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ABSTRACT 

 

The intrinsic excitability of neurons plays a critical role in the encoding of 

memory at Hebbian synapses and in the coupling of synaptic inputs to spike 

generation. It has not been studied whether somatic firing at physiologically 

relevant frequency can induce intrinsic plasticity in hippocampal CA3 

pyramidal cells (CA3-PCs). A conditioning train of 20 action potentials 

(APs) at 10 Hz causes a persistent reduction in the input conductance and an 

acceleration of the AP onset time in CA3-PCs, but not in CA1-PCs. 

Induction of such long-term potentiation of intrinsic excitability (LTP-IE) 

was accompanied by a reduction in the D-type K+ current, and was abolished 

by the inhibition of endocytosis or protein tyrosine kinase (PTK). 

Consistently, the CA3-PCs from Kv1.2 (gene name, Kcna2) knock-out mice 

displayed no LTP-IE with the same conditioning. Furthermore, the induction 

of LTP-IE depended on the back-propagating APs (bAPs) and intact distal 

apical dendrites. These results indicate that LTP-IE is mediated by the 

internalization of Kv1.2 channels from the distal regions of apical dendrites, 

which is triggered by bAP-induced dendritic Ca2+ signaling and the 

consequent activation of PTK. It has been postulated that hippocampal 

mossy fiber (MF) inputs constrain the CA3 network to sparsely represent 
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direct cortical inputs and thus subserve pattern separation. However, the 

cellular mechanism underlying this hypothesis remains elusive. Here, I show 

that a short tetanic stimulation of afferent MFs induces long-term 

potentiation (LTP) of perforant path (PP)-evoked excitatory postsynaptic 

potentials (PP-EPSPs) in CA3-PCs. I demonstrate that the downregulation of 

Kv1.2 mediates MF input-induced heterosynaptic LTP of PP-EPSPs but had 

little effect on recurrent synaptic inputs, because surface expression of Kv1.2 

is polarized to distal apical dendrites. Rapid pattern separation was impaired 

in Kcna2-haploinsufficient mice, in which CA3-PCs lacked the 

heterosynaptic LTP, suggesting that Kv1.2 plays an essential role in pattern 

separation. 

 

 

Keywords: intrinsic plasticity, CA3 pyramidal cell, D-type K+ current, 

Kv1.2, heterosynaptic plasticity, pattern separation 
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GENERAL INTRODUCTION 

 

The principal cell of hippocampal CA3 field, a CA3 pyramidal cell (CA3-

PC), receives three major synaptic inputs via mossy fiber (MF), 

associational/commissural (A/C) fiber and perforant (PP) or 

temporoammonic (TA) pathways, each of which targets a segregated region 

of the somatodendritic axis of CA3-PCs. Therefore, modulation of ion 

channels that show uneven expression along the somatodendritic axis can 

potentially cause a differential effect on the dendritic integration of synaptic 

inputs that have different presynaptic origin. Especially, synaptic potentials 

originated at distal dendrites are thought to be attenuated when they reach 

the soma because of dendritic K+ conductance or proximal GABAergic 

inputs. Direct cortical inputs via perforant path, which convey important 

spatial information from the entorhinal cortex, come into distal apical 

dendrites of CA3-PCs. Therefore, modulation of dendritic active 

conductance will be of crucial importance for dendritic integration and the 

EPSP-to-spike (E-S) coupling of direct cortical inputs to CA3-PCs. 

Furthermore, dendritic excitability may regulate back-propagating action 

potentials (bAPs) and induction of synaptic plasticity (Markram et al., 1998; 

Hoffman & Johnston, 1998). Nevertheless, dendritic integration and active 
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processing of synaptic inputs in these neurons only recently begin to be 

understood in CA3-PCs (Perez-Rosello et al., 2011; Kim et al., 2012a).  

 It is well known that channel subunits comprising hyperpolarization-

activated current (Ih) or transient A-type K+ current (IA) are expressed in the 

apical dendrite with increasing density towards distal dendrites of CA1-PCs 

(Hoffman et al., 1997; Lorincz et al., 2002). The A-type K+ channel subunit, 

Kv4.2, small-conductance Ca2+-activated K (SK) and HCN channels have 

been implicated in the activity-dependent regulation of dendritic excitability 

in CA1-PCs (Frick et al., 2004; Kim et al., 2007). Input-specific 

compartmentalized changes in the input conductance of dendritic branches 

have been demonstrated in CA1-PCs (Losonczy et al., 2008). Intrinsic 

plasticity can be induced not only by synaptic activity (Aizenman & Linden, 

2000) but also somatic firing and associated bAPs (Fan et al., 2005). When a 

given types of ion channels exhibit uneven distribution along the 

somatodendritic axis, such bAP-induced modulation of the ion channels may 

cause regional changes in intrinsic excitability. 

Stimulation of MFs at high frequency can effectively discharge its 

postsynaptic target CA3-PC (Henze et al., 2002). It has long been postulated 

that bAPs evoked by MF inputs may cause potentiation of direct cortical 

inputs from entorhinal cortex (McNaughton & Morris, 1987). Although 
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Tsukamoto et al. (2003) has reported that intense MF stimulation (100 Hz, 1 

s) can induce a long-term potentiation of TA- field EPSPs, the cellular 

mechanisms underlying this potentiation remains elusive. I found that such 

high-frequency stimulation (HFS) of MFs elicit firing of a postsynaptic cell 

at between 10 and 20 Hz. I asked whether any changes in intrinsic 

excitability of a CA3-PC can be induced by such somatic firing and resultant 

bAPs. In previous studies, intrinsic plasticity in CA3-PCs was elicited by 

chronic suppression of network activity (Cudmore et al., 2010), activation of 

mGluR (Brown et al., 2011) or intense somatic stimulation using a long 

depolarizing step pulse and theta burst firing (Brown & Randall, 2010). 

However, it has not been studied whether physiologically relevant somatic 

firing can induce intrinsic plasticity in CA3-PCs.  

 D-type K+ channels have not drawn much attention as a modulator of 

dendritic excitability, probably because most of Kv1 family members, which 

comprises the D-type K+ channels, are localized predominantly in axons 

(Monaghan et al., 2001). Nevertheless, somatodendritic localizations of Kv1 

subunits have also been described (Sheng et al., 94; Guan et al., 2006). The 

D-type K+ current is activated below the AP threshold (Storm, 1988), and its 

magnitude has profound effects on input resistance near the resting 

membrane potential, the AP threshold and the spike time latency (Saviane et 
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al., 2003; Wu & Barish, 1999; Cudmore et al., 2010). Furthermore, one of 

D-type K+ channel subunits, Kv1.2, are regulated by tyrosine 

phosphorylation involving proline-rich tyrosine kinase2 (PYK2), a Ca2+-

dependent non-receptor tyrosine kinase (Lev et al., 1995; Nesti et al., 2004), 

raising a possibility of activity-dependent regulation. Both molecules of 

Kv1.2 and PYK2 are abundant in CA3-PCs, but PYK2-dependent regulation 

of Kv1.2 has not been investigated in the context of dendritic excitability. 

Here I show that physiologically relevant stimulation of the CA3-PC 

decreases the input conductance around resting membrane potential by the 

mechanism of Ca2+ and protein tyrosine kinase (PTK)-dependent reduction 

of D-type K+ current, probably, endocytosis of Kv1.2. Furthermore, this 

conditioning leads to potentiation preferentially of synaptic inputs coming 

into distal dendrites. I suggest that polarized expression of Kv1.2 to the 

distal dendrite underlies the PP input-specific E-S potentiation induced by a 

train of bAPs (or stimulation of MFs at high frequency). 

We recall previously stored memory from partial or degraded cues (pattern 

completion), and/or recognize small differences between similar contexts 

(pattern separation). These two categorical memory representations occur in 

the hippocampal CA3 region and dentate gyrus (DG), respectively. Because 

outputs of the DG are fed into the CA3, the two complementary 



５ 

 

representations may be integrated in the CA3 region, but the cellular 

mechanism remains elusive. Here, I present the activity-dependent 

downregulation of Kv1.2 in CA3 pyramidal cells as a possible cellular 

mechanism through which the two complementary cognitive functions are 

integrated in the CA3 region.  
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CHAPTER 1 
 

 

Activity-dependent downregulation of D-

type K+ channel subunit Kv1.2 in rat 

hippocampal CA3 pyramidal neurons 
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INTRODUCTION 

 

Long-term changes in the excitability of hippocampal CA3 pyramidal cells 

(CA3-PCs) is of crucial importance for understanding neuronal 

computational mechanisms underlying the proposed cognitive functions of 

the hippocampal CA3 area (O'Reilly & McClelland, 1994). Previously, it has 

been shown that intrinsic excitability of CA3-PCs can be altered by the 

chronic suppression of network activity (Cudmore et al., 2010), activation of 

metabotropic glutamate receptors (Brown et al., 2011) or intense somatic 

stimulation using a long depolarization and theta burst firing (Brown & 

Randall, 2009). However, it has not been investigated whether 

physiologically relevant repetitive somatic firing can induce intrinsic 

plasticity in CA3-PCs. Furthermore, input conductance (Gin) around the 

resting membrane potential (RMP) has profound effects on the threshold for 

somatic and dendritic spike generation in a neuron, but the activity-

dependent change of Gin around the RMP has not been previously reported. 

In vivo recordings in the rat hippocampal CA3 pyramidal layer have shown 

that PCs in the CA3 field discharge at a frequency between 10 and 20 Hz in 

the place field (Leutgeb et al., 2007; McHugh et al., 2007). I inquired 

whether any changes in Gin around the RMP in the CA3-PC can be induced 
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by somatic firing at the frequency that is found in the in vivo recordings. 

Through examination of the ion channel responsible for Gin changes induced 

by the somatic firing of CA3-PCs at moderate frequencies, I show that the 

D-type K+ current (IK(D)) undergoes downregulation depending on the 

dendritic [Ca2+] elevation.  

The D-type K+ current (IK(D)) is a low-threshold, slowly inactivating and 

dendrotoxin-sensitive outward K+ current. IK(D) has been characterized in 

hippocampal CA1 pyramidal cells (CA1-PCs) (Storm, 1988) and in CA3-

PCs (Luthi et al., 1996). The activation and inactivation curves of IK(D) 

overlap around the RMP resulting in a window current (Storm, 1988), which 

renders IK(D) suitable for regulating the threshold for the generation of 

dendritic and somatic spikes (Golding et al., 1999b; Cudmore et al., 2010). 

In addition, the rapid activation and slow inactivation properties of IK(D) 

contribute to spike repolarization (Mitterdorfer & Bean, 2002) and to a delay 

and variability in the onset of the first action potential (AP) (Cudmore et al., 

2010), respectively. 

IK(D) in central neurons is primarily mediated by members of the Kv1 

channel subfamily, Kv1.1 and Kv1.2. Although Kv1 channels are targeted to 

the axon (Wang et al., 1993; Gu et al., 2003), their dendritic expression is 

evident too in cortical pyramidal neurons (Sheng et al., 1994; Guan et al., 
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2006). Previous studies have revealed using a heterologous expression 

system that the internalization of the Kv1.2 channels is regulated by the 

Ca2+-dependent non-receptor tyrosine kinase PYK2 and its downstream Src-

family kinases (Lev et al., 1995; Nesti et al., 2004). Although homeostatic 

regulation and Ca2+-dependent shift of the inactivation curve of IK(D) has 

been reported (Saviane et al., 2003; Cudmore et al., 2010), activity-

dependent modulation of IK(D) has not been demonstrated in the context of 

neuronal intrinsic plasticity.  

Here, I show that the excitability of CA3-PCs can be enhanced over the 

long term by repetitive somatic firing at a physiologically relevant firing 

frequency, and provide evidence that such changes in intrinsic excitability is 

mediated by Ca2+- and Src-family protein tyrosine kinase (PTK)-dependent 

internalization of the D-type K+ (KD) channel subunits KV1.2 from the distal 

apical dendrites.  
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MATERIALS AND METHODS 

 

1. Slice preparation.  

Hippocampal brain slices were prepared from Sprague-Dawley rats (P13-

P18; P, postnatal days) or mice (P13-P18) of either sex as described 

previously (Lee et al., 2007). Protocols were approved by the Animal Care 

Committee of Seoul National University. Rats or mice were anesthetized 

with isoflurane and decapitated. Brains were quickly removed and chilled in 

an ice-cold high-magnesium cutting solution containing the following (in 

mM): 116 NaCl, 26 NaHCO3, 3.2 KCl, 0.5 CaCl2, 7 MgCl2, 1.25 NaH2PO4, 

10 glucose, 2 Na-pyruvate, 3 ascorbate, with pH 7.4 adjusted by saturating 

with carbogen (95% O2, 5% CO2), and with osmolarity of ~300 mOsm. The 

isolated brain was glued onto the stage of a vibratome (Leica VT1200) and 

300 μm-thick transverse hippocampal slices were cut. The slices were 

incubated at 34°C for 30 min in the same solution, and thereafter maintained 

at room temperature until required. For experiments, I transferred the slice 

that recovered at least for an hour to a recording chamber superfused with 

artificial cerebrospinal fluid (ACSF) containing the followings (in mM): 124 

NaCl, 26 NaHCO3, 3.2 KCl, 2.5 CaCl2, 1.3 MgCl2, 1.25 NaH2PO4, 10 

glucose, bubbled with 95% O2 and 5% CO2.  
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2. Electrophysiological recordings.  

All recordings were performed in the presence of antagonists of GABAA and 

AMPA/kainite receptors (picrotoxin, 100 μM and CNQX, 10 μM, 

respectively). Whole-cell voltage- or current-clamp recordings from 

hippocampal CA3-PCs (one cell per slice) were carried out at 32 ± 2°C 

while the recording chamber was perfused with ACSF at 1 - 1.5 ml/min. The 

recordings were made using a MultiClamp 700B amplifier controlled by 

Clampex 10.2 via Digidata 1440A data acquisition system (Molecular 

Devices) with a pipette solution containing (in mM): 130 K-gluconate, 7 

KCl, 2 NaCl, 1 MgCl2, 0.1 EGTA, 2 ATP-Mg, 0.3 Na-GTP, 10 HEPES (pH 

= 7.30 with KOH, 295 mOsm with sucrose). After forming whole-cell patch 

on the soma of a CA3-PC, the membrane potential was maintained at -67.1 

± 1.1 mV under current-clamp modes. Under this condition, I monitored 

input conductance (Gin) every 10 seconds before and after repetitive somatic 

stimulation with a short train of suprathreshold depolarizing current pulses 

(900 pA, 3 ms pulse for 50 Hz train; 700 pA, 5 ms pulse for other frequency 

trains). Gin was estimated from subthreshold voltage responses to -30 pA and 

+10 pA current steps (duration, 500 ms). The AP onset time and the 1st spike 

latency are defined as the delay from the start of square or ramp depolarizing 



１２ 

 

current injection to the beginning of the upstroke phase of the 1st evoked AP 

(Fig. 2D). In some experiments (Fig. 10), a deep cut was made at stratum 

oriens or at outer stratum radiatum about 250 mm from stratum lucidum for 

truncation of a part of the CA3-PC dendrites using a modified 20 G needle 

propelled by a micromanipulator.  

 

3. D-type K+ current recordings.  

Somatic K+ outward current was recorded in the voltage-clamp mode in the 

presence of synaptic blockers (PTX and CNQX) plus an inward current 

blocker cocktail that consists of 200 μM Ni2+, 125 μM Cd2+ and 0.5 μM 

tetrodotoxin (TTX) in order to block voltage-dependent Ca2+ and fast Na+ 

channels. The D-type K+ current (IK(D)) was isolated by algebraic subtraction 

of the K+ outward current in the presence of 30 μM 4-aminopyridine (low 4-

AP) from that in the control conditions. The peak current amplitude of IK(D) 

in a cell was measured from the averaged trace of 5 to 10 D-type K+ current 

traces. 

 

4. Kv1.2 knock-out mice.  

Heterozygous Kv1.2 knock-out mice (Kcna2+/–) were purchased from The 

Jackson Laboratory (Bar Harbor, ME, USA; Donating Investigator: Dr. 
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Bruce Tempel, Univ. of Washington School of Medicine), and maintained at 

the approved specific-pathogen-free facilities. By inter-crossing Kcna2+/– 

mice, I bred homozygous knock-out mice (Kcna2–/–) and wild-type 

littermate (Kcna2+/+). For genotyping, DNA was isolated from the tail of 

each mouse in a litter aged 6-8 days as described by Brew et al. (2007) 

(Brew et al., 2007). Detailed protocols are available online 

(http://depts.washington.edu/tempelab/Protocols/KCNA2.html). Although 

Kcna2 –/– mice had a severely reduced life span (range of P18-P23) (Brew 

et al., 2007), they appeared normal during first two weeks of their life.  

 

5. Hippocampal organotypic slice culture.  

Organotypic slice cultures were prepared from P6-8 SD rat hippocampus as 

described previously (Lee et al., 2012) according to the protocol approved 

by the Animal Care Committee of Seoul National University. Briefly, 

hippocampal slices (thickness, 300 μm) were obtained using a vibratome 

(DTK-1000 ZERO 1; Dosaka) and placed on a porous (0.4 μm) membrane 

(Millicell-CM; Millipore). The culture medium was a mixture of 50% 

minimum essential medium (Invitrogen), 25% horse serum, 24% Eagle’s 

buffered salt solution, and 1% penicillin-streptomycin (PS, Invitrogen). 

Glucose was added to reach a final concentration of 36 mM. After 3 days in 
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culture, the medium was changed to serum-free Neurobasal medium with 

2% B-27 supplement, 1% GlutaMAX-I, 1% PS, and 5 mM glucose added. 

To arrest glial proliferation, 5 μM Ara-C was also added to the culture 

medium and the medium was changed every 2 days. 

 

6. Gene knock-down using RNA interference.  

I used a short-hairpin RNA (shRNA) to deplete endogenous PYK2 from the 

hippocampal CA3 pyramidal neuron in an organotypic slice culture. PYK2-

targeting short-interfering RNA sequences (5’- 

GCTGTAGCATAGAGTCAGA -3’) was referred to Hsin et al. (2010) (Hsin 

et al., 2010). The luciferase-targeting siRNA sequence (5’-

TAAGGCTATGAAGAGATAC-3’) was used as a non-targeting siRNA 

control (shNT, Dharmacon). The synthesized PYK2-targeting or non-

targeting siRNA oligonucleotides (Cosmogenetech, Seoul, Korea) were 

ligated into the lentiviral vector pLentiLox3.7 (pLL3.7), which co-expresses 

GFP. To confirm the knockdown effect of PYK2-targeting shRNA 

(shPYK2), primary cultured hippocampal neurons (DIV16) were infected 

with lentivirus encoding shPYK2 or non-targeting shRNA (shNT). On the 

5th day after infection, neurons (DIV21) were lysed in an ice-cold lysis 

buffer containing 50 mM Tris (pH 7.4 adjusted with HCl), 150 mM NaCl, 1 
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mM EDTA and 1% SDS, and the lysate was subject to immunoblotting 

analysis. The procedures for hippocampal slice culture, lentivirus production 

and immunoblotting were previously described in detail in Lee et al. (2012) 

(Lee et al., 2012). Primary and secondary antibodies were used as follows: 

rabbit monoclonal anti-PYK2 (1:1000; Abcam), mouse monoclonal anti-β-

actin (1:5000; Santa Cruz Biotechnology), horseradish peroxidase (HRP)-

conjugated goat anti-rabbit IgG (1:2000; Abcam) or HRP-conjugated donkey 

anti-mouse IgG (1:5000; Jackson ImmunoResearch). CA3-PCs in the 

cultured slices at DIV 3-5 were transfected with plasmids encoding 

shPYK2/GFP or shNT/GFP using the biolistic transfection methods (Helios 

Gene Gun System, BioRad). The transfected CA3-PCs were subject to 

electrophysiological recording 5 days after the transfection.   

