptic CA3-PCs from ZnT3 KO mice (Ab) or their WT littermates (Aa). MF stimulations at 20
or 50 Hz were given at t 	 0 s (arrowheads). For comparison, Gin changes upon 20 MF stimulation in CA3-PCs from Sprague Dawley
rats are reproduced from Figure 1A (gray). Inset, Subthreshold voltage responses before (black) and 25 min after MF stimulation
(same color codes as the main panel). B, MF stimulation-induced �Gin as a function of postsynaptic AP frequencies in WT and
ZnT3KO CA3-PCs. The same color codes as in A are used for �Gin data for WT or ZnT3KO mice (filled symbols). �Gin data for Zn 2�

chelators are reproduced from Figure 4 (pale colored symbols) for comparison.
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dependent on the postsynaptic AP fre-
quencies (Fig. 5Ab,B). Whereas the 20 Hz
MF stimulation that elicited postsynaptic
AP frequency between 10 and 15 Hz re-
duced Gin to 75.22 � 2.39% of the base-
line (n 	 5; t(4) 	 7.965, p 	 0.001, paired
t test), 50 Hz MF stimulation that elicited
higher AP frequencies did not reduce Gin

(107.7 � 3.20%; n 	 5; t(4) 	 �1.976, p 	
0.119, paired t test; Fig. 5B). These results
are consistent with the effects of Zn 2� ch-
elators on the �Gin induced by MF stim-
ulation [Fig. 5B, pale-colored symbols
(adapted from Fig. 4D)]. The intrinsic ex-
citability of CA3-PCs from ZnT3 KO mice
was not different from that of WT litter-
mates (Table 1). These results suggest that
vesicular zinc ions confer robustness in
the LTP-IE induction on the MF inputs
such that MF inputs can induce LTP-IE
even at very high frequencies.

Supplement of Zn 2� to extracellular
solution disinhibits the induction of
LTP-IE upon inadequate stimulation
Given that the activation of PTP is respon-
sible for the incompetence of inadequate
stimulation in the LTP-IE induction, the
role of Zn 2� in MF-induced LTP-IE may
be mediated by the inhibition of PTPs. Be-
cause [Zn 2�] in the cleft of MF synapses
induced by a few stimuli is between 20 nM

and 1 �M (Vergnano et al., 2014), we
tested whether a supplement of 100 nM

ZnCl2 to bathing solution allows inade-
quate stimulation to induce LTP-IE simi-
lar to PTP inhibitors. Because inorganic
phosphate forms metal precipitation with
Zn 2�, to dissolve ZnCl2 in aCSF we added
200 nM histidine to standard aCSF, which
forms both mono-histidine and bis-
histidine complexes with zinc (Rumschik
et al., 2009). When 100 nM ZnCl2 was
added to aCSF, LTP-IE was able to be
induced by two different types of inade-
quate stimulation, which were the com-
posite train (78.20 � 3.86%; n 	 5; t(4) 	
4.322, p 	 0.012, paired t test) and the 50
Hz somatic AP train (73.06 � 4.43%; n 	
5; t(4) 	 7.003, p 	 0.002, paired t test; Fig.
6A). Next, we tested whether supplement
of Zn 2� rescues LTP-IE in ZnT3KO CA3-
PCs. In the presence of 100 nM ZnCl2, 50
Hz MF stimulation (1 s) reduced Gin in
CA3-PCs from ZnT3KO mice to a similar
extent as in CA3-PCs from WT mice (KO:
71.68 � 2.41%, n 	 5; WT: 74.54 � 2.1%,
n 	 5; t(8) 	 0.406, p 	 0.695, indepen-
dent t test; Fig. 6B). Histidine alone, how-
ever, did not help the 50 Hz MF
stimulation to induce LTP-IE in ZnT3-
KO CA3-PCs (106.96 � 3.49%; n 	 5;
t(4) 	 �1.951, p 	 0.123, paired t test; Fig.