 

7. Cytosolic Ca2+ measurements.  

The procedures for cytosolic [Ca2+] measurement in the slice have been 

previously described in detail (Lee et al., 2009). Briefly, I measured 

cytosolic [Ca2+] from fluorescence images of a hippocampal CA3-PC in the 

slices loaded with fura-2 (pentapotassium salt, 0.1 mM) via a whole-cell 

patch pipette. Imaging of a CA3-PC was performed with a 60x water 

immersion objective (NA 0.9, LUMPlanFI, Olympus, Japan), an air-cooled 
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slow scan CCD camera (SensiCam, PCO, Germany) and a monochromator 

(xenon-lamp based, Polychrome-IV, TILL-Photonics, Martinsried, 

Germany), which were controlled by a PC and Digidata 1440A, running a 

custom-made software programmed with Microsoft Visual C++ (version 6.0; 

CCDLabo1.2). To increase the time resolution and minimizing the 

photobleaching effect, I adopted the single-wavelength protocol in the Ca2+-

imaging of the slice. Images taken at 20 Hz with single wavelength 

excitation at 380 nm (F380) were preceded and followed by images with 

excitation at isosbestic wavelength (360 nm). The isosbestic fluorescence 

values (Fiso) were linearly interpolated between points just before and after 

the period of excitation at 380 nm. Calibration parameters were determined 

using in cell calibration. The ratio (R) of Fiso/F380 was converted to [Ca2+] 

values using equation: [Ca2+] = Keff × (R – Rmin) / (Rmax – Rmin), where Rmin and 

Rmax are R values at zero and 10 mM [Ca2+]i. Keff was determined using a 

pipette solution of known [Ca2+], which  contains 10 mM BAPTA and 10 

mM CaCl2. 

 

8. Data analysis.  

Data were analyzed using IgorPro (version 6.10A; WaveMetrics, Lake 

Oswego, OR). Statistical data are expressed as mean ± standard error of 
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mean (SEM), and n indicates the number of cells studied. The significance 

of differences between two experimental conditions was evaluated using 

nonparametric Wilcoxon-Mann-Whitney two-sample rank test or the 

Wilcoxon Signed Rank test for non-paired and paired data, respectively, 

using a significance level (p) of 0.05. 
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RESULTS 

 

I studied the long-term changes in input conductance (Gin) in CA3-PCs 

induced by their repetitive somatic firing at different frequencies (5, 10, 20 

or 50 Hz) under the current clamp mode of whole-cell patch clamp 

techniques. To examine the dependence of the input conductance change 

(ΔGin) on the strength of somatic firing, I induced precisely-timed train of 

action potentials (APs) using a train of depolarizing current pulses for 2 s at 

different frequencies. Figure 1 shows representative membrane potential 

responses to the injection of depolarizing current pulse train at 10 Hz, 20 Hz 

and 50 Hz.  Note that the train of pulses with 5 ms in width and 700 pA in 

amplitude (5 ms/700 pA pluses) was used for the 5, 10 and 20 Hz induction 

protocols, and a train of 3 ms/900 pA pulses for the 50 Hz protocol in the 

present study. The passive depolarization phase (the time for the membrane 

potential to reach the AP threshold) of APs in the 10 Hz train was typically 

between 4.5 and 5 ms (Fig. 1A), indicating that the 10 Hz induction protocol 

induces a train of physiological APs. For the 20 and 50 Hz train induction 

protocols, however, the passive depolarization phases of most APs in the 

train were shorter than the current pulse duration (5 and 3 ms, respectively) 

because most APs in the train were elicited on the top of after-depolarization 
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of preceding APs (Fig. 1B and Ca), and thus the current pulse rendered the 

AP duration (APD) longer than that of a physiological AP. To test if the 

longer APD has any effect on the ΔGin, the current pulse duration was 

reduced to 2.5 and 2 ms for the 20 and 50 Hz induction protocols, 

respectively, such that the pulse duration is shorter than the passive 

depolarization phase of APs in the 20 and 50 Hz trains (Fig. 1Cb for 50 Hz 

train). Indeed, APDs under these modified protocols were shorter by about 

0.7 ms than those under the induction protocol used in the present study (Fig. 

1D). Nevertheless, the ΔGin induced by the modified 20 Hz induction 

protocols (2.5 ms/20 Hz) was within the range of variance of ΔGin caused by 

the 5 ms induction protocols (5 ms/20 Hz; Fig. 1E). At 50 Hz, however, ΔGin 

values caused by the 2 ms pulse protocol were positioned slightly in the 

upper range of those by the 3 ms pulse protocol (Fig. 1E). Given that a train 

of APs with a longer half-width is expected to induce a stronger Ca2+ signal 

than the train of physiological APs, the higher ΔGin caused by the 50 Hz 

train of physiological APs may be consistent with the idea that excessive 

Ca2+ signal rather suppresses the ΔGin change (Fig. 2C).  

 

Gin was determined every 10 s from the voltage deflections elicited by 

positive and negative current injections (+10 and -30 pA, respectively) at the 
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RMP (-67.1 ± 1.1 mV; exemplar voltage traces, Fig. 2B). In addition to Gin, 

I examined the effect of repetitive somatic firing on the delay to the onset of 

the first spike elicited by the injection of a short depolarizing current step 

(400-500 pA for 9-13 ms) or a ramp current (250 pA/s for 1 s) (Fig. 2D). 

Henceforth, the former and latter are referred to as the AP onset time and the 

first-spike latency, respectively. Statistical values and significance for the 

effects of the conditioning on Gin, AP onset time and first-spike latency were 

determined 20 min after the conditioning. 

 

Repetitive somatic firing at an optimal frequency induces a long-term 

reduction of Gin in CA3-PCs 

After assessing the baseline Gin, I delivered a train of suprathreshold current 

pulses for 2 s at different frequencies, and then resumed the monitoring of 

Gin (Fig. 2A). Although Gin was not altered by somatic firing at 5 Hz (98.6 ± 

1.5%, p = 0.56, n = 6), it underwent a gradual and persistent reduction at 10 

Hz (67.8 ± 1.6%, p < 0.005, n = 19). The Gin reduction at 20 Hz was less 

pronounced than at 10 Hz (80.4 ± 1.9%, p < 0.01, n = 11), and was 

negligible at 50 Hz (95.5 ± 3.7%, p = 0.22, n = 13; Fig. 2A), indicating that 

there is an optimal somatic firing frequency that induces the reduction of Gin 

in CA3-PCs. Figure 2C shows the relative changes in Gin measured 20 min 
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after the conditioning as a function of the somatic firing frequency. This 

form of intrinsic plasticity lasted as long as I held the whole-cell recordings 

(up to 50 min), but no significant change in Gin was observed in the naïve 

CA3-PCs (Fig. 2F). 

The change in Gin was accompanied by decreases in the AP onset time and 

first-spike latency (Fig. 2D-E). Figure 2E summarizes the mean values for 

the AP onset time and relative changes in the first-spike latency after 

conditioning with somatic firing at different frequencies, showing that 

somatic firing at 10 Hz for 2 s has the greatest effect on both parameters. 

Henceforth, I refer to somatic firing at 10 Hz for 2 s as the ‘conditioning AP 

train’, and to long-term enhancement of intrinsic excitability induced by the 

conditioning AP train as ‘long-term potentiation of intrinsic excitability’ or 

‘LTP-IE’. It should be noted that the term 'LTP-IE' has been used to 

represent a variety of intrinsic plasticity with different characteristics in 

different brain regions (Sourdet et al., 2003; Cudmore & Turrigiano, 2004; 

Xu et al., 2005). 

Different from the Gin of CA3-PCs, Gin of CA1-PCs was not altered by the 

same conditioning AP train (104.3 ± 3.7%, p = 0.31, n = 6; Fig. 2G). Figure 

2H summarizes the changes in the mean values for Gin, AP onset time and 

relative changes in the first-spike latency after the conditioning AP train in 
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CA3-PCs (control, n = 19, p < 0.005 for all the three parameters) and CA1-

PCs (n = 8, p > 0.1 for all). These findings indicate that the intrinsic 

excitability of CA3-PCs, but not of CA1-PCs, is enhanced by their somatic 

firing at the physiologically relevant frequency, and that this form of LTP-IE 

is not a general property of pyramidal neurons.  

 

The induction of LTP-IE in CA3-PCs requires an elevation of intracellular 

[Ca2+]  

Ca2+ plays a crucial role in inducing various forms of activity-dependent 

intrinsic plasticity (Cudmore & Turrigiano, 2004; Frick et al., 2004; Fan et 

al., 2005). To test whether the induction of LTP-IE requires intracellular 

[Ca2+] elevation, I included BAPTA (10 mM), a Ca2+ chelator, in the pipette 

solution, and repeated the same experiments as Fig. 2G. Intracellular BAPTA 

or bath-applied nimodipine (10 μM), an L-type voltage-dependent Ca2+ 

channel (VDCC) blocker, abolished the conditioning AP train-induced 

reduction of Gin (BAPTA, 110.7 ± 3.2%, n = 15; nimodipine, 107.7 ± 5.7%, 

n = 8, Fig. 3A). Similarly, BAPTA or nimodipine abolished the reduction of 

the AP onset time and first-spike latency that are normally observed after the 

conditioning (Fig. 3B-C). These results suggest that the induction of LTP-IE 

is triggered by Ca2+ coming through L-type VDCCs which are activated by 
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the conditioning AP train.  

Next, I tested the possible involvement of NMDA receptors in the induction 

of LTP-IE. Because the CA3-PC was conditioned by somatic firing without 

stimulation of afferent fibers, it is unlikely that NMDA receptors subserve 

Ca2+ influx required for the induction of LTP-IE. Supporting this idea, bath 

application of 40 mM MK-801 had no significant effect on the induction of 

LTP-IE by the same conditioning. APV, another NMDA receptor blocker, 

was not appropriate for testing the involvement of NMDA receptors in LTP-

IE because it reduced the baseline Gin and the 1st spike latency (Fig. 4B).  

 

LTP-IE is mediated by the downregulation of D-type K+ channels 

The change in Gin around RMP implies that the induction of LTP-IE involves 

an alteration of ion channels that are active near the RMP. I found that LTP-

IE persists in the presence of ZD7288, apamin or linopirdine, which blocks 

hyperpolarization-activated cation (HCN), small-conductance Ca2+-activated 

K+ (SK) and Kv7 channels, respectively (Fig. 5). The Kv1 family current or 

D-type K+ current (IK(D)) is activated below the AP threshold (Storm, 1988), 

and its magnitude has profound effects on the input resistance near the RMP 

(Saviane et al., 2003). Furthermore, the slow inactivating kinetics of IK(D) 

causes a delayed onset of AP upon injection of a depolarizing current step 
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(Cudmore et al., 2010). The finding that the conditioning AP train results in 

both a reduction of Gin and the acceleration of the AP onset time prompted us 

to test the possible involvement of IK(D) in the LTP-IE induction.  

 It is well known that a low concentration of 4-aminopyridine (4-AP, 30-50 

μM) specifically blocks IK(D) (Storm, 1988). Bath application of 30 mM 4-AP 

caused a significant decrease in the baseline Gin (80.2 ± 1.7%, p < 0.05, n = 

7; Fig. 6Aa). In the presence of low 4-AP, the conditioning AP train rather 

slightly increased Gin (86.8 ± 3.3%, n = 7; Fig. 6Aa). Furthermore, once Gin 

was reduced by the conditioning, 30 μM 4-AP did not cause a further 

reduction in Gin (71.1 ± 1.8% to 70.5 ± 2.32%, p = 0.93, n = 7; Fig. 6Ba). 

Low concentration 4-AP occluded the conditioning-induced reduction of the 

AP onset time and first-spike latency, too. Both parameters were 

significantly reduced by low 4-AP (p < 0.05 for both, n = 5; Fig. 6Ab). In the 

presence of 4-AP, the conditioning AP train had no additional effect on both 

the onset time and first-spike latency (p > 0.05 for both, Fig. 6Ab). 

Reciprocally, the conditioning occluded the effect of 4-AP on the AP onset 

time and first-spike latency (p > 0.05 for both, n = 5, Fig. 6Bb).  

 Next, I studied whether IK(D) is reduced in CA3-PCs by the conditioning AP 

train. I regarded the slowly-inactivating K+ outward current that is sensitive 

to 30 mM 4-AP as IK(D) (Fig. 6C). To this end, K+ outward current needs to be 
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isolated by bath application of a cocktail of inward current and synaptic 

current blockers (see Methods). Because conditioning is not possible in the 

presence of this cocktail, I could not study conditioning-induced changes of 

IK(D) in the same cell. Instead, I compared the amplitude of IK(D) at the test 

potential of -20 mV between the control and conditioned cell groups. In the 

naïve CA3-PCs, the outward current was elicited by a depolarization step to 

-20 mV for 2 s in the presence of the blocker cocktail. The outward current 

exhibited fast- and slowly-inactivating and non-inactivating components 

(Fig. 6Ca). Additional bath application of 30 mM 4-AP abolished the slowly 

inactivating component. IK(D) was dissected out by algebraic subtraction 

between the two current traces before and after 4-AP application (Fig. 6Ca). 

The IK(D) that was measured using the same methods 20 min after the 

conditioning was significantly smaller than that under the control conditions 

(control, 359 ± 22.9 pA, n = 12; after conditioning, 125 ± 11.4 pA; p < 

0.005, n = 15; Fig. 6C). 

 

Downregulation of Kv1.2 underlies the induction of LTP-IE  

The above results suggest that LTP-IE induction is mediated by the 

downregulation of D-type K+ (KD) channels. Homo- or heterotetramer of Kv 

channel subunits constitutes a KD channel. Kv1.1 and Kv1.2 are the two 
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most abundant types of Kv1 subunits in the central neurons (Scott et al., 

1994). To narrow down which Kv1 channel subunit is involved, I tested the 

effects of dendrotoxin-K (DTX-K, 50 nM) and DTX-I (50 nM), which are 

selective blockers of Kv1.1- and Kv1.1/2/6-containing channels, respectively 

(Wang et al., 1999). The baseline conductance in the presence of DTX-I (2.9 

± 0.3 nS, n = 7) was slightly lower than the control value (3.5 ± 0.2 nS, n = 

7, p = 0.13) or in the presence of DTX-K (3.53 ± 0.35, n = 8; Fig. 7Aa and 

Table 1). The relative Gin values measured 20 min after the conditioning 

were not different between under the DTX-I and DTX-K conditions (Fig. 

7Aa), resulting in smaller reduction of Gin in the presence of DTX-I 

compared to DTX-K (DTX-I, 11.6 ± 2.3; DTX-K, 26.6 ± 1.53%, p < 0.005, 

Fig. 7Ab), suggesting that the conditioning-induced reduction of Gin is more 

efficiently occluded by DTX-I than DTX-K. Accordingly, DTX-I, but not 

DTX-K, abolished the conditioning-induced reduction of the AP onset time 

and first-spike latency (n = 6; Fig. 7Ab). These results indicate that LTP-IE 

is primarily mediated by downregulation of Kv1.2 and/or Kv1.6, which are 

sensitive to DTX-I but not to DTX-K. Between these two Kv1 channel 

subunits, Kv1.2 comprises the majority of the KD channels (Shamotienko et 

al., 1997; Coleman et al., 1999). Furthermore, CA3-PCs exhibit a higher 

expression of Kv1.2 than CA1-PCs (Sheng et al., 1994). Therefore, I tested 
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whether LTP-IE can be induced in the CA3-PCs of Kv1.2 knock-out (KO) 

mice (Brew et al., 2007). 

Prior to this experiment, I isolated IK(D) using the same methods as in Fig. 6C 

for the wild-type (WT) and Kv1.2-KO mice, and confirmed that the CA3-

PCs in Kv1.2-KO mice have a significantly smaller IK(D) (WT, 313.8 ± 28.7 

pA, n = 7; KO, 148.9 ± 14.9 pA, n = 5; p < 0.005; Fig. 7B). In the CA3-PCs 

of WT mice (Kcna2+/+), the same conditioning AP train induced a gradual 

and persistent reduction of Gin (69.4 ± 2.3%; p = 0.02, n = 7; Fig. 7Ca). Both 

the AP onset time and first-spike latency were significantly reduced by the 

conditioning AP train too (p < 0.05, n = 5; Fig. 7Cb). The baseline Gin in the 

KO mice was already lower by c.a. 30% than that in the WT mice (WT, 3.6 

± 0.3 nS, n = 17; KO, 2.5 ± 0.4 nS, n = 5, p = 0.03), and was not further 

reduced by the conditioning (103.4 ± 5.2%, n = 5, Fig. 7Ca). Similarly, the 

AP onset time in the CA3-PCs of the KO mice was already faster than that in 

the WT mice (8.5 ± 0.6 ms vs. 5.9 ± 0.7 ms; p < 0.05; n = 5), and was not 

further accelerated by the conditioning (6.4 ± 0.6 ms, p = 0.38; Fig. 7Cb). 

The conditioning did not alter the first-spike latency in the KO mice either (p 

= 0.13, n = 5; Fig. 7Cb). These results indicate that the downregulation of 

Kv1.2 underlies the induction of LTP-IE. 
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Protein tyrosine kinase (PTK) is a downstream effector of Ca2+ for the 

induction of LTP-IE 

 Protein kinase A (PKA) has been suggested to mediate not only intrinsic 

plasticity in neocortical and CA1 pyramidal neurons (Hoffman & Johnston, 

1998; Cudmore & Turrigiano, 2004; Hammond et al., 2008; Lin et al., 2008) 

but also the trafficking of Kv1.2 in the heterologous system (Connors et al., 

2008). To study the possible involvement of PKA in LTP-IE, I examined the 

effect of KT-5720, a PKA inhibitor, on LTP-IE induction. In the presence of 

KT-5720 (1.2 μM), the conditioning AP train induced a robust decrease in 

Gin (71.41 ± 2.64%, p < 0.005, n = 10; Fig. 8A), and the acceleration of the 

AP onset time and first-spike latency (Fig. 8D), indicating that the LTP-IE 

induction is independent of the activation of PKA. 

 The Kv1.2 channel activity is regulated by tyrosine-phosphorylation 

involving proline-rich tyrosine kinase 2 (PYK2), a Ca2+-dependent non-

receptor PTK (Lev et al., 1995). PYK2 can be stimulated by depolarization-

induced Ca2+ influx (Lev et al., 1995), and its transcripts are abundant in the 

hippocampal CA3 region (mouse.brain-map.org). I tested the possibility that 

PYK2 is a downstream effector of the Ca2+ signaling that induces LTP-IE. 

Bath or patch-pipette application of genistein (100 μM), a broad-spectrum 

PTK inhibitor, abolished the conditioning-induced reduction of Gin (n = 6, p 
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= 0.31, Fig. 8B), AP onset time and the first-spike latency (Fig. 8D). 

Although the activation of PYK2 is triggered by Ca2+, it is maintained by 

reciprocal phosphorylation between PYK2 and Src family kinases (SFKs) 

(Girault et al., 1999; Corvol et al., 2005). Accordingly, PP2 (10 μM), a 

selective inhibitor of SFKs, abolished the conditioning-induced reduction of 

Gin (n = 7, Fig. 8B) and the AP onset time (Fig. 8D). These results suggest 

that PTK, but not PKA, is the downstream effector of Ca2+ which mediates 

the downregulation of Kv1.2.  

 It has been shown that endocytosis of Kv1.2 from the cell surface underlies 

the PTK-dependent suppression of Kv1.2 current (Nesti et al., 2004). I tested 

the effect of dynasore (40 μM), a dynamin inhibitor, on the induction of 

LTP-IE. When dynasore was included in the pipette solution, the 

conditioning AP train failed to reduce Gin (117 ± 5.06%; n = 8; Fig. 8C), the 

AP onset time and the first-spike latency (p = 0.75 and 0.63, respectively; n 

= 6; Fig. 8D), suggesting that Ca2+-dependent activation of PTK and 

endocytosis of Kv1.2 underlie the LTP-IE induction. Furthermore, the 

activation and inactivation curves of low 4AP-sensitive current were not 

altered by the conditioning AP train, supporting the essential role of channel 

trafficking in the activity-dependent regulation of Kv1.2.  

 To test the possible involvement of PYK2 in the LTP-IE induction, I studied 
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the conditioning-induced change of Gin in the CA3-PCs where PYK2 was 

depleted using PYK2-targeting shRNA (shPYK2) (Hsin et al., 2010). 