Figure 6. Supplement of Zn 2� to extracellular solution disinhibits the induction of LTP-IE upon inadequate stimulation.
A, Supplement of 100 nM ZnCl2 in the extracellular solution enabled the composite train (orange) and 50 Hz AP train (green)
to induce LTP-IE. Insets, Representative traces for Gin before (black) and 25 min after conditioning (the same color codes as
the main panel). B, MF stimulation at 50 Hz for 1 s readily induced LTP-IE in CA3-PCs of ZnT3KO mice in the presence of 100
nM ZnCl2 in bathing solution (purple). Histidine alone did not allow 50 Hz MF stimulation to induce LTP-IE in CA3-PCs of
ZnT3KO mice (yellow). The extent of �Gin in ZnT3KO was not different from that in WT as control (open circles, reproduced
from Fig. 4Aa). Insets, Representative subthreshold voltage responses before (black) and 25 min after conditioning. C, Plot
of 50 Hz MF stimulation-induced �Gin (purple) as a function of the number of postsynaptic APs in ZnT3-KO CA3-PCs with
100 nM ZnCl2 added to the bathing solution. For comparison, data for �Gin induced by 20 or 50 Hz MF stimulation in KO
CA3-PCs and in Sprague Dawley rats are reproduced from Figures 5B and 4D (gray symbols), respectively. Note that the
nadir on the plot occurred around the postsynaptic AP frequency at 10 Hz for MF-induced �Gin in KO CA3-PCs, but
supplement of ZnCl2 converted their relationship similar manner as those of Sprague Dawley rats. D, Summary for the mean
values of �Gin induced by conditioning, as indicated on the abscissa. The control values (�Gin values under the conditions
without Zn 2� supplement) are reproduced from Hyun et al. (2013) (for 50 Hz AP train), Figure 2C (for composite train), and
Figure 5A (for 50 MF stimulation in WT). Ea, Experiments similar to those in Aa were replicated in CA3-PCs from 8- to
14-week-old mice. LTP-IE was readily induced by 10 Hz somatic AP trains (green) but not by the 50 Hz AP train (blue). With
100 nM Zn 2� supplemented to aCSF, LTP-IE was induced by the 50 Hz AP train (purple). Eb, Mean values for the extent of
�Gin were not different between 2- to 3-week-old rats (red) and 8- to 14-week-old mice (gray) for each condition. n.s., No
statistical significance. *p � 0.05; ***p � 0.005.
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6B). Whereas the dependence of MF-induced LTP-IE on post-
synaptic firing rates was biphasic in ZnT3KO CA3-PCs, similar to
that induced by direct somatic stimulation, the supplement of
Zn 2� made the dependence rather similar to that in WT CA3-
PCs (Fig. 6C). The mean values for �Gin under the conditions
shown in Figure 6, A and B, are summarized in Figure 6D. Al-
though the majority of results were obtained in young 2- to
3-week-old mice or rats [postnatal week 2 (PW2) to PW3], we
have previously shown that LTP-IE can be induced in CA3-PCs
of 6-week-old rats (Hyun et al., 2015). To test whether the facil-
itation of LTP-IE by Zn 2� occurs in an adult rodent brain, we
replicated experiments shown in Figure 6A in 8- to 14-week-old
mice (PW8 to PW14) (Rollenhagen et al., 2007). In CA3-PCs of
PW8 to PW14 mice, LTP-IE was readily induced by the 10 Hz AP
train (PW8 to PW14: 70.58 � 3.34%, n 	 5; PW2–3: 69.61 �
1.16%, n 	 9; t(4.981) 	 �0.304, p 	 0.716), but not by the 50 Hz
AP train (PW8 to PW14: 110.34 � 9.12%, n 	 5; PW2 to PW3:
94.71 � 4.10%, n 	 9; t(12) 	 �1.809, p 	 0.096; Fig. 6E). Similar
to young rats, the supplement of 100 nM ZnCl2 allowed the 50 Hz
AP train to induce LTP-IE (PW8 to PW14: 70.65 � 4.99%, n 	 5,
t(8) 	 0.361, p 	 0.727; PW2 to PW3: 73.06 � 4.44%, n 	 5; Fig.
6E), indicating that the facilitation of LTP-IE by Zn 2� is not
restricted to the developing brain.

Zn 2� supplement allows somatic stimulation at an
inadequate frequency to induce reduction of D-type K current
and EPSP-spike (E-S) potentiation of PP-EPSPs
Previously, we reported that somatic conditioning-induced
LTP-IE accompanies the reduction of D-type K� current (IKD)
and enhancement of PP-EPSP-to-spike coupling (i.e., E-S poten-
tiation; Hyun et al., 2013, 2015). We tested whether the supple-
ment of Zn 2� allows somatic stimulation at an inadequate
frequency (50 Hz) not only to reduce Gin, but also to induce the
reduction of IKD and E-S potentiation of PP-EPSPs. IKD was iso-
lated as a low-concentration 4-aminopyridine (4-AP)-sensitive
K� current (IK) using digital subtraction as described previously
(Hyun et al., 2013). Figure 7A shows representative outward IK

traces without and with 30 �M 4-AP at the test potential of �40
mV (black), �30 mV (blue), �20 mV (red). IKD traces depicted
in Figure 7Ab show that IKD after 50 Hz somatic stimulation is
significantly larger under control conditions than in the presence
of 100 nM ZnCl2 in aCSF or anti-RTPT� antibody in the patch
pipette. Peak values of IKD for different conditions are summa-
rized in Figure 7Ac and Table 2. Next, we tested whether the
rescue of LTP-IE by the Zn 2� supplement accompanies E-S po-
tentiation. E-S coupling was monitored from the number of APs
elicited by temporal summation of PP-EPSPs, which were evoked

Figure 7. Supplement of Zn 2� to aCSF allows 50 Hz somatic stimulation to induce reduction of D-type K current and E-S potentiation of PP inputs. Aa, Ab, Outward K � IK elicited by a depolarizing
step to �20 mV (red), �30 mV (blue), and �40 mV (black) from �70 mV before (Aa, top row) and after bath application of 30 �M 4-AP (Aa, bottom row) in the naive and conditioned CA3-PCs.
For each condition, the arithmetical subtraction of IK under the 4-AP (bottom row) from the total IK (top row) at the same depolarizing step was regarded as IKD. Representative traces for IKD are shown
in Ab. Ac, Mean values for peak amplitudes of IKD induced by a step depolarization to �20, �30, and �40 mV under different conditions. Ctrl, Without conditioning; 50 Hz, after 50 Hz somatic AP
trains; 50 Hz � Ab L and 50 Hz � Ab M, intracellular perfusion of anti-RPTP� Ab L and anti-RPTP� Ab M, respectively; 50 Hz � Zn, 100 nM Zn 2� supplemented to aCSF. Ba, Number of APs elicited
by five PP-EPSP trains at 20 Hz before and after 50 Hz somatic AP trains (arrowhead at 0 min). The 50 Hz AP train alone did not enhance the number of APs induced by PP synaptic inputs (black
symbols). With 100 nM ZnCl2 supplemented to aCSF, however, the 50 Hz AP train enhanced the number of APs (red symbols. For comparison, AP numbers elicited by PP-EPSP bursts at 20 Hz after a
10 Hz somatic AP train are reproduced from Hyun et al. (2015) (gray symbols). Bb, Exemplar traces for temporal summation of 20 Hz PP-EPSPs before (black) and after (blue) the 50 Hz AP train
without (left) and with (right) ZnCl2 supplement. n.s., No statistical significance. *p � 0.05; ***p � 0.005.
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by 20 Hz five-pulse bursts every 1 min. The PP stimulation inten-
sity was adjusted such that postsynaptic voltage responses to PP
stimulation were just below the AP threshold before somatic con-
ditioning. To avoid erroneous multisynaptic MF inputs, double
incisions were made in hippocampal sulcus and hilus. The num-
ber of APs was not increased after the 50 Hz somatic AP train
alone. With 100 nM Zn 2� bath applied, however, the number of
APs elicited by PP-EPSPs was increased after the 50 Hz somatic
AP train (Fig. 7B). These results indicate that LTP-IE induced by
50 Hz somatic stimulation under Zn 2�-supplemented condi-
tions leads to the same consequence as the LTP-IE by somatic
conditioning under control conditions, in that both induce not
only a reduction of Gin, but also a reduction of IKD and E-S
potentiation of PP synaptic inputs.

Zn 2� facilitates MF-induced heterosynaptic potentiation of
PP synaptic inputs
We have shown that LTP-IE involves the downregulation of
Kv1.2 at distal apical dendrites, which results in not only a reduc-
tion of Gin, but also specific potentiation of PP-EPSPs (Hyun et
al., 2013, 2015). Our previous studies predict that Zn 2� signaling
facilitates the MF input-induced potentiation of PP-EPSPs too.
To test this prediction, we examined the effects of ZX1 and
ZnT3-KO on MF-induced potentiation of PP-EPSPs. Neither ex-
tracellular ZX1 (50 or 100 �M) nor ZnT3-KO altered the ampli-
tude of EPSCs, EPSPs, and EPSP/EPSC ratio (one-way ANOVA,
F(5,41) 	 1.210, p 	 0.324; Fig. 8A). In the presence of 100 �M

ZX1, heterosynaptic potentiation of PP-EPSPs was induced by 20
Hz MF stimulation (1.69 � 0.11; n 	 6; t(5) 	 �4.791, p 	 0.005,
paired t test) or somatic conditioning (1.78 � 0.18; n 	 5; t(4) 	
�6.807, p 	 0.002, paired t test; Fig. 8Ba), but not by 50 Hz MF
stimulation (0.93 � 0.05; n 	 5; t(4) 	 1.347, p 	 0.249, paired t
test; Fig. 8Bb). Consistent with the concentration dependence of
ZX1 effects on �Gin (Fig. 4Cb), 50 �M ZX1 had little effect on
heterosynaptic potentiation of PP-EPSPs following 50 Hz MF
stimulation (1.60 � 0.05; n 	 5; t(4) 	 �8.412, p 	 0.001, paired
t test). MF stimulation at 20 Hz, but not at 50 Hz, induced het-
erosynaptic potentiation of PP-EPSPs in the KO CA3-PCs (20
Hz: 1.78 � 0.07, n 	 5, t(4) 	 �6.492, p 	 0.003; 50 Hz: 0.88 �
0.07, n 	 5, t(4) 	 1.669, p 	 0.170, paired t test; Fig. 8Ca),
whereas it was induced by MF stimulation at both frequencies in
WT CA3-PCs (20 Hz: 1.86 � 0.09, n 	 4, t(3) 	 �5.972, p 	 0.009
for WT; 50 Hz: 1.80 � 0.06, n 	 5, t(4) 	 �9.129, p 	 0.001;
paired t test; Fig. 8Cb). The 100 nM Zn 2� supplement in the
bathing solution, however, rescued the heterosynaptic potentia-
tion of PP-EPSPs upon 50 Hz MF stimulation in the KO CA3-
PCs (1.81 � 0.06; n 	 6; t(5) 	 �6.165, p 	 0.002, paired t test;

Fig. 8Ca). The extent of MF-induced heterosynaptic potentiation
of PP-EPSPs as a function of postsynaptic firing rates under dif-
ferent conditions is plotted in Figure 8Da, and the mean values
are summarized in Figure 8Db. These plots demonstrate that,
similar to the MF-induced reduction of �Gin, heterosynaptic po-
tentiation of PP-EPSPs becomes dependent on the postsynaptic
firing rates without the help of Zn 2� signaling.

High-frequency MF stimulation induces influx of Zn 2� into
apical dendrites of CA3-PCs
Our results indicate that the role of Zn 2� in MF-induced LTP-IE
is similar to that of PTP inhibitors. Translocation of synaptically
released Zn 2� into postsynaptic CA3-PCs is a prerequisite for
Zn 2�-mediated inhibition of PTP in postsynaptic PTP. We ex-
amined postsynaptic intracellular [Zn 2�] changes (�[Zn 2�]i)
induced by MF stimulation using a membrane-impermeable flu-
orescent indicator, FluoZin-3 (50 �M), included in the patch
pipette (Kay and Tóth, 2006).

Previous in vitro studies implied that the fluorescence change
of FluoZin-3 to �[Zn 2�] is higher at least by five orders of mag-
nitude than for the same �[Ca 2�] (Devinney et al., 2005; Zhao et
al., 2008). An in-cell study showed that the FluoZin-3 signal was
little affected by ionomycin-induced [Ca 2�]i elevation (Kied-
rowski, 2011). Nevertheless, the contribution of �[Ca 2�]i to a
FluoZin-3 signal can be comparable to that of �[Zn 2�]i when the
�[Ca 2�]i/�[Zn 2�]i ratio is high enough to cancel out the affinity
ratio of FluoZin-3 for Zn 2� over Ca 2�.

To test whether �[Zn 2�]i contributes to the MF-induced
FluoZin-3 signal, we compared relative fluorescence changes of
FluoZin-3 (�F/F0) elicited by 20 Hz MF stimulation for 2 s at the
proximal apical dendrite under control conditions and in the
presence of TPEN. The 20 Hz MF stimulation elicited 20.6 � 1.2
(n 	 5) APs in the postsynaptic cells. The peak fluorescence
changes (�F/F0) at proximal dendrites under control conditions
were significantly higher than those in the presence of TPEN
(control: 0.38 � 0.10, n 	 5; TPEN: 0.11 � 0.01, n 	 5; t(8) 	
3.199, p 	 0.027, independent t test; Fig. 9A). Moreover, the
MF-induced �F/F0 in the presence of TPEN was rather similar to
�F/F0 induced by somatic conditioning (10 Hz APs for 2 s: 0.09 �
0.01, n 	 5; t(8) 	 1.319, p 	 0.202, independent t test; Fig. 9A).
Assuming that the �[Ca 2�]i induced by somatic conditioning is
comparable to that induced by 20 Hz MF stimulation, as shown
in Figure 2B, the contribution of �[Ca 2�] to the MF-induced
FluoZin-3 signal (�F/F0) may be �30%, and thus the rest may be
caused by intracellular [Zn 2�] increase.