Unexpectedly, the baseline values for AP onset time and first-spike latency 

were faster in the shPYK2-transfected CA3-PCs than the shNT-transfected 

control, while the baseline Gin was not different between the two groups 

(Table 1). Therefore, although the LTP-IE induction was abolished in the 

shPYK2-transfected CA3-PCs, I could not reach a conclusion on the 

involvement of PYK2 in the LTP-IE induction.  

 

Surface expression of D-type K+ channels may be higher in the distal apical 

dendrites than in the proximal ones in CA3-PCs 

 The expression of ion channels is not homogeneous along the 

somatodendritic axis of a pyramidal neuron (Hoffman et al., 1997; Lorincz 

et al., 2002; Nusser, 2009). It has been shown that KD channels are localized 

in axonal compartments including the axon initial segment (AIS) (Gu et al., 

2003; Goldberg et al., 2008). If the axonal KD channels are involved in the 

LTP-IE induction, truncation of the distal apical dendrites is expected not to 

alter the LTP-IE induction. To test this hypothesis, I surgically truncated the 

distal part of the apical dendrites of CA3-PCs (c.a. 250 mm from the soma, 

see Methods), and tested whether LTP-IE can be induced by the conditioning 
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in such CA3-PCs. The baseline Gin in the truncated neurons was already 

lower than that in the intact neurons (intact, 3.5 ± 0.2 nS, n = 21; after distal 

dendritic truncation, 2.4 ± 0.1 nS, n = 9, p = 0.01, Fig. 10Ab), and was not 

further reduced by the conditioning (104.55 ± 2.04%, n = 9, Fig. 10Aa). 

Similarly, the AP onset time and first-spike latency were already reduced in 

the truncated neurons compared to the intact ones (p < 0.05, respectively; n 

= 9; Fig. 10Ad), and was not further accelerated by the conditioning (Fig. 

10Ac and Ad). These results argue against the involvement of the axonal KD 

channels in LTP-IE, and rather suggest that LTP-IE involves the suppression 

of KD channels expressed in the distal apical dendrites.  

 The reduction of Gin by truncation of the distal dendrites (Fig. 10Ab) 

implies a possible contribution of KD channels expressed in the distal apical 

dendrites to the somatic recordings of IK(D). To test this possibility, I 

dissected out the K+ outward current that is sensitive to 30 mM 4-AP at -20 

mV in the CA3-PCs whose distal (>250 mm from the soma) apical dendrites 

were surgically truncated. The low 4-AP-sensitive outward current was 

significantly smaller in the truncated neurons (intact, 314 ± 28.7 pA, n = 10; 

after distal dendritic truncation, 84.9 ± 7.7 pA, n = 5, p < 0.005; Fig. 10B). 

To rule out any effect exerted by mechanical damages on the CA3-PCs, a cut 

was made on the stratum oriens where the basal dendrites of CA3-PCs exist. 
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The cut on the stratum oriens reduced IK(D) to a significantly less extent than 

the truncation of the distal dendrites (218 ± 13.9 pA, n = 5, p < 0.01, n = 5; 

Fig. 10Bb). Furthermore, the K+ outward current remaining after the 

treatment of 30 mM 4-AP was not significantly reduced by the truncation of 

the distal apical dendrites or basal dendrites, arguing against non-specific 

inhibition of ion channels due to the truncation of dendrites. These results 

suggest that KD channels expressed in the distal region of apical dendrites 

contribute to the somatic recordings of IK(D), and supports the idea that KD 

channels expressed in the distal dendrites rather than those in the soma or the 

axon are the major player in the LTP-IE.  

 

Dendritic Ca2+ signaling is essential for the induction of LTP-IE 

 A somatic AP back-propagates into a dendritic arbor, and thus can induce 

Ca2+ entry through VDCCs in the dendritic compartments (Spruston et al., 

1995; Kim et al., 2012b). To test whether the LTP-IE induction requires 

somatic or dendritic Ca2+-signaling, I studied the dependence of the LTP-IE 

induction on back-propagating APs (bAPs). Tetrodotoxin (TTX) at low 

concentrations (10 nM) can selectively block bAPs with little effect on 

somatic APs in CA1-PCs (Mackenzie & Murphy, 1998; Magee & Carruth, 

1999). To confirm this idea in CA3-PCs, I measured Ca2+ transients (CaTs) 
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elicited by the conditioning AP train (10 Hz for 2 s) in the soma and in the 

distal apical dendritic region (200 - 250 μm from the soma) using calcium 

indicator dye fura-2 (0.1 mM). Bath-applied 10 nM TTX reduced the peak of 

the CaTs at the distal dendritic region to half of the control value (0.32 ± 

0.04 μM to 0.15 ± 0.03 μM, n = 5), whereas it had little effect on the somatic 

CaTs (0.43 ± 0.02 to 0.41 ± 0.06 μM, n = 6; Fig. 12A), indicating that 10 nM 

TTX selectively suppresses the dendritic CaT induced by the conditioning 

AP train in the CA3-PCs. To determine whether somatic or dendritic Ca2+ 

signaling is required for the LTP-IE induction, I examined the effect of 10 

nM TTX. The somatic firing induced by the conditioning AP train was not 

affected by 10 nM TTX (Fig. 12A). Nevertheless, the LTP-IE was abolished 

(97.7 ± 4.1%; n = 11; Fig. 12B-C) in the presence of 10 nM TTX, suggesting 

that bAPs and consequent dendritic Ca2+ signaling are crucial for the LTP-IE 

induction. This result further supports the idea that LTP-IE is associated with 

Ca2+-dependent downregulation of KD channels expressed in the apical 

dendrites rather than in the soma or the axon. 
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Table 1. Changes of parameters for intrinsic excitability induced by the conditioning 

AP train and by application of Kv1 channel blockers under different conditions. 

 

 Input conductance (Gin) AP onset time first spike latency 
Baseline 

(nS) 
Conditioning 

(% of 
baseline)1) 

Baseline 
(ms) 

Conditioning 
(ms) 1) 

Baseline 
(ms) 

Conditioning 
(% of 

baseline)1) 
Control 

(CA3-PC) 
(n = 19) 

3.52 ± 0.24 67.8 ± 1.6*** 10.0 ± 0.7  7.5 ± 0.6*** 467.3 ± 44.5  75.4 ± 5.0*** 

CA1-PC 
(n = 6) 

3.08 ± 0.27 104.3 ± 3.7  6.0 ± 0.7 6.2 ± 0.7 283.7 ± 24.9 98.8 ± 4.2 

BAPTA 
(n = 15) 

3.01 ± 0.18 110.7 ± 3.19 9.4 ± 0.3 9.8 ± 0.4 442.1 ± 42.5 99.2 ± 4.3 

Nimodipine 
(n = 8) 

3.16 ± 0.33 107.7 ± 5.7 8.3 ± 0.4 8.7 ± 0.3 406.8 ± 70.5 101.6 ± 6.7  

Before 4-AP 
 

After 4-AP 
(n = 7) 

3.51 ± 0.37 
nS 
        ¯ 
80.2 ± 
1.7%* 

 
 
86.8 ± 3.3 

10. 0 ± 1.2 
       ¯ 
7.8 ± 1.1* 

 
 
7.8 ± 1.2 

468.5 ± 80.3 
ms 
         ¯ 
65.8 ± 3.6%* 

 
 
66.0 ± 4.4 

Before 4-AP 
 

After 4-AP 
(n = 7) 

3.39 ± 0.29 71.1 ± 1.8* 
        ¯ 
70.5 ± 2.3 

9.6 ± 0.6 8.2 ± 0.6* 
¯ 

8.0 ± 0.7 

381.4 ± 19.2 73.1 ± 3.9* 
¯ 

80.4 ± 5.3 

DTX-K 
(n = 8) 

3.53 ± 0.35 73.4 ± 1.5** 9.1 ± 0.7 7.7 ± 0.7* 378.7 ± 44.4 80.7 ± 5.7* 

DTX-I 
(n = 7) 

2.91 ± 0.34 88.4 ± 2.3* 8.6 ± 0.4 8.2 ± 0.6 311.4 ± 35.4 91.7 ± 3.9 

Kcna2+/+  
(WT, n = 7) 

3.64 ± 0.25 69.4 ± 2.3* 8.5 ± 0.6 6.9 ± 0.8* 450.8 ± 67.6 81.2 ± 6.3*  

Kcna2 –/–  
(KO, n = 5) 

2.48 ± 0.4 
*2) 

103.4 ± 5.18 5.9 ± 0.7* 2) 6.4 ± 0.6 264.7 ± 36.9 
*2) 

104.8 ± 1.2 

KT-5720 
(n = 10) 

3.32 ± 0.37 71.4 ± 2.6*** 9.1 ± 0.5 7.8 ± 0.5*** 432.14 ± 12.5 82.4 ± 1.1*** 

Genistein 
(n = 7) 

3.2 ± 0.63 92.8 ± 4.8 9.5 ± 0.9 9.4 ± 0.8 415.6 ± 38.0 101.8 ± 5.2 

PP2 
(n = 7) 

3.78 ± 0.56 104.0 ± 4.3 10.4 ± 0.7 10.8 ± 0.9 453.8 ± 53.9 107.8 ± 1.8 

Dynasore 
(n = 8) 

2.57 ± 0.19 117.4 ± 5.1 8.7 ± 0.9 8.5 ± 0.8 419.8 ± 34.2 104.2 ± 4.2 

shPYK2 
(n = 12) 

4.54 ± 0.53 99.1 ± 3.4 7.6 ± 0.4 *4) 8.0 ± 0.6 349.1 ± 31.4*4) 114.5 ± 7.8 

shNT 
(n = 9) 

4.51 ± 0.5 74.2 ± 3.7** 10.4 ± 0.7 7.8 ± 1.2* 538.6 ± 71.0 77.1 ± 5.7* 

Dendrite 
truncation 

(n = 9) 

2.45 ± 0.14 
*3) 

104.6 ± 2.0 7.8 ± 0.2 *3) 8.0 ± 0.3 385.5 ± 22.5 
**3) 

105.2 ± 1.2 
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1): Statistical values and significance for the effects of the conditioning on Gin, AP 

onset time and the first-spike latency were determined at 20 min after the 

conditioning; 2), 3) and 4): The statistical significance was tested in comparison 

with WT mice (2), control CA3-PCs (3) or shNT-transfected CA3-PCs (4); All 

values are shown as mean ± SEM. *, p < 0.05; **, p < 0.01, ***, p < 0.005.  
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Figure 1. 
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Figure 1. Representative voltage responses to the induction protocol at 

different frequencies. A-Ca, Representative traces for action potential (AP) 

trains elicited by the induction protocol of 10 Hz (A), 20 Hz (B) and 50 Hz 

(Ca). The train of depolarizing current pulses is shown below each voltage 

trace. Note that the current pulse duration is within the time range of the 

passive depolarization phase of APs in the 10 Hz AP train elicited by a train 

of 5ms/700 pA pulses (A), but not in the 20 and 50 Hz AP train elicited by 

the train of 5ms/700 pA and 3 ms/900 pA pulses, respectively (B and Ca). 

Cb, A train of APs elicited by a 50 Hz train of shorter current pulses (2 ms/1 

nA). D, The AP duration measured at 0 mV as a function of the AP number 

elicited by the induction protocol used in the present study (5 ms/700 pA at 

20 Hz and 3 ms /900 pA at 50 Hz, solid lines) or by a train of shorter current 

pulses (2.5 ms/850 pA at 20 Hz and 2 ms/1 nA at 50 Hz, dotted lines). E, The 

input conductance changes (ΔGin) induced by different induction protocols 

indicated below the abscissa. The total period of train stimulation was fixed 

at 2 s.   
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Figure 2. 
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Figure 2. Induction of long-term potentiation of intrinsic plasticity 

(LTP-IE) by somatic firing at different frequencies in CA3 pyramidal 

cells (CA3-PCs). A, reduction in input conductance (Gin) after repetitive 

somatic firing at different frequencies (5, 10, 20 or 50 Hz for 2 s, 

arrowhead). Somatic firing was evoked by supra-threshold current injection 

via whole-cell patch pipette. Gin values were normalized to the baseline 

value. B, representative voltage responses to sub-threshold current injection 

(+10 and -30 pA) before (black) and 20 min after (red) the conditioning at 

different frequencies. C, summary for the relative Gin changes before and 20 

min after the conditioning AP train at different frequencies in CA3-PCs. The 

‘no stim’ in the left bar graph denotes the variance of the baseline Gin during 

the same recording time span. D, representative AP traces evoked by a step 

pulse (left, 400-500 pA, 9-13 ms) or a ramp current (right, 250 pA/s for 1 s) 

before (black) and after (red) conditioning in CA3-PCs. Definitions of the 

AP onset time and the 1st spike latency are depicted. E, summary for the AP 

onset time and the first-spike latency before and 20 min after the 

conditioning AP train at different frequencies in CA3-PCs. F, somatic 10 Hz 

AP train-induced reduction of Gin in longer time span (up to 50 min). 

Without the conditioning, Gin was not significantly altered (filled circles). 

Inset, exemplar voltage traces before (black) and 13 min, 33 min and 45 min 
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after the conditioning (red). G, relative Gin changes in CA1-PCs (grey open 

circle) and CA3-PCs (black open circle) after the conditioning (somatic 

firing at 10 Hz for 2 s, arrow). Inset, exemplar subthreshold voltage 

responses before (black) and 20 min after (red) the conditioning in CA1- 

(upper) and CA3-PCs (lower). For CA1-PCs, smaller current pulses (+3 and 

-5 pA) were injected to avoid a voltage sagging. H, summary for the relative 

Gin changes, the AP onset time and the first-spike latency before and 20 min 

after the conditioning AP train in CA3 and CA1-PCs. Mean ± SEM. Error 

bars, SEM. The first-spike latency was normalized to the baseline because of 

large cell-to-cell variation.  
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 Figure 3. 
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Figure 3. The LTP-IE induction depends on Ca2+ signaling. A-B, 

intracellular BAPTA (light red circles, 10 mM) or bath-applied nimodipine 

(red circles, 10 mM) abolished the conditioning AP train-induced reduction 

of Gin (A), AP onset time and the first spike latency (B) in the CA3-PCs. 

Each superimposed pair of traces show exemplar voltage traces before 

(black) and 20 min after (red) the conditioning. C, summary for relative 

changes in Gin, AP onset time, and relative changes in the first-spike latency 

before and after the conditioning AP train in the CA3-PCs under control 

conditions and in the presence of BAPTA or nimodipine. Mean ± SEM. 
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Figure 4. 
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Figure 4. Activation of NMDA receptors is not essential for the decrease 

in Gin induced by conditioning AP train. A, Bath-applied 40 μM MK-801 

did not substantially change the baseline Gin (gray symbols). In the presence 

of MK-801 (40 μM), the conditioning AP train induced a robust decrease in 

Gin (black symbols; 75.75 ± 3.63%, p < 0.005, n = 10). This extent of Gin 

change is not different from that in the control conditions (p = 0.30), 

indicating that LTP-IE is not dependent on the NMDA receptor activation. 

The arrow indicates the time point of the conditioning AP train. Error bars, 

SEM. B (upper), In the presence of APV (30 μM), an NMDA-receptor 

blocker, together with other synaptic blockers (100 mM PTX and 10 mM 

CNQX), LTP-IE was not induced by the conditioning AP train (100.35 ± 

5.85%, n = 6). Arrowhead indicates the time point when the conditioning AP 

train was applied. B (bottom), In the presence of PTX and CNQX, the 

addition of 30 μM APV to the bath solution substantially reduced the 

baseline Gin (71.44 ± 10.14%, p < 0.01, n = 4; closed circles). Inset, 

Exemplar voltage traces before (black) and 20 min after bath application of 

APV (red) in CA3-PCs. Error bars, SEM. 

 

  



４５ 

 

 

 

 

 

Figure 5. 
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Figure 5. Hyperpolarization-activated cation (HCN), small-conductance 

Ca2+-activated K+ (SK) or Kv7 channels are not involved in the 

induction of LTP-IE. A, ZD7288 (10 μM), a HCN channel blocker, reduced 

the baseline Gin (69.3 ± 7.1%, p < 0.005, n = 5). In the presence of ZD7288, 

the conditioning AP train further reduced Gin (43.1 ± 6.8%, p < 0.01, n = 5). 

B, Bath-application of apamin (3 nM), a SK channel blocker, significantly 

reduced Gin (78.87 ± 4.88%, p < 0.01, n = 5). In the presence of apamin, the 

conditioning AP train caused a further reduction of Gin (49.91 ± 5.54%, p < 

0.01, n = 5). C, Bath-application of 10 μM linopirdine, a Kv7 channel 

blocker, caused non-significant reduction of the baseline Gin (95.82 ± 7.98%, 

p = 0.08, n = 6). In the presence of linopirdine, a further reduction of Gin was 

induced by the conditioning (78.65 ± 4.14%, p < 0.01, n = 6). Arrowheads 

denote the time point of the conditioning AP train. Error bars, SEM. 
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Figure 6. 
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Figure 6. The LTP-IE induction is mediated by downregulation of D-

type K+ current. A-B, the effect of the conditioning AP train was occluded 

by low concentration 4-AP (30 μM) and vice versa in the CA3-PCs. Aa, time 

course of relative Gin change during bath application of low 4-AP, which was 

followed by the conditioning AP train (arrow). Inset shows representative 

sub-threshold voltage responses. Ba, Gin changes caused by the conditioning 

AP train (arrow) and subsequent bath-application of low 4-AP. Ab and Bb, 

summary for the effects of the conditioning and low 4-AP on Gin, the AP 

onset time, and the first-spike latency. C, the D-type K+ current (IK(D)) was 

reduced in the CA3-PCs by the conditioning AP train. Ca-Cb, outward 

currents caused by a depolarizing step to -20 mV from -70 mV before and 

after low 4-AP treatment in the naïve and conditioned CA3-PCs. For clarity, 

points on the fast capacitive discharge were removed from raw traces. Below 

the raw traces, 4-AP-sensitive current traces obtained by subtraction of the 

latter from the former are shown, and was regarded as IK(D). Cc, Averaged 

traces for IK(D) before and after the conditioning are superimposed (left). The 

conditioning AP train significantly reduced the peak amplitude of IK(D) 

induced by step depolarization to -20 mV (right). 

 

  



４９ 

 

  

Figure 7. 
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Figure 7. Downregulation of Kv1.2 underlies the LTP-IE induction. Aa, 

DTX-I (black filled circles), but not DTX-K (open circles), occluded the 

effect of the conditioning AP train on Gin. The changes of Gin induced by the 

conditioning AP train (arrowhead) are indicated by black (DTX-I) and grey 

(DTX-K) arrows on the right of the graph. The control time course of Gin 

was reproduced from Fig. 1C (grey dots). Ab, summary for Gin, AP onset 

time, and the first-spike latency before and after the conditioning AP train in 

the presence of either DTX-I or DTX-K. B, The CA3-PCs from Kv1.2-KO 

(Kcna2–/–) mice exhibited significantly smaller IK(D) than the wild-type 

(WT) mice. Ca, the conditioning AP train (10 Hz for 2 s) induced LTP-IE in 

the CA3-PCs of WT mice (open circles), but not in the Kv1.2-KO mice 

(filled circles). Cb, Summary for the changes in Gin, AP onset time, and the 

first-spike latency induced by the conditioning AP train in the WT and the 

KO mice. Mean ± SEM; *, p < 0.05; **, p < 0.01 
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 Figure 8. 
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Figure 8. Activation of protein tyrosine kinase (PTK) and subsequent 

endocytosis of Kv1.2 underlie the LTP-IE induction. A-B, the 

conditioning AP train-induced reduction of Gin was not affected by bath 

application of 1.2 mM KT-5720, but was abolished by bath or patch-pipette 

application of genistein (black open circles) or PP2 (black filled circles). C, 

dynasore (closed circles) included in the patch-pipette abolished the LTP-IE 

induction. The control time courses of Gin (gray circles) in A-C are 

reproduced from Fig. 2A. D, summary for the excitability parameters under 

different conditions shown in A-C. E, effects of PYK2-targeting shRNA 

(shPYK2) on the LTP-IE induction. Ea, The conditioning AP train 

(arrowhead) induced a reduction of Gin in the CA3-PCs transfected with non-

targeting shRNA (shNT), but not in the shPYK2-transfected CA3-PCs 

(shPYK2, 99.1 ± 3.38%, n = 12; shNT, 74.2 ± 3.67%, n = 9). CA3-PCs in 

the organotypic culture were biolistically transfected with plasmids encoding 

shNT or shPYK2 plus GFP (Inset). Eb, summary for the effects of shNT and 

shPYK2 on excitability parameters. Neither AP onset time (p = 0.61) nor the 

first-spike latency (p = 0.20, n = 9) was altered by the conditioning in PYK2-

depleted cells (p < 0.05 for both, n = 9). Note that the baseline AP onset time 

is significantly faster in the PYK2-depleted CA3-PCs (n = 10, p < 0.05). 