Next, we examined the MF-induced fluorescence changes
(�F/F0) in WT and ZnT3-KO CA3-PCs along apical dendrites.

Table 2. Summary for the peak of IKD

�40 mV (pA) �30 mV (pA) �20 mV (pA)

Control (n 	 5) 129.18 � 8.35 269.91 � 31.75 459.99 � 45.39
50 Hz AP train (n 	 5) 129.46 � 20.73 292.20 � 35.18 420.04 � 43.49

( p 	 1.00) ( p 	 1.00) ( p 	 1.00)
50 Hz AP train � intracellular anti-RPTP� Ab (LS-C08176-50) (n 	 5) 65.04 � 17.22 139.76 � 18.21 218.74 � 16.10

( p 	 0.03) ( p 	 0.019) ( p � 0.001)
50 Hz AP train � intracellular anti-RPTP� Ab (07-472) (n 	 5) 47.22 � 8.00 145.58 � 7.94 224.92 � 12.63

( p 	 0.003) ( p 	 0.028) ( p � 0.001)
50 Hz AP train � extracellular 100 nM ZnCl2 (n 	 5) 24.83 � 6.43 115.18 � 26.18 203.28 � 11.57

( p � 0.001) ( p 	 0.004) ( p � 0.001)
One-way ANOVA F(4,20) 	 12.763 F(4,20) 	 10.107, F(4,20) 	 17.055,

( p � 0.001) ( p 	 0.001) ( p � 0.001)

Values are the mean SEM, unless otherwise indicated. The 30 �M 4-AP-sensitive D-type K � current at the test potentials of �40, �30, and �20 mV. Statistical values and significance for the effects of various conditions described above
on peak IKD current. Statistical significance was tested in comparison with control values using one-way ANOVA and Bonferroni correction.
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Figure 8. Zn 2� facilitates MF-induced heterosynaptic potentiation of PP synaptic inputs. Aa, Ab, The relationship between PP-EPSP and PP-EPSC amplitudes measured at the same CA3-PCs
(Aa), and the mean values for the EPSP/EPSC ratio (Ab) at PP-CA3 synapses under the conditions tested in Ba to Cb (control, control conditions in CA3-PCs of Sprague Dawley rats; ZX1, in the presence
of 100 or 50 �M ZX1 in Sprague Dawley rats; ZnT3KO and ZnT3WT, ZnT3 KO mice and their littermates; Zn suppl., ZnT3 KO with supplement of Zn 2�). Ba, Bb, Relative amplitudes of PP-EPSPs before
and after MF stimulation at 20 Hz (Ba) or at 50 Hz (Bb) in the presence of 100 or 50 �M ZX1. Data for PP-CA3 EPSPs after somatic conditioning (10 Hz AP train for 2 s) are repeated in Ba and Bb as
a control (open circles). Amplitudes are normalized to their mean baseline values. Conditioning MF stimuli were delivered at t 	 0 (arrowhead). Ca, Cb, Relative (Figure legend continues.)
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We set multiple ROIs along an apical dendrite, and acquired MF
stimulation-induced FluoZin-3 signals at SL, SR, and SLM. Fig-
ure 9Ba shows representative ROIs along the apical dendritic
FluoZin-3 image. The averaged traces for MF-induced �F/F0 at
each ROI are compared between WT and KO CA3-PCs in Figure
9Bb. The fluorescence changes at the end of MF stimulation (de-
noted as 2 s assuming that t 	 0 at the start of stimulation) were
significantly higher in WT CA3-PCs than in KO CA3-PCs at four
proximal ROIs (25, 50, 100, and 150 �m), but was not different
between WT and KO mice at distal ROIs (�200 �m; Fig. 9Bb,Bc).
The fluorescence changes at 5 s, however, were significantly
higher in WT CA3-PCs than in KO CA3-PCs not only at proxi-
mal ROIs but also at distal ROIs (Fig. 9Bd). The fluorescence
changes at 2 and 5 s for WT and KO CA3-PCs are summarized in
Table 3. Neither the MF-EPSC amplitudes nor the number of
elicited APs were significantly different between the two geno-
types, arguing against the contribution of different MF synaptic
inputs (Fig. 9Be). The averaged traces for MF-induced �F/F0 at
distal apical dendrites (200 �m from the soma) are compared
between WT and KO CA3-PCs on an expanded scale (Fig. 9Bf,
left). The averaged �F/F0 traces show that the FluoZin-3 signal in
WT CA3-PCs, but not in KO CA3-PCs, persisted even 4 s after the
cessation of MF stimulation. In contrast, The MF-induced
FluoZin-3 signal in KO CA3-PCs and the somatic conditioning-
induced FluoZin-3 signal decayed in 2 s after the end of stimula-
tion. When the averaged traces are normalized to the peak, the
decay phases of MF-induced FluoZin-3 signals in KO and so-
matic conditioning-induced signals overlapped to a large degree
with the decay phase of the MF-induced Fura-2 signal (Fig. 9Bf,
right). These results suggest that �[Ca 2�] may contribute to the
early phase of FluoZin-3 signal, which decayed in 2 s after the end
of stimulations, but the later phase of the FluoZin-3 signal repre-
sents �[Zn 2�]i at distal apical dendrites.

To further examine the time extent of Ca 2� contribution to
MF-induced FluoZin-3 signals at distal dendrites, we studied the
effects of 10 nM tetrodotoxin (TTX) in CA3-PCs of Sprague Daw-
ley rats. TTX at low concentration (10 –30 nM) selectively blocks
the propagation of bAPs with little effect on neurotransmitter
release (Mackenzie and Murphy, 1998; Haase and Maret, 2003;
Tsay et al., 2007; Hyun et al., 2013). When the same number of
somatic APs were elicited, 10 nM TTX reduced �[Ca 2�]i to 47%
of control at distal apical dendrites, whereas somatic �[Ca2�]i was
little affected (Hyun et al., 2013). In light of the results of Figure 9B,
we expected that 10 nM TTX would reduce the distal dendritic
FluoZin-3 signal at the end of stimulations (2 s). Moreover, the
effects of TTX on the distal dendritic FluoZin-3 signal at 5 s, which is
dominated by �[Zn2�], will provide us a clue whether influx of
Zn2� to distal apical dendrites depends on the propagation of bAPs.
If Zn2� influx into distal dendrites depends on bAPs, 10 nM TTX
would reduce the FluoZin3 signal at 5 s, and vice versa.

In the presence of 10 nM TTX, stronger MF stimulation (MF-
EPSCs: in control, 106 � 11.3 pA, n 	 6; in TTX, 197 � 19.6 pA,
n 	 5; t(9) 	 �4.199, p 	 0.002, independent t test; Fig. 9Ca) was
needed to get a similar number of APs in postsynaptic CA3-PCs
as a control (AP numbers: in control, 25.1 � 4.1, n 	 6; in TTX,
21.8 � 5.4, n 	 5; t(9) 	 0.483, p 	 0.641, independent t test),
probably because 10 nM TTX elevated the threshold potential of
postsynaptic cells. When the similar numbers of APs were elic-
ited, the peak values and the time course of FluoZin-3 signals
(�F/F0) at proximal dendrites were not significantly different
between control and TTX conditions both at 2 s (control: 0.38 �
0.1, n 	 5; TTX: 0.29 � 0.05, n 	 5; t(8) 	 0.776, p 	 0.460,
independent t test) and at 5 s (0.17 � 0.05, n 	 5 in control;
0.15 � 0.03, n 	 5 in 10 nM TTX; t(8) 	 0.455, p 	 0.661, inde-
pendent t test; Fig. 9Cb, top). A small effect of TTX on proximal
dendritic FluoZin-3 signal may result from the electrical com-
pactness of CA3-PCs (Johnston, 1981). At the distal dendrites,
however, 10 nM TTX significantly lowered the FluoZin-3 signal at
t 	 2 s (control, 0.19 � 0.03, n 	 5; TTX, 0.10 � 0.02, n 	 5;
t(8) 	 2.465, p 	 0.039, independent t test). Notably, 10 nM TTX
did not reduce the MF-induced FluoZin3 signal at 4 s and later
(control at 5 s: 0.09 � 0.03, n 	 5; TTX: 0.07 � 0.01, n 	 5; t(8) 	
0.800, p 	 0.447,independent t test; Fig. 9Cb, bottom). The dif-
ference trace between the FluoZin-3 signals in control and TTX
conditions decayed in 4 s (Fig. 9Cb, gray trace), suggesting that
TTX may specifically block Ca 2� influx at distal dendrites, and
that Zn 2� influx to distal apical dendrites does not depend on
bAP. The effects of 10 nM TTX on the FluoZin-3 fluorescence
changes at 2 s (the end of MF stimulations) and 3 s later (denoted
as 5 s) are summarized in Figure 9Cc for proximal and distal
apical dendrites. Only the early-phase distal dendritic FluoZin3
signal at 2 s was reduced by 10 nM TTX. Altogether, these results
suggest that 20 Hz MF stimulation elicits the increases of cytoso-
lic [Zn 2�] both at proximal and distal apical dendrites of CA3-
PCs, and that the distal dendritic [Zn 2�] elevation is slower and
independent of bAP.

MF input-induced proximal dendritic [Zn 2�] elevation
linearly depends on the number of postsynaptic APs
We examined the dependence of FluoZin-3 signals evoked by 20
Hz MF stimulation on the baseline MF-EPSC amplitudes and the
number of elicited APs. Each fluorescence change of FluoZin3
(�F/F0) was plotted as a function of corresponding baseline EPSC
amplitude or the number of postsynaptic APs for CA3-PCs of
Sprague Dawley rats under control and TTX conditions mea-
sured at 2 and 5 s (Fig. 10A). The same relationships were plotted
for the WT (Fig. 10B, left) and ZnT3KO (Fig. 10B, right) mice.
The FluoZin-3 signals at proximal dendrites depended on the
baseline MF-EPSC amplitudes and the number of postsynaptic
APs in CA3-PCs from both rats and mice (Fig. 10Aa,Ba), whereas
the dependence of FluoZin3 signal at distal apical dendrites was
not as clear as that at proximal dendrites (Fig. 10Ab,Bb). As al-
ready mentioned, larger MF-EPSCs were elicited in the presence
of TTX to meet the control postsynaptic AP numbers, and thus
[Zn 2�] at the synaptic cleft may be higher in the TTX condition
than that in the control condition (Qian and Noebels, 2005).
Nevertheless, the FluoZin3 signals at proximal dendrites were not
different between control and TTX conditions. Moreover, the
proximal FluoZin-3 signal under the two conditions overlapped
to a large degree on the plot of �F/F0 versus AP numbers, but not
on the plot of �F/F0 versus MF-EPSCs (Fig. 10Aa). To further test
whether FluoZin3 signals are more dependent on AP numbers
than on MF-EPSCs in CA3-PCs of mice, we compared FluoZin3