Mean ± SEM; *, p < 0.05; **, p < 0.01; ***, p < 0.005. 
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Figure 9 
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Figure 9. The activation and inactivation curves of low concentration 4-

AP-sensitive current were not altered by the conditioning AP train. A 

and C, Averaged traces of low concentration 4-AP-sensitive currents 

(regarded as IK(D)) in response to the voltage step protocols (insets) under 

control conditions (black) and after the conditioning (red). The pulse 

protocol for activation curves (A) was comprised of 500 ms depolarization 

steps with 10 mV increment from a holding potential of -82 mV. For 

inactivation curve (C), outward currents were evoked by depolarizing test 

pulses to -42 mV after a prepulse of 2 s between -112 and -72 mV. Liquid 

junction potential (-12 mV) was taken into account for the presentation of 

command potentials. B, The mean values for IK(D) conductance as a function 

of test potential shown in A under control conditions (n = 5, black circles) 

and after the conditioning (n = 5, red circles). The IK(D) activation after the 

conditioning was significantly different from that under control conditions 

(F(1, 60) = 25.3, p < 0.001, two-way ANOVA). Error bars, SEM. D, Activation 

(circles) and inactivation (squares, n = 4) curves for IK(D) in control 

conditions (black symbols) and after the conditioning (red symbols). Note 

that there are no significant shifts both in the activation or inactivation 

curves.  
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Figure 10  
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Figure 10. The induction of LTP-IE involves distal dendritic events. Aa, 

LTP-IE was not induced in the CA3-PCs whose distal apical dendrites were 

truncated (open triangle). Insets shows representative subthreshold voltage 

responses before (black) and after (red) the conditioning in the truncated 

neuron. Ab, the baseline Gin in the truncated neurons. Ac, representative AP 

responses before and after the conditioning in the truncated neurons. The 

truncation was performed at the site 250 μm from the soma (DIC images). 

The right image shows the truncated region of the left one. Ad, summary for 

excitability parameters in truncated neurons. Ba and Bb, representative 

traces of low 4-AP-sensitive current (IK(D)) under control conditions, after 

truncation of distal apical dendrites (c.a. 250 μm from the soma, left DIC 

image of Bb), and after cut of stratum oriens (right image, scale bar, 300 

μm). The mean values for the peak IK(D) are summarized in the bar graph of 

Bb.  
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Figure 11 
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Figure 11. The low 4AP-insensitive outward K+ current is not altered by 

truncation of basal or distal dendrites. No significant change in the 

amplitude of 4-AP-insensitive outward K+ current after truncation. A, 

Representative whole-cell voltage-clamp recordings from CA3-PCs in 

control and truncated hippocampal slices before (black) and after (grey) 

bath-application of 30 mM 4-aminopyridine (4-AP) in the presence of the 

cocktail of inward current blockers. The outward K+ currents were evoked 

by a 2 s depolarizing step to -20 mV in CA3-PCs from an intact slice 

(control and AP conditioning) or from slices where a cut made at stratum 

(st.) oriens (oriens cut) or at outer st. radiatum 250 mm from st. lucidum 

(Dend. cut). B, Summary for outward K+ currents remaining after block of 

IK(D) using 4-AP (4-AP-insensitive current). Mean amplitudes of the initial 

peak (grey bars) and sustained (open bars) components of 4-AP-insensitive 

currents are compared between four groups of CA3-PCs. Inset, the initial 

peak of the 4-AP-insensitive current shown in A. Both initial peak and 

sustained amplitudes were not significantly different from the control values 

in all three other groups. Error bars, SEM. 
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Figure 12 
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Figure 12. Back-propagating AP is required for the induction of LTP-IE. 

A, Upper left: fluorescence images of the soma and distal dendrites (230-270 

μm from the soma) of a CA3-PC filled with fura-2 via a somatic recording 

pipette. Scale bars, 30 μm. Upper right: representative Ca2+ transients (CaTs) 

measured from the soma (upper traces) and from distal dendrites (lower 

traces, the box in the dendritic fluorescence image) before (black) and after 

(blue) bath-application of 10 nM tetrodotoxin (TTX). Lower left, somatic AP 

trains were little affected by 10 nM TTX (light blue). Lower right, summary 

for the effects of 10 nM TTX on the peak of somatic and dendritic CaTs. B, 

Gin was not reduced by the conditioning AP train (arrowhead) in the presence 

of 10 nM TTX (blue dots). Lower right, representative subthreshold voltage 

responses under control conditions (black), before (blue) and after (red) the 

conditioning in the presence of TTX. 
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Figure 13 
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Figure 13. CaMKII is not involved in the LTP-IE induction. Bath 

application of KN93 (1 μM) or addition of autocamtide-2-related inhibitory 

peptide (AIP, 10 μM) to the patch pipette solution did not inhibit the 

conditioning-induced reduction of Gin (KN93, 77.87 ± 3.83%, p < 0.01, n = 

4; AIP, 79.65 ± 3.76%, p < 0.01, n = 5), indicating that CaMKII is not 

involved in the LTP-IE induction. The arrow indicates the time point of the 

conditioning AP train. Error bars, SEM. 
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DISCUSSION 

 

The key finding of the present study is that repetitive somatic firing of a 

CA3-PC at a moderate frequency induces PTK-dependent downregulation of 

Kv1.2 from its apical dendrites. It is generally accepted that Kv1 channels 

are predominantly localized in axonal compartments (Monaghan et al., 2001; 

Gu et al., 2003). Accordingly, the role of IK(D) has been investigated with 

regard to somatic or axonal AP generation (Saviane et al., 2003; Cudmore et 

al., 2010). Nevertheless, my results from the dendritic truncation 

experiments (Fig. 10) together with the effect of low concentration TTX 

(Fig. 12) indicate that KD channels expressed in the apical dendrites are 

involved in the LTP-IE induction. Indeed, there is evidence for dendritic 

localization of KD channel subunits (Sheng et al., 1994; Grosse et al., 2000), 

but there is no previous study on the role of IK(D) in the activity-dependent 

regulation of dendritic excitability. The subcellular distribution of KD 

channels along the somatodendritic axis is not known. My truncation studies 

suggest the surface expression of KD channels over the dendritic arbor in a 

CA3-PC is not homogeneous but higher in the distal apical dendrites. 

However, it needs high resolution immuno-localization of the surface Kv1.2 

subunits to elucidate their distribution along the apical dendrites in CA3-
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PCs.  

 

Kv1.2 channel is a key player of LTP-IE in the CA3-PCs  

 In contrast to CA3-PCs, CA1-PCs exhibited no change in the intrinsic 

excitability by the same conditioning (Fig. 2G). Consistent with this finding, 

a previous report and in situ hybridization results available in the public 

domain indicate that CA3-PCs among three types of hippocampal principal 

cells exhibit the highest signal for the Kv1.2 message (Sheng et al., 1994) 

(mouse.brain-map.org). Given that PTK-mediated internalization of Kv1.2 is 

responsible for LTP-IE in CA3-PCs, lower expression of Kv1.2 in CA1-PCs 

might be one of reasons for the lack of LTP-IE in these cells.  

 Molecular mechanisms for the regulation of Kv1.2 have been extensively 

studied for the last two decades. Tyrosine phosphorylation of Kv1.2 elicits 

endocytosis of this channel (Nesti et al., 2004). The present study showed 

that PP2, a selective SFK inhibitor, blocks the intrinsic plasticity. I tried to 

examine possible involvement of PYK2 in the LTP-IE induction by testing 

LTP-IE in CA3-PCs transfected with shPYK2 (Hsin et al., 2010). Indeed, the 

shPYK2-transfected CA3-PCs exhibited no sign of LTP-IE, whereas the 

shNT-transfected neurons showed the robust reduction of Gin after a 

conditioning AP train (Fig. 8E). Unexpectedly, however, it was noted that 
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depletion of PYK2 itself makes the CA3-PCs more excitable (Fig. 8Eb). The 

activities of many ion channels and neurotransmitter receptors are regulated 

by tyrosine phosphorylation (reviewed in (Ohnishi et al., 2011)). Given that 

PYK2 is an upstream regulator of SFK, knock-down of PYK2 and the 

associated downregulation of SFK may have a profound influence on 

neuronal activity, which in turn may induce homeostatic plasticity (Cudmore 

et al., 2010). The accelerated AP onset time in shPYK2-transfected CA3-PCs 

implies that the baseline IK(D) in these cells is already somewhat down-

regulated, which may be responsible for the lack of LTP-IE. 

 

Comparison to previously known intrinsic plasticity 

LTP-IE has been demonstrated in different brain regions, and represents a 

variety of intrinsic plasticity with different characteristics and with different 

induction protocols. The intrinsic properties that undergo activity-dependent 

plastic changes encompass a variety of passive and active electrical 

parameters depending on the biophysical properties of ion channels that 

mediate the LTP-IE. When a molecular mediator is high-voltage or calcium-

activated channels, LTP-IE is associated with the changes in the AP shape or 

the firing rate potentiation rather than that in input resistance (Nelson et al., 

2003; Sourdet et al., 2003; Cudmore & Turrigiano, 2004; Nataraj et al., 
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2010). In contrast, LTP-IE of the present study, which is mediated by 

suppression of low voltage-activated D-type K+ current, is associated with an 

increase in the input resistance. Furthermore, to my knowledge, the 

induction protocol used in the present study is mildest ever known except for 

the hyperpolarization-induced intrinsic plasticity in vestibular nucleus 

neurons (Nelson et al., 2003). I showed that LTP-IE could be induced by a 

brief train of somatic firing at the firing frequency of in vivo recordings. 

Such mild induction protocol contrasts with strong non-synaptic induction 

protocols used in previous studies such as thousands of current-evoked APs 

(Cudmore & Turrigiano, 2004; Mahon & Charpier, 2012) or a long 

depolarization pulse for tens of seconds (Brown & Randall, 2009).    

Cell signaling mechanisms that regulate ion channel activity underlying 

intrinsic plasticity has been extensively studied for the last decade in CA1-

PCs. The A-type K+ channel subunit (Kv4.2), SK and HCN channels have 

been implicated in the activity-dependent regulation of dendritic excitability 

in CA1-PCs (Frick et al., 2004; Fan et al., 2005; Kim et al., 2007; Hammond 

et al., 2008; Lin et al., 2008). Among these channels, HCN and Kv4.2 are 

expressed in the apical dendrite of CA1-PCs with higher density towards the 

distal dendrites (Hoffman et al., 1997; Lorincz et al., 2002). PKA and 

Ca2+/calmodulin-dependent kinase II (CaMKII) have been implicated in the 
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trafficking of these channels, and thereby modulate dendritic excitability in 

CA1-PCs (Hammond et al., 2008; Lin et al., 2008). In addition, CaMKII 

involves the modulation of Na+ channel kinetics too in CA1-PCs (Xu et al., 

2005). I found no evidence for the involvement of these protein kinases in 

the LTP-IE induction in CA3-PCs (Figs. 8A and 13), indicating that the LTP-

IE induction in CA3-PCs does not involve intrinsic plasticity mechanisms 

that have been previously recognized in other types of neurons. 

 

Dependence of LTP-IE induction on somatic firing frequency 

The somatic activity-induced LTP-IE shown in the present study is distinct 

from the synaptic activity-induced intrinsic plasticity, in that the former is 

associated with a global increase in cellular excitability whereas the latter 

with a local or branch-specific increase in dendritic excitability (Frick et al., 

2004; Losonczy et al., 2008). Such changes in global excitability may 

facilitate the coupling of EPSP to spike (E-S coupling). Without being 

counter-balanced by complementary mechanisms, general potentiation of E-

S coupling would lead to runaway dynamics of network activity subsequent 

to the enhanced propagation of neuronal activity and rapid saturation of 

information storage at Hebbian synapses. The complementary homeostatic 

regulation mechanisms might be necessary for counteracting the LTP-IE 
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observed in the present study. It has been recognized that Kv1.2 undergoes 

reciprocal regulation by SFK and tyrosine phosphatase (Lev et al., 1995; 

Tsai et al., 1999; Nesti et al., 2004). I found that somatic firing at 

frequencies higher than 10 Hz induces rather smaller changes in Gin, 

implying that both of SFK and tyrosine phosphatase may be regulated by 

Ca2+ with different sensitivity. Involvement of tyrosine phosphatase in the 

enhancement of Kv1.2 and its upstream signaling molecules, however, 

remain to be elucidated in CA3-PCs.  

 

Physiological implications 

The LTP-IE shown in the present study requires intact distal apical dendrites 

and bAP-induced dendritic Ca2+ signaling (Fig. 12), indicating that the 

downregulation of Kv1.2 expressed in distal apical dendrites underlies the 

LTP-IE induction. This finding raises a possibility that repetitive somatic 

firing can alter not only spike timing (Cudmore et al., 2010; Higgs & Spain, 

2011) but also the excitability of distal apical dendrites in CA3-PCs. In 

general, electrotonic attenuation of distal dendritic inputs to a pyramidal 

neurons is compensated by high input resistance of the distal dendrites, 

activation of subthreshold Na+ current and dendritic spike generation 

(reviewed in (Spruston, 2008). The latter two factors are opposed by 



６９ 

 

dendritic K+ conductance. Therefore, K+ conductance in the distal dendrites 

may profoundly affect the E-S coupling of distal dendritic inputs and 

memory encoding at Hebbian synapses of the distal dendrites. 

Temporoammonic or perforant pathways, which convey important sensory 

information from the entorhinal cortex, innervate the distal apical dendrites 

of CA3-PCs, and make synapses that display Hebbian synaptic plasticity 

involving NMDA receptors (Debanne et al., 1998; McMahon & 

Barrionuevo, 2002). Such direct cortical inputs to CA3-PCs are thought to 

contribute to the retrieval of stored memory (Lee & Kesner, 2004). 

Therefore, the activity-dependent downregulation of Kv1.2 in distal apical 

dendrites may enhance the synaptic plasticity and E-S coupling of direct 

cortical inputs, which in turn may facilitate memory encoding and retrieval 

at distal dendritic synapses of CA3-PCs. 
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CHAPTER 2 
 

 

Bursting mossy fiber inputs prime 

postsynaptic CA3 pyramidal cells for 

memory formation at perforant path 

synapses by downregulation of Kv1.2  
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INTRODUCTION 

 

Direct and indirect synaptic inputs from the entorhinal cortex converge on 

apical dendrites of hippocampal CA3 pyramidal cells (CA3-PCs) via 

perforant pathways (PP) and mossy fibers (MFs), respectively. The MF, the 

axon fiber of dentate granule cells (GCs), sparsely innervates CA3-PCs, and 

forms a large non-Hebbian "conditional detonator" synapse close to the soma 

of a CA3-PC (Bischofberger et al., 2006). It has been postulated that these 

properties of MFs together with the sparse firing of dentate GCs may help 

the CA3 network reduce the overlap between similar memory 

representations, and thus subserve pattern separation (O'Reilly & 

McClelland, 1994; Rolls, 2013). In vivo recordings of the hippocampal CA3 

region revealed that spatial selectivity of a place cell firing and retrieval of 

stored memory are primarily governed by direct cortical inputs rather than 

by MF inputs, implying that PP-CA3 synapses are the primary sites for 

encoding and storage of cortical inputs in the CA3 network (McNaughton et 

al., 1989; Lee & Kesner, 2004). Previous computational models proposed 

that strong MF inputs facilitate the storage of new memories at Hebbian PP-

CA3 synapses on the Hebb-Marr hetero-association network (McNaughton 

& Morris, 1987; Treves & Rolls, 1992). Furthermore, formal analysis 
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predicted that the trade-off between pattern completion and pattern 

separation can be minimized when MF inputs participate in initial storage of 

direct cortical inputs but not in pattern completion-based retrieval (O'Reilly 

& McClelland, 1994). Therefore, understanding the cellular mechanism that 

underlies the heterosynaptic modulation of PP inputs by MF inputs may 

provide new insights into the long-standing question how MF inputs 

constrain the CA3 network to sparsely represent direct cortical inputs. It was 

shown that long-term potentiation (LTP) of field excitatory postsynaptic 

potentials at PP-CA3 synapses (PP-fEPSPs) is associatively facilitated by 

simultaneous high-frequency stimulation (HFS) of MFs (McMahon & 

Barrionuevo, 2002). A subsequent study showed, however, that a short 

tetanic stimulation of MF (100 Hz for 1 s) alone can induce heterosynaptic 

LTP of PP-fEPSPs (Tsukamoto et al., 2003), suggesting that heterosynaptic 

interactions between MF and PP inputs do not require the arrival of two 

inputs within a narrow time window. However, the cellular mechanisms 

underlying this type of heterosynaptic potentiation remain elusive.  

 Previously, I reported that the Kv1.2-mediated D-type K+ current activity 

(ID) is significantly reduced by a short tetanic stimulation of the soma 

eliciting 20 action potentials (APs) at 10 Hz in CA3-PCs. This activity-

dependent downregulation of Kv1.2 lowered the input conductance (Gin) and 
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the AP onset time, which I referred to as long-term potentiation of intrinsic 

excitability (LTP-IE). Here, I demonstrate that the activity-dependent 

downregulation of Kv1.2 underlies the MF-induced heterosynaptic LTP of 

direct cortical inputs (Tsukamoto et al., 2003). Furthermore, I show that 

LTP-IE results in preferential enhancement of PP-evoked EPSPs, whereas it 

little affects MF or associational/commissural (A/C) synaptic inputs. I 

present a plausible mechanism whereby the downregulation of Kv1.2 

specifically enhances synaptic events that occur at the distal region of apical 

dendrites in a CA3-PC.  
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MATERIALS AND METHODS 

 

1. Slice preparation.  

Hippocampal slices were prepared from Sprague-Dawley rats (P13-P21; P, 

postnatal days) or C3HeB/FeJ Kcna2 mice (P13-P24) of either sex as 

described previously (Hyun et al., 2013). All animal procedures were 

approved by the Animal Care Committee of Seoul National University. After 

rats or mice were anesthetized with isoflurane, they were decapitated and the 

brain quickly removed and chilled in an ice-cold high-magnesium cutting 

solution containing the following (in mM): 116 NaCl, 26 NaHCO3, 3.2 KCl, 

0.5 CaCl2, 7 MgCl2, 1.25 NaH2PO4, 10 glucose, 2 Na-pyruvate, 3 ascorbate, 

with pH 7.4 adjusted by saturating with carbogen (95% O2, 5% CO2), and 

with osmolarity of approx. 300 mOsm. The isolated brain was glued onto the 

stage of a vibratome (Leica VT1200) and 300 μm-thick transverse 

hippocampal slices were cut. The slices were incubated at 34°C for 30 min 

in the same solution, and thereafter maintained at room temperature. For 

experiments, I transferred the slice that recovered for at least an hour onto a 

recording chamber superfused with artificial cerebrospinal fluid (ACSF) 

containing the following (in mM): 124 NaCl, 26 NaHCO3, 3.2 KCl, 2.5 

CaCl2, 1.3 MgCl2, 1.25 NaH2PO4, 10 glucose, bubbled with 95% O2 and 5% 
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CO2.  

 

2. Electrophysiological recordings.  

Whole-cell voltage- or current-clamp recordings from hippocampal CA3-

PCs (one cell per slice) were carried out at 32 ± 2°C while the recording 

chamber was perfused with ACSF at 1 - 1.5 ml/min. The recordings were 

made using a MultiClamp 700B amplifier controlled by Clampex 10.2 via 

Digidata 1440A data acquisition system (Molecular Devices). The pipette 

solution contained (in mM): 130 K-gluconate, 7 KCl, 2 NaCl, 1 MgCl2, 0.1 

EGTA, 2 ATP-Mg, 0.3 Na-GTP, 10 HEPES (pH = 7.30 with KOH, 295 

mOsm with sucrose). After forming whole-cell patch on the soma of a CA3-

PC, the membrane potential was maintained at -66.9 ± 1.3 mV under 

current-clamp modes. Under this condition, I monitored input conductance 

(Gin) every 10 seconds before and after high frequency minimal stimulation 

of mossy fibers (MF conditioning) (Jonas et al., 1993). Gin was estimated 

from subthreshold voltage responses to -30 pA and +10 pA current steps 

(duration, 500 ms). Statistical values and significance of the conditioning 

effects on Gin was determined 40 min after MF conditioning. All recordings 

were performed in the presence a GABAA receptor antagonist, picrotoxin 

(PTX, 100 μM) (except Figs. 15, 16I and 18B). In Figures 15 and 16I, 
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synaptic blockers (PTX and CNQX) plus inward current blockers cocktail 

that consisted of 200 μM Ni2+, 125 μM Cd2+ and 0.5 μM tetrodotoxin (TTX) 

in order to block voltage-dependent Ca2+ and fast Na+ channels, were used to 

elicit the outward K+ current. The membrane potentials were not corrected 

for the liquid junction potential, which is predicted to be 12 mV. For local 

puff application of 100 mM 4-amionpyridine (4-AP), I used a pressure 

ejection system composed of a computer controlled pneumatic pump 

(Toohey Spritzer, Fairfield, New Jersey) connected to the back of a puffing 

glass pipette (tip size: 3~4 mm). The puff area, which is defined as the area 

where the drug concentration is higher than 20% of the maximum, was 

determined from the fluorescence profile of Alexa Fluor 488 (Invitrogen) 

that was added to the puffing pipette (100 mM). The ejection pressures was 

adjusted (typically to 1 ~ 3 psi) such that the puff area becomes a circular 

region whose diameter is 140 mm from the center (the puffing pipette tip) at 

4 sec after the start of ejection. Outward K+ currents were recorded between 

3 to 5 sec after the start of drug ejection. Puffing pipettes for distal and 

proximal dendritic regions were placed at 230 μm and 70 ~ 100 μm from the 

soma, respectively. Under these puff settings, distal apical dendrites of a 

CA3-PC spanning from 160 to 300 μm from the soma was perfused by the 

distal puff, while the proximal dendritic region closer than 140 μm from the 
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soma was perfused by the proximal puff.  

 

3. Isolation of monosynaptic MF-, PP-and A/C-CA3 responses.  

Afferent MFs were activated by monopolar stimulation delivered via an 

ACSF-filled glass pipette, which was positioned in the stratum (st.) lucidum 

(stimulus intensity, 6 - 20 V) using minimal stimulation techniques (Jonas et 

al., 1993) (Fig. 16A). Monosynaptic direct cortical inputs in a CA3-PC were 

isolated using the methods pioneered by Berzhanskaya et al. (1998) and 

Tsukamoto et al. (2003). In both papers, direct cortical inputs were evoked 

by an electrode positioned at the st. lacunosum moleculare of the CA1 area 

close to the hippocampal sulcus. To prevent contamination of polysynaptic 

inputs via entorhino-dentate connections, Berzhanskaya et al. (1998) made a 

cut through the hilus of DG (Berzhanskaya et al., 1998). Tsukamoto et al. 

(2003), however, made a cut along the hippocampal sulcus (sulcus cut), and 

thus, named direct cortical inputs to the CA3-PCs as the temporoammonic 

(TA) path instead of the perforant path (PP). Although I adopted the methods 

of Tsukamoto et al. (2003), I referred to the direct cortical input as PP inputs 

in the present study, because the TA path has not yet been anatomically 

proven (Amaral, 1993). To isolate PP or A/C synaptic inputs, we made a 

transverse incision of the st. lucidum (MF cut) to prevent contamination of 
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MF inputs. PP synaptic responses were evoked every 8 or 10 s by 

extracellular stimulation using a concentric bipolar electrode (12.5 μm inner 

pole diameter, 125 μm outer pole diameter; FHC Inc.) positioned at the CA1 

area close to the hippocampal sulcus (see Fig. 18A for a diagram of the 

experimental setup). Stimulation pulses (monopolar pulses, 100 μs in 

duration) were generated by a digital stimulator (WPI DS8000) and fed into 

the stimulation electrode via an isolation unit (WPI stimulus isolator 

DLS100). Consistent with previous reports (Kamiya et al., 1996; Tsukamoto 

et al., 2003), I found that bath-applied 2 μM DCG-IV, a group II mGluR 

agonist, reduced PP-EPSPs and MF-EPSPs by 71% and 88.4%, respectively 

(Shigemoto et al., 1997; Tsukamoto et al., 2003) (Figs. 14 and 18), whereas 

it had no effect on A/C-EPSCs (Fig. 17A). Since the MF pathway was cut, 

the sensitivity of EPSPs evoked by PP pathways for DCG-IV indicates little 

contamination of A/C inputs. Therefore, I concluded that PP-CA3 

monosynaptic EPSPs were specifically isolated by the double incisions (MF 

cut plus sulcus cut; Fig. 14). Afferent A/C fibers were activated by 

stimulation of the st. radiatum at intensities of 1 to 8 V. To confirm that the 

activated afferents were not significantly contaminated by MF and PP inputs, 

2 μM DCG-IV was applied at the end of every experiment, and the data were 

accepted only if synaptic responses were not reduced. 
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4. Minimal stimulation techniques.  

In most of experiments, MF-, A/C-, and PP-CA3 synaptic inputs were 

evoked by minimal stimulation, as described previously (Jonas et al., 1993; 

Perez-Rosello et al., 2011). The stimulation intensity was gradually 

increased until EPSC could be evoked in an all-or-none manner depending 

on the stimulation intensity. Just above the threshold, I found a range of 

stimulus intensity such that EPSCs/EPSPs were evoked with a failure rate of 

40-60% and the average amplitude of EPSCs/EPSPs were relatively 

stationary (Fig. 16A). When minimal stimulation techniques were not 

applied, stimulation intensity (4 – 12 V) was adjusted such that synaptic 

responses were lower than 30% of the maximum amplitude (Fig. 14). 

 

5. Kv1.2 mutant mice.  

Heterozygous Kv1.2 knock-out mice (Kcna2+/–) were purchased from 

Jackson Laboratory (Bar Harbor, ME, USA; Donating Investigator: Dr. 

Bruce Tempel, Univ. of Washington School of Medicine), and maintained at 

the approved specific-pathogen-free facilities. By inter-crossing Kcna2+/– 

mice, we bred homozygous knock-out mice (Kcna2–/–) and wild-type 

littermate (Kcna2+/+). For genotyping, DNA was isolated from the tail of 
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each mouse in a litter aged 6-8 days as described by Brew et al. (2007). 

Detailed protocols are available online 

(http://depts.washington.edu/tempelab/Protocols/KCNA2.html). Although 

Kcna2 –/– mice had a severely reduced life span (range of P18-P23) (Brew 

et al., 2007), they appeared normal during the first two weeks of their life.  

 

6. Contextual fear discrimination test.  

I tested 20 male mice between 14 and 20 weeks of age (11 Kcna2 WT mice 

and 9 Kcna2 HT mice) for fear conditioning in a pair of similar contexts 

using a protocol adapted from McHugh et al. (2007) (McHugh et al., 2007). 

This test assesses an animal’s ability to discriminate between two similar 

contexts, A and B, through repeated experience of a foot shock that is 

associated with Context A but not with B. Context A (conditioning context) 

is a chamber (18 cm wideⅹ18 cm longⅹ30 cm high; H10-11M-TC; 

Coulbourn Instruments 5583, PA 18052, USA) consisting of a metal grid 

floor, aluminium side walls, and a clear Plexiglass front door and back wall. 

The context A chamber was lit indirectly with a 12 W light bulb. The 

features of Context B (safe context) were the same as Context A, except for a 

unique odor (1% acetic acid), dimmer light (50% of A), and a slanted floor 

by 15° angle. Each chamber was cleaned with 70% ethanol before the 
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animals were placed. On the first 3 days of the experiment, the mice were 

placed in Context A, where they were allowed a 3-min exploration, received 

a single foot shock (1 mA, for 2 s) and were returned to their home cage 60 s 

after the shock. Freezing levels were measured during the 3 min before the 

shock delivery. On day 4, mice of each genotype were divided into two 

groups; one group of genotype visited Context A and the other Context B. 

On day 5, I had each mouse visit the context opposite to the one visited on 

day 4, and freezing levels were measured again. On day 4-5, neither group 

received a shock in Context A and B. The mice were subsequently trained to 

discriminate these two contexts by visiting the two contexts daily for 9 days 

(discrimination task day 6 to 14), always receiving a foot shock 3 min after 

being placed in Context A but not B (Fig. 20A). The freezing ratio (measured 

during the first 3 min) in each context was used to calculate discrimination 

ratios for each animal in both groups over the 9 days of training. I defined 

freezing behavior as behavioral immobility except for movement necessary 

for respiration (McNaughton & Nadel, 1990), and assessed the freezing 

behavior of each mouse for the duration of 5 min (day 4-5) or 3 min (day 6-

14) by observing its video image for 2 s bouts every 10 s and counting the 

number of 2 s bouts during which the mouse displayed freezing behavior 

(referred to as a freezing score). Freezing ratio was calculated as the freezing 
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score divided by the total number of observation bouts (18 or 30). 

Discrimination ratios were calculated according to FA / (FA + FB), where FA 

and FB are freezing scores in Contexts A and B, respectively. All experiments 

and analyses were performed blind to the mice genotype. 

 

7. One-trial contextual fear conditioning.  

I tested nine WT mice and ten Kcna2 HT mice between 14 and 16 weeks of 

age for fear conditioning in a pair of very distinct contexts using the 

experimental schedule of 3 days (acclimation, conditioning, assessment). 

The aforementioned Context A was used as the conditioning context. For the 

distinct context (Context C), I put a white acrylic blind end cylinder (15 cm 

in diameter, 18 cm in height, and 0.5 cm in thickness) vertically on the metal 

grid floor of the conditioning chamber, and covered the bottom inside the 

cylinder with cage bedding, on which mice were placed. The chamber and 

cylinder were cleaned using 70% ethanol between runs. On day 1, I first 

placed mice in Context A and then placed them in Context C an hour later. 

Mice were allowed to freely explore in both contexts for 5 min. On day 2, I 

had mice revisit Context A and receive a single foot shock (1 mA, for 2 s) 3 

min later, and returned them to their home cage 60 s after the shock. On day 

3, mice were separated into two groups; mice of each group were placed in 
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Context A or C for 3 min without a foot shock, during which the freezing 

score was measured. All experiments were conducted and analyzed by 

scientists blind to the genotypes of the mice.  

 

8. Morris water maze.  

Spatial learning was assessed in WT (n = 5) and Kcna2 HT mice (n = 10) 

between 12 and 19 weeks of age using the standard hidden-platform Morris 

water maze. All mice were handled for approximately 5 min per day for 4 

days before testing. Mice were trained for 13 days to find a hidden platform 

(15 cm in diameter) in a circular pool (150 cm in diameter) filled with 

opacified water (non-toxic white paint, 25 ± 1℃). A platform invisible to the 

mice was set 2 cm below the milky-white water level in the west radial 

quadrant of the pool. The pool was located in a room enclosed by walls, on 

which there were four distal extramaze cues that were visible from the pool 

and thus could be used by the mice for spatial orientation. A training session 

comprised of 13 daily test blocks, each of which had four test trials. For each 

test trial, a mouse was put into the water with its head facing the wall at one 

of the three starting points, each of which was the middle of the rim around 

N, E or S radial quadrants with the order being E→N→S→E. In the water, 

the mouse was allowed to swim for 90 s. Once the mouse climbed onto the 
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platform, it was allowed to remain there for 30 s. If the mouse failed to find 

the platform within 90 s, it was guided to the platform, where it remained for 

30 s before being returned to its home cage. A probe trial (full cue condition) 

was conducted on day 14 after the training session. The mice were placed at 

the center of pool and were allowed to swim for 80 s in the absence of the 

platform. Half an hour after the probe trial, the mice received additional four 

test trials, this time in the presence of the platform, to avoid memory 

extinction that may have occurred during the probe trial. For the next three 

days (days 15-17), the mice became subject to test trials under the partial cue 

condition. For the partial cue condition, three extramaze cues were removed 

so that only one cue remained at the south wall. To assess the capability for 

pattern completion of the mice, I compared mice swimming paths and 

latency to the platform in the last test block under the full cue condition (day 

13) to those in the first test trial under the partial cue condition (day 15). 

Swimming paths, time spent in the target quadrant, and swimming speed of 

the mice were recorded using a video tracking equipment and EthoVision 

software (Noldus Information Technology, Wageningen, Netherlands). These 

data were averaged over mice of each genotype. The person involved in this 

behavioral test was blind to the genotype of the mice.  
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9. Pre-exposure-mediated contextual fear conditioning (PECFC).  

This task requires mice to recall contextual memory from a very brief 

exposure to a previously experienced context (Fanselow, 1990). Male WT 

mice (n = 18) and male Kcna2 HT (n = 18) mice between 15 to 25 weeks of 

age were tested for PECFC. The conditioning context was the same as the 

aforementioned ‘Context A’. The chamber was cleaned with 70% ethanol 

between runs. On day 1, mice were allowed to freely explore Context A for 

10 min (pre-exposure). On the second day, mice were separated into 

conditioned and unconditioned groups. The conditioned group mice were 

placed into Context A for 30 s, received a single foot shock (1 mA, for 2 s) 

and were immediately (10 s after the shock) returned to their home cages. 

Mice of the unconditioned group were just brought back to the home cages 

42 s after being placed in the Context A without a foot shock. On day 3, 24 h 

after experiencing Context A, mice of each group were placed in Context A 

and a freezing score was assessed for 5 min.  

 

10. Elevated plus maze. 

I assessed basal anxiety level in WT mice (n = 5) and Kcna2 HT mice (n = 

10) between 13 and 16 weeks of age using the elevated plus maze. The 

apparatus consisted of two open (30ⅹ5 cm) and two closed (30ⅹ5ⅹ15 cm) 
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arms facing each other with an open roof. The entire maze was elevated at a 

height of 40 cm and each animal was placed individually on the central 

platform (5ⅹ5 cm), facing an open arm, and was allowed to explore the 

apparatus for 5 min. Anxiety was measured by the time spent in open arms. 

Data were collected using a video camera fixed to the ceiling of the room 

and connected to a video tracking equipment and a recorder using 

EthoVision software (Noldus Information Technology, Wageningen, 

Netherlands).  

 

11. Data analysis.  

Electrophysiological data were analyzed using IgorPro (version 6.10A; 

WaveMetrics, Lake Oswego, OR). Statistical data were presented as mean ± 

standard error of mean (SEM, denoted as error bars), and n indicates the 

number of cells or animals studied. The differences between statistical data 

under two experimental conditions were evaluated using Student’s t test, 

Mann-Whitney U test, or Wilcoxon signed rank test after testing normality 

using Kolmogorov-Smirnov test. Differences were considered as significant 

when p < 0.05. n.s.., no statistical significance; *, p < 0.05; **, p < 0.01; 

***, p < 0.005. 
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RESULTS 

 

Repetitive somatic firing enhances preferentially perforant path synaptic 

inputs 

Previously, I reported that repetitive somatic firing at 10 Hz for 2 s (referred 

to as 'somatic conditioning') induces downregulation of D-type K+ channel 

subunits, Kv1.2 (gene name, Kcna2), in the CA3-PCs (so-called LTP-IE) 

(Hyun et al., 2013). Because LTP-IE depended on dendritic Ca2+ signaling 

and was abolished by surgical truncation of distal apical dendrites, I 

hypothesized that LTP-IE may be accompanied by an enhancement of 

dendritic excitability, and thus facilitate somatic transmission of synaptic 

potentials. To test this hypothesis, I made whole-cell patch recordings in the 

soma of a CA3-PC, and examined the effects of somatic conditioning on 

EPSPs evoked by stimulation of the perforant path (PP), which innervate 

distal apical dendrites. I isolated monosynaptic PP synaptic inputs to a CA3-

PC as described in Materials and Methods, and monitored the amplitude of 

PP-EPSPs every 8 s. Somatic conditioning enhanced PP-EPSPs by 180 ± 

14% (p < 0.005, n = 22) but had no significant effect on PP-EPSCs (Fig. 

14A; baseline, 27.8 ± 3.7 pA; 109 ± 14%, p = 0.3, n = 10) in the same 

synapses, suggesting the involvement of an increase in dendritic excitability. 
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I tested whether the same cellular signaling pathway responsible for the 

LTP-IE underlies the somatic conditioning-induced enhancement of PP-

EPSPs. The enhancement of PP-EPSP was not affected by a PKA inhibitor, 

KT-5720 (1.2 mM) nor an NMDAR blocker, MK-801 (40 mM), but was 

inhibited by nimodipine, PP2 and dynasore (Fig. 14B1, B2, and B4). 

Furthermore, in contrast to WT CA3-PCs, such PP-EPSP changes was not 

observed in CA3-PCs of Kcna2 HT or KO mice (Fig. 14B3 and B4), 

indicating that the enhancement of PP-EPSP is mediated by the same 

mechanisms as LTP-IE (Hyun et al., 2013). Somatic conditioning enhanced 

not only the amplitude of PP-EPSPs but also the number of spikes elicited 

by the temporal summation of PP-EPSPs, indicating an enhancement of 

EPSP-to-spike (E-S) coupling (Fig. 14C). In contrast, the same conditioning 

enhanced neither MF-EPSPs (baseline, 3.93 ± 0.48 mV; 84 ± 13%, p = 0.94, 

n = 6) nor MF-EPSCs (baseline, 141.8 ± 14.1 pA; 97.3 ± 10.5%, p = 0.67, n 

= 5; Fig. 14A), suggesting that somatic conditioning enhances preferentially 

synaptic inputs to distal apical dendrites.  

 

The distribution of Kv1.2 is polarized to the distal apical dendrites of CA3-

PCs  

Given that the effects of somatic conditioning are mediated by 
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downregulation of Kv1.2, the preferential effect of somatic conditioning on 

PP-EPSPs raises the possibility of a polarized distribution of Kv1.2 in the 

apical dendrites of CA3-PCs. I further investigated possible polarization of 

ID activity. I tested whether ID is differentially affected by a local puff 

application of 100 mM 4-AP to either a proximal or a distal half of apical 

dendrites (Fig. 15). I estimated the spatial profile of 4-AP concentration 

around the puffing pipette tip based on the fluorescence profile of Alexa 

Fluor 488 under the same conditions. The line profile of fluorescence 

measured at 4 seconds after ejection indicates that the puffing area, which is 

defined as the area where the drug concentration is higher than 20% of the 

maximum, spans 70 mm from the pipette tip (Fig. 15B; see Materials and 

Methods). Outward K+ current was elicited by a somatic step depolarization 

to -20 mV in the presence of cocktail of synaptic blockers plus inward 

current blockers. I compared the effectiveness in the suppression of outward 

K+ current caused by a local puff of 4-AP to a distal dendritic region (c.a. 

230 μm from the soma) and to a proximal dendritic region (70 ~ 100 μm 

from the soma) in the same CA3-PC (Fig. 15D). Despite that the voltage 

clamp is less effective in the distal region than the proximal one (Baker et 

al., 2011), the distal puff caused a stronger suppression of K+ current than the 

proximal puff, indicating that the 4-AP-sensitive current was significantly 
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larger in the distal puff (Fig. 15C-D; distal puff, 127 ± 16.2 pA, n = 6; 

proximal puff, 66 ± 11 pA, p = 0.014; paired t-test, n = 6). The 4-AP-

sensitive current was not detected when the puffing pipette was placed at the 

point of 300 μm away from the soma, probably because of the spatial clamp 

problems (data not shown). These results support the hypothesis that the 

majority of D-type K+ (KD) channels are expressed in the distal half of apical 

dendrites in CA3-PCs.  