4

(Figure legend continued.) amplitudes of PP-EPSPs before and after MF stimulation at 20 or
50 Hz in CA3-PCs from ZnT3-KO mice (Ca) or their WT littermates (Cb). MF stimulation at 20 Hz
(green), but not at 50 Hz (gray), induced LTP of PP-EPSPs in KO CA3-PCs (Ca). Supplement of
ZnCl2 rescued the incompetence of 50 Hz MF stimulation in KO (blue). In contrast, MF stimulation
induced LTP of PP-EPSPs both at 20 and 50 Hz in WT CA3-PCs (Cb). Ba–Cb, Insets, PP-EPSP traces
before(gray)and25minafteraconditioning(samecolorcodesasinmainpanels).Da,PlotofPP-EPSP
potentiation as a function of the number of postsynaptic APs elicited by conditioning stimuli, as indi-
catedintheboxedgraphlegend.MF-inducedpotentiationofPP-EPSPsundercontrolconditions(gray
triangles) are reproduced from Hyun et al. (2015) for comparison. Db, Summary for potentiation of
PP-EPSPs induced by different conditionings. n.s., No statistical significance. ***p � 0.005.
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signals evoked by MF stimulation at 20 and 50 Hz with the pulse
number fixed at 40 (Fig. 10Ba,C). Because of more pronounced
short-term facilitation of MF-EPSCs at 50 Hz than at 20 Hz (Fig.
10Ca), the cumulative amplitudes of MF-EPSCs were higher at 50
Hz (Fig. 10Cb). Despite higher quantal release at 50 Hz, the proximal
FluoZin3 signals evoked by 50 Hz MF stimulations were not higher

than those by 20 Hz when AP numbers were comparable (Fig.
10Ba,Cc). Given that extracellular Zn2� permeates the plasma
membrane through VDCCs or Ca2�-permeable AMPA receptors
(Sensi et al., 1997; Kerchner et al., 2000; Jia et al., 2002), these results
imply that the Zn2� influx into CA3-PCs is limited by AP-dependent
activation of VDCCs located at the proximal apical dendrites.

Figure 9. High-frequency MF stimulation induces influx of Zn 2� to apical dendrites of CA3-PCs. A, FluoZin3 fluorescence changes (�F/F0) at proximal apical dendrites evoked by somatic
conditioning (10 Hz APs, 2 s; broken line) and by 20 Hz minimal stimulation of MFs (2 s) under control conditions (black) and in the presence of 1 �M TPEN in aCSF (cyan). Bottom bar graph, peak
�F/F0 of FluoZin-3 fluorescence. Ba, Representative FluoZin-3 fluorescence image of a CA3-PC. Colored boxes are ROIs where fluorescence was measured. For each ROI, its distance from the soma
is indicated. Bb, Averaged FluoZin-3 fluorescence changes (�F/F0) were measured at corresponding ROIs (same color code as in Ba), while afferent MFs were minimally stimulated at 20 Hz for 2 s
(horizontal bar), which typically induced an AP response, as shown in the topmost panel. In each panel, �F/F0 traces measured in ZnT3 WT (solid line) and KO (broken line) CA3-PCs were
superimposed. Bc, Bd, Mean values for FluoZin-3 fluorescence changes measured at 2 s (at the end of MF stimulation; Bc) and at 5 s (Bd) from ROIs at different distances from the soma
in WT and ZnT3KO CA3-PCs. Be, The number of MF-induced postsynaptic APs as a function of baseline MF-EPSC amplitudes for WT (open circles) and ZnT3KO (filled circles) CA3-PCs. Bf,
Left, The FluoZin-3 signals at distal apical dendrites (200 �m from the soma) of WT (blue) and KO (purple; reproduced from Bb) mice. For comparison, distal dendritic FluoZin-3 signal
evoked by somatic conditioning in a CA3-PC of Sprague Dawley rats is overlapped. Right, The same FluoZin-3 signals are normalized to their peak values to compare decay kinetics. The
distal dendritic Fura-2 trace is superimposed (green trace, reproduced from Fig. 2Ba). Blue horizontal bars, 2 s period when conditioning stimuli were given. Ca, The number of
MF-induced postsynaptic APs as a function of baseline MF-EPSC amplitudes in the control conditions (black) and after bath application of 10 nM TTX (red). Insets, Representative traces
for MF-EPSCs (top) and MF-induced AP responses (bottom) under control conditions (black) and in the presence of 10 nM TTX (red) in the same CA3-PC. Cb, Averaged traces for �F/F0 of
FluoZin-3 measured at proximal (left) and distal (right) apical dendrites in control (black) and 10 nM TTX (red) conditions. The difference trace (gray) was obtained by subtraction of the
latter trace from the former one. Cc, Summary for normalized �F/F0 values measured from proximal and distal dendrites at 2 and 5 s from the start of MF stimulation in control conditions
(open bars) and after TTX application (gray bars). n.s., No statistical significance. *p � 0.05; **p � 0.01; ***p � 0.005.
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Figure 10. MF input-induced proximal dendritic [Zn 2�] elevation linearly depends on the number of postsynaptic APs. A, MF stimulation-induced �F/F0 values measured at 2 s (open symbols)
and 5 s (filled symbols) as a function of the number of postsynaptic APs and baseline MF-EPSC amplitudes. In each panel, �F/F0 values are compared for the control (black), 10 nM TTX (red), and TPEN
(purple) conditions. All data are obtained from the same cells of Figure 9C. B, MF stimulation-induced �F/F0 values at proximal (25 �m from soma; Ba) and distal (�200 �m; Bb) dendrites of
CA3-PCs from WT (open symbols) and ZnT3KO (filled symbols) mice as a function of the number of postsynaptic APs and baseline MF-EPSC amplitudes. All data were obtained from the same cells
seen in Figure 9B, except for red symbols, which represent peak �F/F0 at proximal dendrites evoked by 50 Hz MF stimulation with the same pulse number in WT CA3-PCs. For proximal and distal
dendrites, �F/F0 values were measured at 2 and 5 s, respectively. Ca, Top, Representative EPSC traces in mouse CA3-PCs evoked by MF stimulations at 20 Hz (black) and 50 Hz (red). Bottom, Mean
values for MF-EPSC amplitudes normalized to the baseline as a function of pulse number. Cb, Sum of normalized EPSC amplitudes evoked by 40 pulses at 20 and 50 Hz delivered to MFs. Cc, Voltage
responses evoked by MF stimulation with 40 pulses at 20 Hz (black) and 50 Hz (red). Bottom, Averaged traces for FluoZin3 fluorescence changes evoked by 20 and 50 Hz (40 pulses). Horizontal bars
indicate the time for MF stimulations. *p � 0.05.