 

High frequency minimal stimulation of MFs induces long-term reduction of 

input conductance in CA3-PCs 

 Given that the MF-CA3 synapse is a conditional detonator synapse (Henze 

et al., 2002; Bischofberger et al., 2006), I posed a question of whether HFS 

of MFs can result in excitability changes similar to those induced by the 

repetitive somatic firing in a postsynaptic CA3-PC. To address this question, 

I made whole-cell patch recordings in the soma of a CA3-PC, and examined 

postsynaptic AP discharge evoked by one or two seconds stimulation of 

afferent MFs at different frequencies (10, 20, 30, 50 and 100 Hz) using 

minimal stimulation techniques (Jonas et al., 1993) (Fig. 16A). Minimal 

stimulation of MFs elicited repetitive firing of the postsynaptic CA3-PC at 

10 to 20 Hz when the stimulation frequency was 20 Hz or higher (Fig. 16B), 
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raising a possibility that high frequency MF inputs may induce LTP-IE in a 

postsynaptic CA3-PC. 

To test this possibility, I examined relative changes of Gin in CA3-PCs before 

and after conditioning with high frequency minimal stimulation of afferent 

MFs. Gin was determined every 10 s from the voltage deflections elicited by 

positive and negative current injections (+10 and -30 pA, respectively) at the 

resting membrane potential (-66.9 ± 1.3 mV; exemplar voltage traces, Fig. 

16C). After assessment of the baseline Gin, I stimulated afferent MFs at 

different frequencies, and then resumed monitoring of Gin. MF stimulations 

at 20 Hz for 2 s, at 30 Hz for 2 s, or at 50 Hz for 1 s all reduced Gin to similar 

extents 40 min after the stimulations (about 70% of the control value; Fig. 

16C and 16G). Either no MF stimulation or stimulation at 20 Hz for a shorter 

period (1 s) did not significantly alter Gin (Fig. 16G). Since dentate GCs fire 

in vivo at a peak frequency of up to 20 Hz in their place fields (Leutgeb et 

al., 2007; Neunuebel & Knierim, 2012), I adopted the stimulation of afferent 

MFs at 20 Hz for 2 s as the 'MF conditioning' protocol in subsequent studies.  

 I studied the cellular signaling pathway that underlies the MF conditioning-

induced reduction in Gin. Previously, I reported that LTP-IE is mediated by 

Ca2+ influx through L-type Ca2+ channels, activation of protein tyrosine 

kinase (PTK), and endocytosis of Kv1.2 (Hyun et al., 2013). I first tested a 
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possible involvement of NMDARs. The addition of 3-(2-carboxypiperazin-

4-yl)propyl-1-phosphonic acid (CPP, 20 mM) to the bath, an NMDAR 

antagonist, did not prevent the MF conditioning effect in CA3-PCs (73.4 ± 

2.8%, p < 0.005, n = 9; Fig. 16D). Next, I tested the effects of BAPTA (10 

mM in the pipette), nimodipine (10 mM in the bath), PP2 (10 mM in the bath 

or pipette), and dynasore (40 mM in the pipette), which block intracellular 

[Ca2+] increase, L-type Ca2+ channels, PTK, and endocytosis, respectively. 

All of these drugs abolished the MF conditioning-induced reduction of Gin.  

Finally, to test the involvement of Kv1.2, I examined the effect of MF 

conditioning in CA3-PCs of wild-type (WT), Kcna2 knock-out mice (KO, 

Kcna2 –/–) and heterozygous littermates (HT, Kcna2 +/–). MF conditioning 

reduced Gin in the WT CA3-PCs (70.0 ± 1.7%, p < 0.005, n = 5; Fig. 16F). 

However, no significant changes in Gin were made by the same MF 

conditioning in CA3-PCs from KO and HT mice (KO, 101.6 ± 2.9%, n = 8; 

HT, 109.9 ± 5.2%, n = 7; Fig. 16F), suggesting that downregulation of Kv1.2 

mediates MF conditioning-induced reduction of Gin. Figure 16G summarizes 

the effects of the drugs and Kcna2 deletion on relative changes of Gin (ΔGin) 

measured 40 min after MF conditioning, showing that the cellular 

mechanism underlying the Gin reduction caused by MF conditioning is the 

same as that caused by somatic conditioning. Given that somatic firing 
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mediates the MF conditioning-induced reduction of Gin, it is expected that 

the extent of ΔGin depends on the AP number elicited during MF 

conditioning. To test this view, I pooled all the data obtained from 

experiments of rats and WT mice under the control or CPP conditions, and 

plotted ΔGin as a function of the AP number in the same CA3-PCs elicited by 

MF stimulation at different frequencies (Fig. 16H, left). There was a close 

correlation between these two parameters, regardless of the stimulation 

frequencies, indicating that the number of somatic APs is the key 

determinant of ΔGin. In contrast, CA3-PCs of Kcna2 HT mice exhibited little 

correlation between ΔGin and the AP number (Fig. 16H, right).  

To confirm the involvement of D-type K+ current (ID), I compared the 

outward K+ current (IK) after the MF conditioning with that under the control 

conditions. ID was isolated by digital subtraction of the outward K+ currents 

in the presence of 30 mM 4-aminopyridine (4-AP) from the total outward K+ 

currents under control conditions (Storm, 1988). Figure 16I shows 

representative IK traces under control conditions and in the presence of 4-AP 

at the test potential of -20 mV. Because IK can be isolated in the presence of 

the Na+ and Ca2+ channel blockers that inhibits the conditioning, it was not 

possible to examine effects of the conditioning on the whole-cell K+ currents 

in the same cell. The statistical mean of ID was significantly lower in the 
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CA3-PCs that underwent the MF conditioning, compared to that in the 

control CA3-PCs (Fig. 16I).  

 

A/C fiber inputs are not so efficient as MF inputs in the induction of LTP-IE 

 To test whether activation of A/C-CA3 synapses can induce the LTP-IE as 

efficient as the stimulation of MFs, I examined the Gin change caused by 

HFS of A/C fibers. The stimulation strength was adjusted such that the 

amplitudes of A/C-CA3 EPSCs were similar to those of minimally evoked 

MF-EPSCs (Fig. 17A). When the stimulation protocol was the same as the 

MF conditioning (2 s at 20 Hz), the summated A/C-CA3 EPSPs evoked only 

a few APs at the early phase of the train, and resulted in little change in Gin 

(Fig. 17B, D and E). Next, I adopted the theta-burst stimulation (TBS) 

protocol (10 pulses at 100 Hz, repeated 10 times with intervals of 100 ms), 

which elicited more APs. Despite that the TBS of A/C fibers induced a 

similar number of APs at the postsynaptic CA3-PC, the ΔGin was 

significantly smaller than the MF conditioning (Fig. 17C-E). In Figure 17F, 

the ΔGin as a function of the AP number induced by A/C fiber stimulation 

was compared to that by MF stimulation, showing that A/C stimulation is 

not efficient as MF stimulation at the similar AP number. Because 10 Hz is 

an optimal firing frequency that induces LTP-IE (Hyun et al., 2013), I 
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compared the distribution of instantaneous frequencies of somatic firing 

induced by repetitive stimulation of MF or A/C fibers (Fig. 17G). The 

frequency distribution of MF-induced firing largely overlaps the optimal 

frequency range (10-20 Hz) whereas appreciable number of AP responses to 

HFS of A/C fibers occurred at the frequency higher than the optimal range, 

implying that the difference in the postsynaptic firing pattern between the 

two synaptic inputs may be responsible for the discrepancy.  

 

Downregulation of Kv1.2 is responsible for the non-Hebbian heterosynaptic 

LTP of PP-EPSPs induced by burst stimulation of MFs 

Tsukamoto et al. (2003) showed that a short tetanic stimulation of MFs (100 

Hz for 1 s) induces non-Hebbian LTP of PP-fEPSPs, but the cellular 

mechanism remains elusive. I posed a question of whether downregulation 

of Kv1.2 is involved in this type of heterosynaptic interaction between MF 

and PP synapses. Before addressing this issue, I tested whether the same MF 

conditioning protocol as in Figure 16, minimal stimulation of afferent MFs 

at 20 Hz for 2 s, induces LTP of PP-EPSPs (Fig. 18A). I isolated 

monosynaptic PP synaptic inputs to a CA3-PC as described in Materials and 

Methods, and monitored the amplitude of PP-EPSPs every 8 s. The baseline 

PP-EPSPs were in the range of 0.6 to 1.7 mV (1.1 ± 0.1 mV, n = 18). MF 
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conditioning resulted in a significant enhancement of PP-EPSPs (220 ± 16% 

of control, n = 18, p < 0.005; Fig. 18A2 and A3). Similar results were 

observed in the absence of PTX (235 ± 24%, n = 6; Fig. 18B). In contrast to 

EPSP, the same conditioning did not alter PP-evoked excitatory postsynaptic 

currents (PP-EPSCs; baseline, 17.4 ± 2.4 pA; 117.6 ± 16.9%, n = 14, p = 

0.19, Fig. 18A). Because somatic recordings of PP-EPSPs that occur at distal 

dendrites are heavily influenced by active conductance of dendrites (Urban 

et al., 1998; Kim et al., 2012a), the enhancement of PP-EPSPs but little 

changes in concomitant PP-EPSCs could be interpreted as an increase in 

dendritic intrinsic excitability rather than in the synaptic strength itself. 

Therefore, the MF conditioning-induced LTP of PP-EPSPs may be closely 

related to the LTP-IE. I further investigated the signaling mechanisms 

underlying the heterosynaptic LTP of PP-EPSPs. The MF conditioning-

induced LTP of PP-EPSPs was abolished by bath application of nimodipine 

or PP2 like LTP-IE (Fig. 18B). Furthermore, MF conditioning did not 

significantly alter PP-EPSPs in the CA3-PCs of Kcna2 HT mice (77.2 ± 

6.7%, p = 0.11, n = 8), but induced LTP in those of WT mice (232.4 ± 9.6%, 

p < 0.005, n = 7; Fig. 18C). These results indicate that the MF conditioning-

induced heterosynaptic LTP of PP-EPSPs is mediated by the same cellular 

mechanisms as LTP-IE, the downregulation of Kv1.2. 
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 Finally, I studied the possible involvement of NMDAR by testing the effects 

of three different NMDAR antagonists in the rat CA3-PCs. Whereas neither 

20 mM CPP (230 ± 12%, n = 9, p < 0.005) nor by 40 mM MK-801 (200 ± 

27%, n = 5, p < 0.01) affected the MF conditioning-induced LTP of PP-

EPSPs, 40 mM D,L-2-amino-5-phosphonopentanoic acid (APV) significantly 

suppressed it (Fig. 18D). Such discrepancy between the effects of NMDAR 

blockers could be interpreted in light of my previous finding that APV 

reduces the baseline Gin and suppresses the LTP-IE (Hyun et al. 2013), 

implying that the effect of APV is not directly related to the blockade of 

NMDAR (see Discussion).  

E-S coupling of PP synaptic inputs is essential for homosynaptic LTP 

induction of synaptic weights (data not shown). To investigate the effect of 

MF conditioning on E-S coupling, I compared five PP-EPSP trains evoked at 

20 or 50 Hz before and after conditioning. MF conditioning enhanced the 

peak amplitude of the 20 Hz PP-EPSP train (Fig. 19A) and the probability of 

generating a somatic spike during 50 Hz PP-EPSP trains (0.16 ± 0.07 to 0.76 

± 0.09; p < 0.005, n = 25, Fig. 19B). Such enhancement of E-S coupling was 

not observed in the presence of PP2 or nimodipine and in the Kcna2 HT 

CA3-PCs (Fig. 19C-D), suggesting the involvement of the same cellular 

mechanisms as in somatic conditioning-induced LTP-IE. Therefore, I 
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conclude that the bursting MF inputs to a CA3-PC enhances E-S coupling 

through downregulation of Kv1.2. Since MFs sparsely innervate CA3-PCs, 

the MF input-induced heterosynaptic LTP of PP-EPSPs may subserve the 

sparse representation of direct cortical inputs in the CA3 network. 

 

Discrimination of a highly similar context pair is impaired in Kcna2 HT 

mice 

It has been postulated that MF inputs constrain the CA3 network to sparsely 

represent memory and thus contribute to pattern separation (Rolls, 2013). To 

investigate the role of MF conditioning-induced heterosynaptic LTP in 

pattern separation, I used Kcna2 HT mice, because they lack the MF 

conditioning effect, similar to KO mice (Figs. 16 and 18), but have a normal 

life span, unlike KO mice (Brew et al., 2007). To examine their pattern 

separation capability, Kcna2 HT mice (n = 9) and their WT littermates (n = 

11) were subjected to the contextual fear discrimination task (McHugh et al., 

2007). This task comprises three phases: the context acquisition phase (day 

1-3), the generalization test phase (day 4-5), and the discrimination training 

phase (day 6-14) (Fig. 20A). After 3 days of conditioning by giving a foot 

shock in Context A (conditioned context), both genotypes showed similar 

freezing ratios in Context A (p = 0.37, Fig. 20B), indicating that HT mice 
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efficiently acquire and retain contextual fear conditioning. In the second 

phase, the freezing behavior of the conditioned mice was assessed without a 

foot shock in two similar contexts A and B. Context B (safe context) had the 

same noise level, metal grid floor, sidewalls, and roof as in Context A but 

differed in having a unique odor (1% acetic acid), dimmer light (50%), and a 

grid floor slanted at a 15° angle. Mice of both genotypes showed identical 

freezing kinetics in Context A (Fig. 20C) and comparable levels of freezing 

behavior in Contexts A and B (Fig. 20D; see Table 5 for statistical analyses), 

suggesting that both genotypes generalize the two contexts to the same 

degree. In phase 3, the mice daily visited both contexts and received a foot 

shock only in Context A. The WT mice began to distinguish the two contexts 

as early as on day 2 of phase 3 (day 7) (discrimination ratio, 0.62 ± 0.03 for 

WT and 0.51 ± 0.03 for HT, p < 0.01; Fig. 20E), but the freezing ratio in the 

safe Context B was still high in Kcna2 HT mice on day 9 (0.63 vs. 0.35, p < 

0.01; Fig. 20F). The difference in the freezing ratios between the WT 

and Kcna2 HT mice disappeared on the last day of phase 3 (Fig. 20G), 

indicating that the Kcna2 HT mice exhibit an impairment in rapid pattern 

separation between a highly similar context pair. I confirmed that HT mice 

are normal in contextual pattern separation between distinct contexts 

(Context A and C) using a one-trial fear conditioning test (Cravens et al., 
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2006) (Fig. 20H).  

 

Pattern completion-based recall is not impaired in Kcna2 HT mice 

I examined the capability of WT and Kcna2 HT mice to recall memories 

based on pattern completion using the Morris water maze (MWM) task with 

partial cues (Nakazawa et al., 2002) and the pre-exposure-mediated 

contextual fear conditioning (PECFC) paradigm (Fanselow, 1990; Nakashiba 

et al., 2008). Both genotypes exhibited indistinguishable learning curves in 

the MWM under full-cue conditions during training trials for 13 days (Fig. 

21A). Successful memory recall of the location of the platform was verified 

in a probe trial on day 14 (Fig. 21B). During the next three days (day 15-17), 

I subjected the trained mice to additional training trials in the same water 

maze except that three of the four extramaze cues had been removed from 

the surrounding walls, and monitored differences in the escape latency. The 

escape latency of Kcna2 HT mice under the partial cue conditions was not 

different from that measured in the last full-cue training trial for both 

genotypes (Fig. 21C and D), indicating that associative memory recall is not 

impaired in Kcna2 HT mice. There was no genotype-specific difference in 

the swim velocity (Fig. 21E) under the full- or partial-cue conditions. I 

further tested pattern completion-based recall under the pre-exposure-
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mediated contextual fear conditioning (PECFC) paradigm (Fig. 21F). This 

task requires the animals to recall contextually conditioned stimuli after a 

very brief exposure to the context. Contextual fear conditioning under this 

protocol depends on NMDAR-dependent synaptic plasticity at CA3 

recurrent synapses (Cravens et al., 2006) and on synaptic outputs from CA3-

PCs (Nakashiba et al., 2008). I exposed the mice to Context A for 30 s and 

10 s before and after a foot shock was given. On the next day, I assessed the 

contextual fear conditioning of the mouse in the same chamber. I found no 

difference between WT and Kcna2 HT mice (genotype effect, F(1,32) = 0.779, 

p = 0.384; shock effect, F(1,32) = 64.391, p < 0.001; genotype x shock, F(1,32) 

= 0.449, p = 0.508;  Fig. 21G), indicating that Kcna2 HT mice exhibit 

normal CA3-dependent pattern completion-based recall. Finally, I also 

confirmed that Kcna2 HT mice exhibited no abnormality in the general 

anxiety level, which were tested using the elevated plus maze (Fig. 21), 

respectively. These results indicate that Kcna2 HT mice exhibit a specific 

impairment in rapid pattern separation.  
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Table 2. Somatic conditioning-induced changes of synaptic responses under 

different pharmacological or genotype conditions at PP-CA3 or A/C-CA3 

synapses.  

 

1) Statistical values and significance for the effects of the somatic 

 Conditions Amplitude of EPSP Peak EPSC 

Baseline 

(mV) 

Somatic conditioning 

(% of baseline)1) 

Baseline 

(pA) 

Somatic 

conditioning 

(pA) 

Figure 14 Control 

(PP-CA3) 

(n = 22) 

2.1 ± 0.32 180.1 ± 14.1*** 27.8 ± 3.7  30.3 ± 3.8 

MK-801 

(PP-CA3) 

(n = 10) 

1.93 ± 0.24 181.4 ± 13.6 *** 26.5 ± 2.7 27.8 ± 2.9 

Nimodipine 

(PP-CA3) 

(n = 8) 

1.97 ± 0.39 92.6 ± 5.1 24.6 ± 4.9 26.1 ± 5.0 

PP2 

(PP-CA3) 

(n = 7) 

2.12 ± 0.37 85.6 ± 7.5 26.7 ± 3.8 25.2 ± 3.7   

Dynasore 

(PP-CA3) 

(n = 6) 

1.94 ± 0.35 89.5 ± 5.7 26.3 ± 5.3 21.1 ± 4.4 

KT-5720 

(PP-CA3) 

(n = 5) 

2.21 ± 0.48 168.4 ± 5.5*** 23.0 ± 4.2 25.5 ± 1.9 

Kcna2 +/+ 

(PP-CA3)  

(WT, n = 7) 

2.14 ± 0.33 161.8 ± 14.3*** 28.1 ± 3.3 29.1 ± 3.3  

Kcna2 +/– 

(PP-CA3)  

(HT, n = 8) 

2.30 ± 0.33) 79.1 ± 5.0 29.8 ± 2.9 28.2 ± 3.8 

MF-CA3 

 (n = 6) 
3.93 ± 0.48 84.1 ± 12.6 141.8 ± 14.2 138.0 ± 14.9 
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conditioning on the amplitude of PP-, and MF-EPSP and EPSC were 

determined at 25-40 min after the conditioning; All values are shown as 

mean ± SEM. *, p < 0.05; **, p < 0.01, ***, p < 0.005.  
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Table 3. MF conditioning-induced changes of input conductance and PP 

synaptic inputs in CA3-PCs different pharmacological or genotype 

conditions (related to Figs. 14, 16). 

 

 Input conductance (Gin) Amplitude of PP-EPSP Peak PP-EPSC 

Baseline 

(nS) 

MF 

Conditioning 

(% of 

baseline) 1) 

Baseline 

(mV) 

MF 

Conditioning 

(% of 

baseline) 1) 

Baseline 

(pA) 

MF 

Conditioning 

(pA) 1) 

Control 

(CA3-PC) 
3.66 ± 

0.25 

(n = 16) 

71.9 ± 1.7*** 1.12 ± 

0.09 

(n = 18) 

219.9 ± 

15.6*** 

17.4 ± 2.4 20.4 ± 2.9 

CPP 

 
3.90 ± 

0.24 

(n = 9) 

73.4 ± 2.8 *** 0.95 ± 

0.13 

(n = 9) 

232.4 ± 

12.2*** 

18.8 ± 3.2 21.0 ± 3.3 

BAPTA 3.67 ± 

0.39 

(n = 5) 

95.6 ± 4.55     

Nimodipine 3.50 ± 

0.37 

(n = 6) 

104.8 ± 5.7 1.07 ± 

0.06 

(n = 9) 

96.7 ± 8.8 21.2 ± 4.2 22.4 ± 4.2 

Dynasore 3.74 ± 

0.55 

(n = 5) 

105.7 ± 4.0     

PP2 3.70 ± 

0.48 

(n = 6) 

103.6 ± 5.5 1.04 ± 

0.05 

(n = 6) 

87.8 ± 6.7 15.2 ± 1.6 14.9 ± 1.7 

Kcna2 +/+  

(WT) 
4.64 ± 

0.63* 

(n = 6) 

70.0 ± 1.7*** 1.01 ± 

0.12 

(n = 7) 

232.4 ± 9.6*** 18.7 ± 3.9 20.0 ± 4.0 

Kcna2 +/–  

(HT) 
3.80 ± 

0.53 

(n = 5) 

110.0 ± 5.2 1.17 ± 

0.13 

(n = 8) 

77.2 ± 6.7 16.3 ± 1.7 15.7 ± 2.0 

 

1) Statistical values and significance for the effects of the MF conditioning on 

Gin, amplitude of PP-EPSP and PP-EPSC were determined at 40 min after 

the conditioning; The statistical significance was tested in comparison with 

control CA3-PCs. All values are shown as mean ± SEM. *, p < 0.05; **, p < 
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0.01, ***, p < 0.005.
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Table 4. MF conditioning enhanced the peak amplitude of the 20 Hz PP-

EPSP trains and the E-S coupling of 50 Hz PP-EPSP trains (related to Fig. 

19). 

 
 Peak amplitude of the 20 Hz PP-EPSP 

train1) 
Probability for spike generation during 

50 Hz PP-EPSP train1) 

baseline 
(mV) 

MF Conditioning  
(mV) 

baseline  MF Conditioning 

Control 
(CA3-PC) 

5.8 ± 1.2 
(n = 10) 

11.3 ± 1.3*** 0.16 ± 0.07 
(n = 25) 

0.76 ± 0.09*** 

CPP 
 

6.7 ± 1.1 
(n = 8) 

12.5 ± 1.8*** 0.33 ± 0.17 (n = 
9) 

0.78 ± 0.15*** 

PP2 7.0 ± 1.7 
(n = 5) 

6.3 ± 1.4 0.60 ± 0.24 
(n = 5) 

0.2 ± 0.2 

Nimodipine 6.0 ± 0.8 
(n = 9) 

5.7 ± 0.9 0.44 ± 0.18 
(n = 9) 

0.44 ± 0.18 

Kcna2 +/+  
(WT) 

6.4 ± 1.1 
(n = 7) 

12.3 ± 2.4*** 0.22 ± 0.15 
(n = 9) 

0.78 ± 0.15*** 

Kcna2 +/–  
(HT) 

6.8 ± 1.0 
(n = 7) 

6.7 ± 1.0 0.57 ± 0.20 
(n = 7) 

0.29 ± 0.18 

 

1) PP-EPSP trains at 20 or 50 Hz were evoked using high stimulation 

intensity (baseline unitary EPSP: 2.7 ± 0.4 mV for 20 Hz, 1.9 ± 0.3 mV for 

50 Hz). 
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Table 5. Statistical analyses and differences in freezing ratios between WT 

and Kcna2 HT mice (related to Fig. 20).  

 

Figure 

number 

Context A vs. B (n = 11 for WT, n = 9 for HT) 

 Day of experiment 

(Statistical analysis 

methods)  

comparison between interaction 

Context Genotype Context ´  

genotype 

genotype ´ 

 time 1) 

Fig. 20C Day 4-5 

(two-way ANOVA) 

 F(1,18) = 0.45,  

p = 0.51 

 F(9,162) = 0.77,  

p = 0.73 

Fig. 20D Day 4-5 

(two-way ANOVA) 

F(1,36) = 0.18,  

p = 0.68 

 F(1,36) = 0.11,  

p = 0.74 
 

Fig. 20F Day 9 

(two-way ANOVA) 

F(1,36) = 

13.76,  

p < 0.01 

F(1,36) = 

27.58, p < 

0.01 

F(1,36) = 12.61,  

p < 0.01 
 

Fig. 20G Day 14 

(two-way ANOVA) 

F(1,36) = 

184.3,  

p < 0.01 

F(1,36) = 0.57,  

p = 0.46 

F(1,36) = 0,  

p = 0.98 
 

  

Context A vs. C (n = 9 for WT, n = 10 for HT) 

Fig. 20H (two-way ANOVA) F(1,15) = 

140.9,  

p < 0.01 

F(1,15) = 1.26, 

 p = 0.28 

F(1,15) = 0.03,  

p = 0.86 
 

 

1) analyzed by repeated two-way ANOVA. 
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Figure 14. 
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Figure 14. Repetitive somatic firing enhances PP-EPSPs but not MF-

EPSPs. A1, Tetanic stimulation of the soma at 10 Hz for 2 s (somatic 

conditioning; blue arrowhead at t = 0, inset) induced sustained enhancement 

of PP-EPSPs (red circles) but not MF-EPSPs (black circles) in CA3-PCs. 

A2, Schematic diagram of experimental setup and representative EPSPs and 

EPSCs evoked by stimulation of PP (left panel) or MFs (right panel). 

Averaged EPSP traces before (black) or 20 min after (red) conditioning are 

superimposed in each panel. The recording time points of the PP-EPSPs are 

denoted by ‘1’ and ‘2’ in A1. Lower traces show PP- (left) and MF-EPSCs 

(right) before (black) and 25 min after (red) somatic conditioning. EPSCs 

were recorded at a holding potential of -60 mV. PP stimulation was 

confirmed by high sensitivity to DCG-IV of EPSPs (71% reduction on 

average) and slow rise time (> 6.5 ms) of EPSCs. A3, Bar graphs show the 

mean for baseline values and somatic conditioning-induced changes of 

EPSPs and EPSCs. B, Somatic conditioning-induced potentiation of PP-

EPSPs is mediated by the same signaling pathway as long-term potentiation 

of intrinsic excitability (LTP-IE). B1 and B2, A train of suprathreshold 

current pulses (1.2 nA for 2.2 ms) at 10 Hz was injected to the soma at t = 0 

(somatic conditioning, arrowhead) in CA3 pyramidal cells. Time courses of 

PP-EPSPs are shown under different pharmacological conditions. The 
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control time courses of PP-EPSPs are shown in gray symbols in each graph. 

B3, Somatic conditioning enhanced PP-EPSPs in the CA3-PC of WT mice 

but not in those of Kcna2 mutant mice. Insets in B1-B3, representative traces 

of PP-EPSPs before (gray) and after (black) somatic conditioning. B4, 

Summary graph for the effects of different pharmacological and genetic 

conditions on somatic conditioning-induced potentiation of PP-EPSPs. C, 

Time courses of EPSP-to-spike coupling at the PP-CA3 synapse before and 

after somatic conditioning (arrows at t = 0). Somatic conditioning enhanced 

the number of spikes elicited by temporal summation of five EPSPs evoked 

by burst stimulation of PP at 20 Hz (C1) or 50 Hz (C2). Different symbols 

denote different cells. Insets: Exemplar traces for summated PP-EPSPs 

before (black) and after (red) somatic conditioning. 
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１１２ 

 

Figure 15. The distribution of Kv1.2 is polarized to the distal apical 

dendrites of CA3-PCs. A, A schematic diagram and a composite fluorescent 

micrograph of the experimental setup used for local puff application of 100 

μM 4-AP to the proximal or distal apical dendritic region of CA3-PCs. The 

CA3-PC and the puffing pipettes were visualized by adding 100 mM Alexa 

488 dye in the patch and puffing pipettes. Scale bars, 100 μm. B, A 

fluorescence image of Alexa dye pressure-ejected from the puffing pipette at 

4 sec after the start of the puff. A fluorescence line profile along the red 

dashed line is shown in the lower graph, where six other profiles are 

overlapped. The averaged profile is shown in red.  C, Outward K+ currents 

were elicited by a step depolarization to -20 mV before and after a local puff 

application of 100 μM 4-AP to a distal (left two traces) or proximal (right 

traces) dendritic region in the presence of an inhibitor cocktail. The 4-AP-

sensitive difference currents shown below was regarded as D-type K+ current 

(ID, red traces). The peak amplitude of ID in a cell was measured from the 

averaged trace of 5 to 10 ID traces. D, Summary for the peaks of low 4-AP-

sensitive current measured by local puff to proximal or distal dendrites in 

CA3-PCs. 
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Figure 16. 
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Figure 16. High frequency minimal stimulation of MFs induces long-

term reduction of Gin in CA3-PCs through Ca2+-dependent 

downregulation of Kv1.2. A, Left, MF-EPSCs evoked at different stimulus 

intensities. Each EPSC trace represents the average of 10 responses of non-

failure trials (except for 6 V) at the stimulus strength indicated. Middle, 

Mean amplitudes of MF-EPSCs as a function of stimulus intensity. Note the 

abrupt increase in the peak EPSC amplitudes at 16 V. Right, Monitoring of 

MF-EPSCs evoked by 18 V every 10 s. Traces in the upper panel show trial-

to-trial changes of MF-EPSCs (superimposed gray traces) of non-failure 

trials (black, averaged trace). B, The number of spikes in postsynaptic CA3-

PCs evoked by stimulation of afferent MFs (for 1 s or 2 s) as a function of 

stimulation frequency. Insets: Somatic voltage recordings during MF 

stimulation (gray, stimulation for 1 s; black, 2 s). C, Reduction in input 

conductance (Gin) after MF stimulation at different frequencies (20 Hz for 2 

s or 50 Hz for 1 s, arrowhead). Gin values were normalized to the baseline 

value. D, MF conditioning-induced reduction of Gin was abolished by 

intracellular BAPTA (light red circles, 10 mM) and bath-applied nimodipine 

(red circles, 10 mM), but not by CPP (yellow circles, 20 mM in the bath). E, 

Effects of dynasore (orange circles, 40 μM in the pipette) and PP2 (green 

circles, 10 μM in the bath or pipette). F, MF conditioning reduced Gin in 
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CA3-PCs of WT mice, but not in CA3-PCs of Kcna2 HT or homo KO mice. 

Insets in C to F, representative voltage responses to sub-threshold current 

injections (+10 and -30 pA) before (black) and 20 min (C) or 40 min (D-F) 

after (red) MF conditioning. The control time courses of Gin (gray circles) in 

D, E, F are reproduced from Figure 1C. G, Summary for the relative 

changes in Gin (ΔGin) under different conditions shown in C through F. H, 

Left, Plot of ΔGin as a function of the number of APs in postsynaptic CA3-

PCs elicited by afferent MF stimulation at different frequencies for 1 or 2 s. 

Data are collected from experiments using rats and WT mice under control 

or CPP conditions. A Gaussian function, y = ΔGmax [1 – exp(x/a)2], was fitted 

to the plot (orange line; ΔGmax = 32%; a = 10.4). Note the close correlation 

between ΔGin and the number of APs regardless of MF stimulation 

frequencies. Right, The same plot of data collected from experiments of 

Kcna2 HT mice. I, Effects of the MF conditioning on D-type K+ current (ID) 

in the CA3-PCs. Outward K+ currents (IK) elicited by a depolarizing step to -

20 mV from -70 mV before and after the bath application of 30 mM 4-AP in 

the naïve and conditioned CA3-PCs. The subtraction of the latter (gray 

traces) from the former (black traces) IK was regarded as ID (black, control 

ID; red, ID after MF conditioning). Bar graph, Mean peak amplitudes of ID 
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induced by a step depolarization to -20, -30 and -40 mV before and after MF 

conditioning. n = 15. 
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Figure 17. 
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Figure 17. HFS of A/C fibers is not efficient in the induction of LTP-IE. 

A1, Left, Schematic diagram of A/C synaptic inputs to the intermediate 

region of apical dendrites in a CA3-PC. Middle, representative EPSC traces 

evoked by stimulation of A/C fibers (A/C-EPSC) before (upper) and after 

(bottom) the bath application of 2 mM DCG-IV. Each black EPSC trace 

represents the average of 10 gray EPSCs. Right, Effects of DCG-IV on the 

amplitudes of A/C-EPSCs. A2, Mean amplitude of A/C-EPSCs evoked by 

minimal and non-minimal stimulation. To compare the effectiveness of MF 

and A/C synaptic inputs in the induction of LTP-IE, the amplitude of A/C-

EPSC was adjusted to the size of MF-EPSC evoked by minimal stimulation. 

B, HFS of afferent A/C fibers at 20 Hz for 2 s at t = 0 (arrowhead; A/C 

conditioning) elicited only a few postsynaptic AP firing (upper black trace in 

inset) and caused little change in Gin of the postsynaptic CA3-PCs (black 

filled circles). For comparison, the changes in Gin caused by MF 

conditioning are reproduced from Fig. 1 (gray open circles). Right traces, 

representative voltage traces to injection of +10 and -30 pA before (black) 

and after (red) A/C (upper) or MF (lower) conditioning. C, Effects of theta-

burst stimulation (TBS) of A/C fibers on Gin. Upper trace, Somatic voltage 

trace during TBS of A/C fibers. Right traces, Representative voltage 

response before (black) and after TBS of A/C fibers (red). D and E, The 
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mean number of postsynaptic AP firing and subsequent Gin changes (ΔGin) 

caused by 20 Hz HFS of MF or A/C fibers for 2 s and TBS of A/C fibers. 

Note the larger Gin change after the HFS of MF than the TBS of A/C fibers 

despite similar number of APs between two synaptic stimulations. F, ΔGin as 

a function of the number of APs in the postsynaptic CA3-PCs elicited by 

HFS or TBS of A/C fibers. The yellow fitting line was reproduced from Fig. 

1H (MF conditioning). #, HFS of A/C fibers using exceptionally high 

intensity (EPSC amplitude, 141 pA). G, Probability for inter-spike frequency 

(inverse of interspike interval) of APs caused by stimulations of MF (closed 

circles) or A/C fibers (bars). Note that the frequency distribution of MF-

induced firing largely overlaps the optimal frequency range (10-20 Hz). 
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Figure 18. 
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Figure 18. Downregulation of Kv1.2 mediates MF input-induced non-

Hebbian heterosynaptic LTP of PP-CA3 EPSPs. A1, Left, Experimental 

setup. The incision was made along the hippocampal sulcus of the slice to 

prevent possible contamination of indirect cortical input. Stimulating 

electrodes were placed at the stratum lucidum and in close proximity to the 

hippocampal sulcus to activate mossy fibers (MF stim, red) and perforant 

path (PP stim, purple) inputs, respectively. Right, Schematic diagram of 

synaptic inputs to apical dendrites of a CA3-PC. Inset: representative 

somatic recordings of EPSC evoked by stimulation of MF (gray) or PP 

(black trace) in the same CA3-PC. A2, Burst stimulation of MF induced LTP 

of PP-CA3 EPSPs. Stimulation of afferent MFs at 20 Hz for 2 s at t = 0 (blue 

arrow; MF conditioning) resulted in postsynaptic AP firing (blue trace in 

inset, denoted as '3'). Upper right two insets show representative PP-EPSP 

and PP-EPSC traces recorded at the time points indicated by the numbers 

(black, control; red, after MF conditioning; gray, DCG-IV). PP-EPSPs were 

attenuated by bath-applied DCG-IV to c.a. 30% of the baseline. A3, 

Summary of mean amplitudes of PP-EPSCs and PP-EPSPs before and 40 

min after MF conditioning. B, MF conditioning-induced potentiation of PP-

EPSPs occurs in PTX-free solution too, and was abolished by nimodipine 

(purple circles, 10 mM in the bath) and PP2 (green circles, 10 mM in the 
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bath). C, The MF conditioning induced LTP of PP-EPSPs in CA3-PCs of 

WT mice, but not in those of Kcna2 HT mice. D, The MF conditioning 

potentiated PP-EPSPs in the presence of CPP (yellow circles, 20 mM in the 

bath) or MK-801 (light blue circles, 40 mM in the bath), but not in the 

presence of APV (light red circles, 40 mM in the bath). Bar graphs in B-D 

summarize the effects of the drugs or mouse genotypes on MF conditioning-

induced relative changes in PP-EPSP amplitudes at 40 min.  
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Figure 19. 
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Figure 19. MF conditioning-induced enhancement of EPSP-to-spike (E-

S) coupling is mediated by the same cellular mechanisms as 

heterosynaptic potentiation of PP-EPSPs. A, Peak amplitude of summated 

EPSPs evoked by five pulse trains (20 Hz) before (control) and 40 min after 

MF conditioning. For EPSPs coupled to an AP, the AP threshold is shown 

(filled circles). Right, Traces of summated EPSPs coupled to a somatic AP 

(lower) or not (upper) (black, control; red, after MF conditioning). B, The 

probability for a spike to be elicited by summation of five PP-EPSPs (50 Hz) 

before and after MF conditioning. Right, Exemplar traces. Arrows, AP 

threshold. C, Mean peak amplitudes of summated PP-EPSPs evoked by a 

train of five pulses at 20 Hz before and 40 min after MF conditioning in the 

presence of various blockers (CPP, PP2 and nimodipine) or in CA3-PCs 

from WT or Kcna2 HT mice. Data from the same cells are connected by 

lines (light red open circles). The cells in which a somatic spike was elicited 

after conditioning are denoted by black filled circles. Insets: Exemplar 

voltage traces for summated PP-EPSPs before (black) and after (red) MF 

conditioning. D, Probability for E-S coupling of temporal summation of five 

PP-EPSPs evoked by 50 Hz pulse trains before and after MF conditioning. 

E-S coupling was enhanced by MF conditioning in CA3-PCs of WT rats 

(control) and WT mice (Kcna2 +/+), and in the presence of CPP. MF 
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conditioning-induced enhancement of E-S coupling was abolished by 

nimodipine or PP2, and absent in CA3-PCs of Kcna2 HT mice (Kcna2 +/-). 

For the conditions in the right bar graph, the stimulation intensity was 

adjusted to be slightly higher so that the baseline probability falls typically 

between 0.4 and 0.5 in order for a more sensitive detection of an increase or 

decrease in E-S coupling. Insets: Exemplar voltage traces for summated PP-

EPSPs before (black) and after (red) MF conditioning. 
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Figure 20. 
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Figure 20. Pattern separation is impaired in Kcna2 +/– mice. A, A 

protocol for contextual fear discrimination test. B, For first 3 days, mice of 

both genotypes (WT and Kcna2 HT) were conditioned in Context A by a 

foot shock. On day 4, both genotypes exhibited similar freezing ratio in 

Context A. (C and D) On day 4 and 5, both genotypes exhibit identical 

freezing kinetics in Context A (C) and did not discriminate between the two 

similar contexts (D). E, For the last 9 days, mice daily visited Context A and 

B in a random order (interval, an hour). A foot shock was associated with 

Context A, but not with Context B. Discrimination ratio was daily assessed. 