Table 3. Summary for MF stimulation-induced fluorescence changes (�F/F0 ) of FluoZin-3

Distance from soma ZnT3 WT (2 s) ZnT3 KO (2 s) Comparisona (2 s) ZnT3 WT (5 s) ZnT3 KO (5 s) Comparisona (5 s)

25 �m 0.46 � 0.02 0.08 � 0.02 t(8) 	 12.794 0.27 � 0.02 0.03 � 0.01 t(8) 	 11.718
p � 0.001 p � 0.001

50 �m 0.36 � 0.03 0.10 � 0.02 t(8) 	 7.402 0.20 � 0.02 0.05 � 0.03 t(8) 	 4.635
p � 0.001 p 	 0.002

100 �m 0.34 � 0.03 0.08 � 0.01 t(7) 	 7.143 0.03 � 0.02 0.01 � 0.02 t(6) 	 7.592
p � 0.001 p � 0.001

150 �m 0.25 � 0.02 0.09 � 0.04 t(6) 	 3.843 0.18 � 0.02 0.01 � 0.02 t(6) 	 5.982
p 	 0.009 p 	 0.001

200 �m 0.18 � 0.04 0.1 � 0.02 t(6) 	 1.729 0.16 � 0.04 0.00 � 0.03 t(6) 	 4.684
p 	 0.135 p 	 0.003

250 �m 0.13 � 0.01 0.09 � 0.03 t(6) 	 1.317 0.12 � 0.03 0.00 � 0.02 t(6) 	 3.441
p 	 0.236 p 	 0.014

All values are shown as the mean � SEM. Statistical significance was tested between ZnT3WT and ZnT3KO for the same distance using an independent t test.
aFluorescence intensities for apical dendrites of CA3-PCs were compared between WT and KO mice, at the same distance and time.
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Discussion
The present study demonstrated that there is an optimal [Ca 2�]
window at distal apical dendrites for the induction of LTP-IE
unless PTP is inhibited, which is consistent with our previous
finding that the extent of �Gin is not proportional to the somatic
firing frequency but displays the biphasic relationship with an
optimal frequency of 10 Hz (Hyun et al., 2013). The bidirectional
role of Ca 2�, however, is not compatible with the monophasic
dependence of �Gin on MF stimulation frequency (Fig. 4D, gray
symbols). Moreover, Tsukamoto et al. (2003) showed that MF
stimulation at 100 Hz can induce heterosynaptic potentiation of
PP-EPSPs, implying that MF can induce LTP-IE at postsynaptic
firing frequencies of wider range. Our study presented evidence
in two ways for MF input-induced postsynaptic Zn 2� signaling as
a key mechanism that resolves the discrepancy in the LTP-IE
induction between somatic and MF stimulations. First, when
Zn 2� signaling was inhibited by Zn 2� chelators or by the deletion
of ZnT3, MF input-induced LTP-IE exhibited biphasic depen-
dence on the postsynaptic firing rates similar to somatic condi-
tioning (Figs. 4, 5). Second, in the presence of 100 nM Zn 2� in
aCSF, direct somatic stimulation could induce LTP-IE even at a
very high somatic firing rate, similar to MF stimulations (Fig. 6).
The effects of Zn 2� on the somatic AP train-induced LTP-IE was
essentially the same as those of PTP inhibitors, in that it abolished
the biphasic dependence of LTP-IE induction on somatic firing
rates (Figs. 3, 6), suggesting that the role of Zn 2� is mediated by
the inhibition of PTP.

What mediates the calcium-dependent activation of RPTP�?
Previous studies have shown that the surface expression of Kv1.2
is bidirectionally regulated by PTK and RPTP� in a heterologous
expression system (Huang et al., 1993; Tsai et al., 1999). The
present study showed that the inhibition of phosphatase or
RPTP� can unmask the capability of inadequate stimulation pro-
tocols to induce LTP-IE, suggesting that excessively high peak
[Ca 2�] may activate PTPs as well as PTK. Similar to our findings,
NMDA receptors in CA3-PCs have been reported to be bidirec-
tionally regulated by PTK and striatal enriched PTP (STEP) pairs
in Ca 2�-dependent manner (Salter and Kalia, 2004). Both of
PTK and STEP are activated by Ca 2� via PKC and calcineurin,
respectively (Paul et al., 2003). The direction of Ca 2�-dependent
modulation of NMDA receptors is determined by the Ca 2� sen-
sitivity of these two opposing pathways. Consistently, Grishin et
al. (2005) showed that strong Ca 2� buffering or moderate Ca 2�

signaling favored the kinase action to NMDA receptor, whereas
strong Ca 2� signaling under low buffer conditions favored PTP.
Activity-dependent activation of PTPs is not well understood.
Calmodulin-dependent activation of PTPs has been suggested as
a mechanism underlying the depression of NMDA receptor cur-
rent caused by muscarinic agonist (Grishin et al., 2005). For
PTPR�, however, PKC� and CaMKII have been suggested as
positive regulators (Brandt et al., 2003; Bodrikov et al., 2008). The
regulation and biological effects of the PTPR� may depend on the
signaling microdomain where PTPR� resides. Thus, it requires
more investigation to address what signaling mechanisms are
involved in the PTP activation caused by inadequate stimuli in
the CA3-PCs.

Possible mechanisms underlying the permissive role of Zn 2�

in induction of LTP-IE
Activation of PTKs is essential for the induction of LTP-IE (Hyun
et al., 2015), suggesting that the facilitating role of Zn 2� is closely

related to its positive regulation of PTK activity. Because the che-
lation of Zn 2� or the deletion of vesicular Zn 2� did not prevent
adequate stimulation from inducing LTP-IE (Figs. 4, 5), Zn 2�

signaling may not be essential for the activation of PTK. Instead,
the zinc supplement, like the phosphatase inhibitors, had permis-
sive action on the induction of LTP-IE by inadequate stimulation
(Fig. 6). Given that the induction of LTP-IE is determined by the
balance between PTK and PTP activity, it is likely that the action
of Zn 2� is mediated by the inhibition of PTP, especially RPTP�.
Consistent with this view, different kinds of PTPs have been
shown to be inhibited by picomolar [Zn 2�] (Haase and Maret,
2003; Wilson et al., 2012). Although Zn 2� inhibition of RPTP�
has not been demonstrated, the binding sites in PTP1B and
SHP-1 (Src homology region 2 domain-containing phosp-
hatase-1) for inhibitory Zn 2� are located in their catalytic site
(VVHCSAG), which is also highly conserved in PTPR�, suggest-
ing a high probability for the zinc inhibition of PTPR�. More-
over, recent studies at MF–CA3 synapses showed that Zn 2�

inhibits PTP to enhance the activities of pErk at presynaptic com-
partments (Sindreu et al., 2011).

MF input-induced intracellular Zn 2� signaling at
apical dendrites
It has been shown that zinc ions are coreleased with glutamate
upon stimulations of MFs (Qian and Noebels, 2005), and are
taken up by postsynaptic CA3-PCs in rat hippocampal slices (Li
et al., 2001a,b; Takeda et al., 2007). The present study confirmed
the previous notion at proximal apical dendrites located in SL.
We showed that the MF-induced FluoZin-3 signals at proximal
dendrites are unequivocally higher in control conditions than
those in the conditions that do not elevate [Zn 2�]i such as in the
presence of TPEN or in the ZnT3-KO CA3-PCs or upon somatic
conditioning (collectively referred to as “no zinc conditions”; Fig.
9A,B), indicating that high-frequency MF stimulation induces
an increase in [Zn 2�]i at proximal apical dendrites.

For distal dendrites, it was not easy to evaluate the FluoZin-3
signal because of low signal-to-noise ratio, small �F/F0, and a
relatively high Ca 2� component of FluoZin-3 signal compared
with proximal dendrites. The FluoZin-3 signals at distal dendrites
were distinct from the corresponding Fura-2 signals, in that the
FluoZin-3 signal persisted even 4 s after the end of MF stimula-
tion (Fig. 9Bf). The slow decay of the FluoZin-3 signal is consis-
tent with previous reports on the time constant for clearance of
intracellular Zn 2� in neurons (Ohana et al., 2009; Kiedrowski,
2011), which is slower than somatic Ca 2� clearance by two orders
of magnitude (Kim et al., 2003). In contrast, the FluoZin-3 signals
under no zinc conditions decayed within 2 s after the end of MF
stimulation (referred to as “early phase”), similar to the decay
time course of corresponding Ca 2� transients (Fig. 9Bf). More-
over, the effect of bAP inhibition by 10 nM TTX on the FluoZin-3
signal was confined to the early phase with no effect on the later
phase (Fig. 9Cb), indicating that the Ca 2� component of the
distal dendritic FluoZin-3 comes to an end within the early phase,
and thus the later FluoZin-3 signal represents elevation of
[Zn 2�]i. Because 10 nM TTX had little effect on the later-phase
FluoZin-3 signal, the distal dendritic [Zn 2�]i elevation may not
depend on the propagation of bAPs. Given that 10 nM TTX had
an effect only on �[Ca 2�]i, the time course of the distal �[Zn 2�]i

is better represented by the FluoZin-3 signal in the presence of
TTX than in control conditions. Considering that 10 nM TTX
partially inhibits the distal �[Ca 2�]i, and that remaining
�[Ca 2�]i may still contribute to the early phase of FluoZin-3
signal, the distal [Zn 2�]i elevation could be rather slower than the

Eom et al. • Synaptic Zn2� Facilitates Excitability Regulation J. Neurosci., May 15, 2019 • 39(20):3812–3831 • 3829



FluoZin-3 signal in the presence of TTX. The slow increase of
distal dendritic [Zn 2�]i together with its small dependence on
bAPs implies intracellular diffusion of Zn 2� from proximal den-
drites rather than the direct influx of Zn 2� through distal den-
dritic plasma membrane.

Physiological implications
Our study showed that high-frequency MF inputs are privileged
for the induction of LTP-IE in postsynaptic CA3-PCs by the help
of intracellular Zn 2� signaling, which probably suppresses Ca 2�-
dependent activation of PTP. In contrast, high-frequency A/C
inputs can hardly induce LTP-IE because they elicit bursting APs
in the soma and thus transient and excessively high [Ca 2�]i ele-
vation at distal dendrites, resulting in the activation of PTP. In
vivo studies on firing patterns of hippocampal granule cells in
awake animals revealed that a high proportion of their firings are
in bursts (Mistry et al., 2011; Pernía-Andrade and Jonas, 2014).
Since the intraburst firing rates are well above 100 Hz (Henze et
al., 2002; Gundlfinger et al., 2010), the MF input-induced post-
synaptic Ca 2� signaling in vivo may exhibit high fluctuation,
which is different from the plateau-like CaTs evoked by MF stim-
ulation at uniform frequency in this study (Fig. 2B). If MF inputs
are composed of many bursts, as observed in vivo, Zn 2� signaling
will be essential for the induction of LTP-IE.

The increase in dendritic excitability can lower the threshold
of synaptic inputs required for the induction of synaptic LTP.
Therefore, it is expected that high-frequency MF input can in-
duce metaplastic changes at PP synapses, and thus prime a post-
synaptic CA3-PC for the subsequent PP synaptic inputs. It
remains to be tested whether LTP-IE accompanies such meta-
plastic changes at PP synapses. Furthermore, given that the den-
tate gyrus plays an important role in pattern separation, we
imagine that the lack of MF-induced metaplasticity can impair
the performance for this behavioral task if it is an essential part of
the role of MF inputs to CA3-PCs. It has been shown that KO of
ZnT3 causes impairment in Erk signaling at MF terminals and in
the behavioral discrimination task (Sindreu et al., 2011). Our
study raises a possibility that the behavioral impairment in
ZnT3-KO mice may be caused by impairment not only in
presynaptic Erk signaling but also in postsynaptic LTP-IE.
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