(F and G) Mean freezing ratios of WT (open bars) and Kcna2 HT (filled 

bars) mice in the middle (Day 9, F) and at the end (Day 14, G) of the 

training phase. H, One-trial fear conditioning in a pair of very distinct 

contexts. Both genotypes distinguished the conditioned Context A from the 

very different safe Context C 24 h after one-trial conditioning. 
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Figure 21. 
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Figure 21. Tests of WT and Kcna2 HT mice for pattern completion-

based recall using Morris water maze and pre-exposure-mediated 

contextual fear conditioning (PECFC). A, There was no difference in the 

average latency for WT and Kcna2 HT mice to locate the hidden platform in 

the Morris water maze over 13 days, during which mice were trained under 

four reference cues (full cue conditions) (genotype effect, F(1, 13) = 0.16, p = 

0.69; genotype x day, F(12,156) = 0.62, p = 0.82). B, On day 14, mice were 

subject to a probe trial in the absence of the platform. Both genotypes 

exhibited spent significantly longer time in the target quadrant than any 

nontarget quadrants, indicating that spatial memory formation and recall are 

not impaired in Kcna2 HT mice. (C and D) Representative swim path and 

mean escape latency of both genotypes under full cue (day 13, four reference 

cues) and partial cue conditions (day 15, one reference cue). E, Mean 

swimming velocities of the two genotypes. F, Summary for the protocol of 

PECFC. Mice in each genotype were separated to two groups. On Day 2, all 

mice were placed in Context A, but mice of one group received a foot shock 

(conditioned group), while the other group did not (unconditioned group). G, 

In both genotypes, mice of the conditioned group showed distinctly higher 

freezing ratio.  
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Figure 22. 
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Figure 22. Assessment of anxiety level using an elevated plus maze. A, 

Exemplar trails of WT and Kcna2 HT mice on the elevated plus maze 

(tracking for 5 min). B, Mean values for time spent in the closed and open 

arms and for the total distance that mice explored on the maze. 
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DISCUSSION 

 

My previous and present studies demonstrated that repetitive somatic firing 

at 10 to 20 Hz in CA3-PCs, regardless of whether it is elicited by injection of 

suprathreshold current pulses (somatic conditioning) or by burst stimulation 

of afferent MFs (MF conditioning), results in the same consequences: 

sustained reduction of Gin (Hyun et al., 2013) (Fig. 14) and non-Hebbian 

LTP of PP-EPSPs but not PP-EPSCs (Figs. 14 and 18). Both of these effects 

depended on the activation of L-type Ca2+ channels and PTK and normal 

expression of Kv1.2 but not on NMDAR (Hyun et al., 2013) (Figs. 14, 16 

and 18). Furthermore, the specific enhancement of EPSPs with little 

alteration of EPSCs implies that the enhancement of dendritic excitability 

rather than the synaptic strength itself underlies the somatic and MF 

conditioning-induced LTP of PP-EPSPs. Therefore, I conclude that repetitive 

somatic firing and consequent downregulation of Kv1.2 mediate the burst 

MF input-induced non-Hebbian heterosynaptic LTP of PP-EPSPs. 

 

Possibility for conditioning of a CA3-PC by synaptic inputs other than MFs  

Although the number of somatic APs elicited within 1 or 2 s was regarded as 

the key factor in determining the excitability change in response to the MF 
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stimulation (Fig. 16H), it was not the case for A/C fiber stimulation because 

it induced significantly smaller changes in ΔGin even though the stimulation 

protocol was adjusted such that the baseline EPSC amplitudes and the 

number of AP firing are comparable (Fig. 17C). The molecular mechanisms 

underlying the different efficiency between MF and A/C fiber stimulations 

remain to be elucidated, but my results imply that the different distribution 

of instantaneous AP firing frequency might be one of causes. The MF 

synaptic input is well known for facilitating during HFS. This facilitating 

synaptic input may help maintain the postsynaptic depolarization throughout 

the HFS, and thus lead to a firing in relatively uniform intervals (Fig. 16B 

and 17G). In contrast, postsynaptic depolarization was not maintained during 

HFS of A/C fibers, and thus most APs occurred as a burst at the beginning of 

the HFS (Fig. 17). This firing pattern may not be efficient for the induction 

of LTP-IE, because somatic firing at higher than 20 Hz induces little change 

in ΔGin (Hyun et al., 2013).  

 

Cellular mechanisms underlying the specific enhancement of PP inputs by 

downregulation of Kv1.2 

Recent studies using direct dendritic patch recording and the glutamate 

uncaging on apical dendrites of CA3-PCs have showed that the proximal 
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apical dendrites of CA3-PCs exhibit lower Na+ channel density than the 

axosomatic compartment (Kim et al., 2012a; Makara & Magee, 2013). 

Surprisingly, however, Kim et al. (2012) showed that the Na+ channel 

density at distal dendrites is as high as in the soma. As a result, the threshold 

current required for eliciting dendritic Na+-spikes was lower at distal 

dendrites than proximal ones (Kim et al., 2012a). Previous studies in CA3, 

CA1 and neocortical PCs revealed that dendritic spikes involve voltage-

dependent Na+ and Ca2+ channels and/or NMDARs expressed on dendrites 

(Golding & Spruston, 1998; Larkum et al., 2009; Makara & Magee, 2013). 

Low-threshold dendritic K+ conductance, which opposes these 

depolarization-activated channels, potentially regulates the threshold of 

dendritic spikes (Golding et al., 1999a). ID is uniquely positioned for the 

regulation of somatic or dendritic spike threshold, because it is activated by 

low-voltage depolarization and already slightly active in the resting 

membrane potential range (Storm, 1988; Golding et al., 1999a; Hyun et al., 

2013).  

 

Involvement of NMDAR in the MF conditioning 

The present study elucidated the cellular mechanisms underlying the 

findings of Tsukamoto et al. (2003). Nevertheless, my results are not 
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consistent with Tsukamoto et al. (2003) regarding the issue of NMDAR 

involvement. Tsukamoto et al. (2003) concluded that activation of NMDAR 

mediates the heterosynaptic interaction, based on the observation that APV, a 

NMDAR blocker, abolished the heterosynaptic interaction. In contrast, the 

present study showed that other NMDAR blockers, CPP and MK-801, had 

little effect on MF conditioning-induced LTP of PP-EPSPs (Fig. 18C). This 

discrepancy may result from an adverse effect of APV. I have previously 

examined the effect of APV on Gin of CA3-PCs. To my surprise, APV alone 

gradually reduced the baseline Gin by c.a. 30%, and occluded further 

reduction of Gin after somatic conditioning (Fig. 4). MK-801 and CPP, 

however, did not alter the baseline Gin (data not shown) nor the effects of 

somatic and MF conditionings on Gin and PP-EPSPs (Figs. 14B and 18C). 

These results indicate that the occlusion effects of APV are not caused by 

blocking of NMDARs but by an off-target effect of APV. Recently, however, 

it has been reported that potentiation of NMDA-EPSC at MF synapses 

enhances E-S coupling at MF synapses (Hunt et al., 2013). The enhancement 

of E-S coupling of MF inputs can be important for heterosynaptic effects 

given that repetitive somatic firing mediates burst MF input-induced 

heterosynaptic LTP of PP-EPSPs. Therefore, NMDARs may be indirectly 

involved in the MF-induced heterosynaptic LTP of PP-EPSPs. 
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Physiological implications  

 Many types of learning accompany an increase in neuronal excitability, and 

it is evolutionally well conserved, suggesting that it is an essential part of 

memory formation together with changes in synaptic strength (Zhang & 

Linden, 2003; Disterhoft & Oh, 2006; Matthews et al., 2008). However, an 

unopposed increase in excitability will not only saturate the capacity for 

information storage but also eventually result in epileptiform activity. In vivo 

examination of learning-associated excitability changes revealed that such 

learning-associated excitability changes disappear over days (Moyer Jr. et 

al., 1996), implying that there may be mechanisms that reverse the increased 

excitability of CA3-PCs. It remains to be elucidated whether downregulation 

of Kv1.2 in CA3-PCs is also restored and, if so, how it is restored.   

 It is noteworthy that burst MF inputs do not directly potentiate the PP 

synaptic strength but enhance the dendritic responses at the PP synaptic sites. 

PP-CA3 synapses display the Hebbian property (McMahon & Barrionuevo, 

2002). Dendritic spikes or APs backpropagated from the soma facilitate the 

induction of LTP at Hebbian synapses. Given that downregulation of Kv1.2 

enhances E-S coupling and facilitate dendritic spikes (Fig. 14C), it is 

expected that it may also facilitate LTP of synaptic strength upon arrival of 
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high frequency PP synaptic inputs afterwards, and thus lowers the threshold 

of synaptic inputs required for induction of LTP or metaplasticity. Assuming 

the metaplastic role of MF conditioning and consequent downregulation of 

Kv1.2, I imagine that, once a subset of CA3-PCs experiences a short period 

of high frequency MF inputs, subsequent PP synaptic inputs will be 

preferentially stored in the subset of CA3-PCs. In line with this prediction, it 

has been found that behavioral expression outlasts learning-related intrinsic 

plasticity, suggesting that the mnemonic role of intrinsic plasticity consists in 

metaplastic changes of synapses rather than in coding and maintaining the 

memory itself (Sehgal et al., 2013). 

 Furthermore, it should be noted that the priming of a CA3-PC does not 

modulate A/C-EPSPs. A/C fibers constitute an autoassociative network that 

may subserve pattern completion of a partial cue. The lack of long-term 

modulation of A/C synapses may prevent the CA3 autoassociative network 

from being vulnerable to MF inputs. Therefore, MF inputs may guide CA3-

PCs to store new memories at PP synapses with no deterioration of the pre-

existing autoassociative network. Collectively, mutation of Kv1.2 and 

consequent lack of MF-induced heterosynaptic modulation of PP synaptic 

inputs only cause impairment in behavioral pattern separation task but not 

pattern completion-based recall.   
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GENERAL DISCUSSION 

 

I have shown that the somatic AP firing at the optimal frequency has 

preferential effects on direct cortical inputs, which make synapses onto distal 

apical dendrites of CA3-PCs. It is inevitable that distal dendritic inputs are 

severely attenuated at the soma when they are passively transmitted. Thus, 

active electrical properties of dendrites, which allow the generation of 

dendritic spikes, are of crucial importance for how distal synaptic inputs are 

integrated and transmitted to the soma. Previous studies in CA1 and 

neocortical PCs revealed that dendritic spikes involves voltage-dependent 

Na+ and Ca2+ channels and/or NMDA receptors (NMDARs) expressed on 

dendrites (Golding & Spruston, 1998; Larkum et al., 2009). Since low-

threshold dendritic K+ conductance opposes the Na+- and Ca2+-dependent 

dendritic spike, it potentially regulates the threshold of dendritic spike 

(Golding et al., 1999a), and thus may modulate dendritic integration and the 

EPSP-to-spike (E-S) coupling of direct cortical inputs to CA3-PCs. Recently, 

Kim et al (2012) showed that Na+ channel density at distal apical dendrites 

of CA3-PCs is as high as in the soma, whereas it is low at the proximal 

dendrites. Furthermore, the threshold current for eliciting dendritic Na+-spike 

was lower at distal dendrites than proximal ones (Kim et al., 2012a). D-type 
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K+ channels are uniquely positioned for the regulation of somatic or 

dendritic spike threshold, because they are not only activated by low-voltage 

depolarization but also active near the resting membrane potential (Storm, 

1988; Golding et al., 1999a). I think that downregulation of Kv1.2 may 

preferentially enhance synaptic inputs coming into distal dendrites where 

display the lower threshold current for dendritic spike than proximal 

dendrites. Given the somatic transmission of distal synaptic inputs heavily 

depends on the generation dendritic spikes, downregulation of kv1.2 may 

crucial for E-S coupling of distal dendritic inputs.  

The hippocampal CA3 region is essential for pattern separation and 

completion. Especially, pattern separation refers to the ability of the 

hippocampal CA3 neural network to represent direct cortical activity (weak 

and diffuse input) while minimizing overlap of cortical representations via a 

strong and sparse input to select the subpopulations of CA3-PCs. Thus, MF 

inputs to CA3 contribute to pattern separation (Treves & Rolls, 1992; 

McHugh et al., 2007). I showed that a lack of the MF conditioning-induced 

heterosynaptic plasticity in Kcna2 mutant CA3-PCs had a deficit in a 

behavioral rapid pattern separation, however, Kcna2 wildtype animal to 

discriminate between similar contexts (Fig. 20). On the other hand, using the 

MWM task under partial cues condition and the PECFC task, there were no 
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differences in the capability of Kcna2 mutant mice for pattern completion 

(Fig. 21), which was known for dependent on NMDAR-dependent synaptic 

function at CA3 recurrent collateral synapses (Cravens et al., 2006) and 

synaptic outputs from CA3-PCs (Nakashiba et al., 2008). MF inputs reliably 

discharge the APs to the post-synaptic CA3-PC and that evokes dendritic 

Ca2+ signaling and led to PTK-dependent downregulation of Kv1.2 at apical 

dendrites may underlie the heterosynaptic enhancement of PP-EPSPs. Thus, 

MF activity provides a powerful heterosynaptic learning rule for long-term 

gating of information flow through the hippocampal excitatory microcircuit 

by the activity-dependent downregulation of dendritic Kv1.2. 

Nevertheless, there are some discrepancies between our results and 

Tsukamoto et al. (2003).  

First, Tsukamoto et al. (2003) have showed that high-frequency MF 

stimulation (100 Hz for 1 s) enhances TA-fEPSP. However, such 100 Hz (for 

1 s)-induced heterosynaptic plasticity may not explain the underlying 

mechanism of pattern separation. I thought that dentate GCs discharge APs 

at a frequency up to 30 Hz in vivo (Leutgeb et al., 2007), and such high 

frequency firing of a GC can effectively evoke discharge of APs in the 

postsynaptic CA3-PC at the optimal frequency (Fig. 16), which may in turn 

induce heterosynaptic potentiation in PP-CA3 synapses by the activity-
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dependent downregulation of dendritic IK(D) (Fig.18). On a while, high-

frequency field stimulation (100 Hz for 1 s) by the bipolar electrode 

positioned in the stratum granulosum may lead to excessive stimulation of 

GCs. Therefore, activation of a large number of GCs would raise the 

possibility that inhibit the contextual encoding by promote interference to 

discriminate non-overlapping representations (Kheirbek et al., 2013). 

Secondly, McMahon and Barrionuevo (2002) and Tsukamoto et al. (2003) 

reported that associative or heterosynaptic long-term potentiation (LTP) of 

field EPSPs at TA synapses (TA-fEPSPs) by stimulation of high-frequency 

stimulation of MFs. Both groups did not record in whole-cell patch-clamp 

configuration, however, we made whole-cell recording in the CA3-PCs and 

stimulated afferent MFs at minimal stimulation (Fig. 16). Additionally, they 

did not provide the clear molecular and cellular mechanisms underlying the 

heterosynaptic potentiation. However, my results (Fig. 18) suggest that 

enhancement of intrinsic excitability rather than synaptic transmission itself 

is responsible for the MF conditioning-induced potentiation of PP-EPSPs. 

Therefore, the facilitation of TA-fEPSPs by the MF tetanization in 

Tsukamoto et al. (2003) turned out to be clear that enhancement of TA-

fEPSPs mainly involved in the potentiation of PP-EPSPs rather than PP-

EPSCs.  
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The present study demonstrated that somatic firing of a CA3-PC at the 

frequency that can be elicited by MF inputs enhances E-S coupling of PP 

inputs. These results imply that MF inputs, which display sparse and strong 

DG-CA3 connection, may play a role in priming of a subset of CA3-PCs. 

Such primed subset of CA3-PCs may be able to fire more efficiently than 

un-conditioned CA3-PCs in response to the same PP inputs, leading to 

preferential encoding or retrieval of memories in the primed subset. Given 

that MFs convey information relevant to pattern separation from the DG to 

CA3-PCs, the gating of PP inputs by MF-induced somatic firing may 

provide a cellular basis for the neural computation mechanisms how a CA3-

PC binds MF inputs from dentate gyrus to the direct cortical inputs to 

resolve the tension between pattern completion and pattern separation. 

I propose that once a subset of CA3-PCs experiences a short period of 

tetanic APs, they are primed for memory formation at PP synapses, and 

direct cortical inputs that come in afterwards will be preferentially stored in 

the primed subset of CA3-PCs. My results paint a far more active and 

dynamic picture of “the role of Kv1.2 in pattern separation” than the 

currently prevailing view. 
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국문초록 

 

신경세포의 내재적 흥분성의 변화는 시냅스를 통해 들어오는 역치 이하의 전

압을 활동전압으로 바꿔주는 결과를 가져 올 수 있는데 이는 Hebb의 학습규

칙을 따르는 시냅스에서 기억에 대한 정보를 처리하는데 필수적인 역할을 한

다. CA3 피라미드 세포의 생리학적인 흥분발사 양상과 비슷한 전기적 활동

이 신경세포의 내재적 흥분성의 장기강화를 유도할 수 있는지에 대해서 조사

하기 위해서 역치전압 이상의 전류자극을 CA3 피라미드 세포에 10 Hz의 빈

도수로 주입하여 20개의 활동전압이 발생한 이후의 전기 전도도의 변화에 

대해서 연구하였다. 그 결과 CA1 피라미드 세포와는 달리 CA3 피라미드 세

포에서 고빈도 활동전압유발 자극 전후의 전기 전도도가 장기간 감소하고 활

동전압이 발생하기까지의 지연시간이 줄어듦으로써 내재적 흥분성이 장기간 

증가하는 현상을 관찰하였다. 이러한 내재적 흥분성 강화 현상은 D형 포타

슘 전류의 감소에 의해 매개되는 현상임을 밝혀냈으며, 이 같은 변화는 엔도

시토시스와 타이로신 단백질 인산화효소의 억제제에 의해 사라지는 것을 확

인하였다. 또한 전압의존성 포타슘 이온통로의 아형인 Kv1.2가 유전적으로 

제거된 쥐의 CA3 피라미드 세포에서 역시 고빈도 활동전압유발 자극 이후

에 내재적 흥분성의 가소성이 사라지는 것으로 보아, 이는 Kv1.2가 자극 이

후의 내재적 흥분성의 증가에 필수적임을 알 수 있었다. 이러한 전기 전도도
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의 변화가 세포체-수상돌기 축 상의 세포 내 칼슘 농도의 증가에 의하여 타

이로신 단백질 인산화효소의 활성에 의해 조절되는 영역특이적인 현상인지

를 알아보기 위해 각각의 억제제를 사용한 실험들을 통하여 증명하였고 또한 

세포체 근처의 수상돌기의 외과적인 절단 실험을 통하여 세포체로부터 상대

적으로 먼 쪽의 수상돌기로의 활동전압의 역방향 전도가 중요한 기전임을 확

인하였다. 

패턴구별 능력은 대뇌피질 영역으로부터 들어오는 방대한 양의 기억의 표상

의 중복을 최소화 시키는 CA3 신경세포 네트워크의 능력을 뜻하는데 이러

한 패턴구별 능력에는 태상 섬유의 희소성이 필수적임이 잘 알려져 있다. 즉, 

패턴구별 능력은 기억의 표상을 전달해주는 약하고 넓게 퍼져 들어오는 관통 

섬유와, 강하지만 희박하게 들어오는 태상 섬유와의 협업이 필요하다. 

본 연구는 패턴구별 능력을 수행하는데 중요하다고 알려진 태상 섬유의 고빈

도 자극에 의해서도 고빈도 활동전압유발 자극과 동일한 기전으로 장기간 내

재적 흥분성 강화현상을 유발함을 밝혀내었다. 더불어 CA3 에 패턴구별 능

력을 부여할 것으로 예측되는 태상 섬유의 입력에 의한 이종시냅스간 강화현

상 역시 수상돌기의 Kv1.2의 감소현상에 의해 매개되며, 관통섬유입력이 도

달하는 원위 수상돌기에 Kv1.2가 많이 존재함을 밝혔다. 또한 Kv1.2가 유

전적으로 제거된 쥐 (이형접합체 쥐)에서 이종시냅스간 강화현상이 억제가 

되는 것으로 보아 고빈도 태상 섬유의 자극에 의한 Kv1.2의 감소현상이 관

통섬유 시냅스입력의 이종시냅스간 강화현상의 기전임을 증명하였다. 본 연
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구는 이종시냅스간 강화현상이 없는 Kv1.2가 유전적으로 제거된 쥐에서 패

턴구별 능력에도 장애가 있음을 관찰하였다. 이는 결국 태상섬유 시냅스입력

에 의한 Kv1.2발현감소와 이에 따른 이종시냅스간 강화현상이 패턴구별 능

력에 중요하다는 점을 시사한다. 

  

 

중심단어: activity-dependent, 내재적 흥분성, CA3 피라미드세포, Kv1.2, 

이종시냅스간 장기강화, 패턴구별 능력. 
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