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Abstract 

 

Intrinsic plasticity in the hippocampus plays a key role in the regulation 

of the hippocampal network. Previous works have identified that 

ventral CA3 pyramidal cells undergo enhancements in intrinsic 

excitability depending on the input that it receives, in particular, 

somatic stimulation at a physiologically relevant frequency of 10 and 

20 Hz. However, it has not been identified whether this change in 

excitability is homogeneous throughout the hippocampal longitudinal 

axis. The dorsal and ventral structures of the hippocampus are involved 

in different forms of memory and behavior, and in turn, the dorsal and 

ventral CA3 also exhibit distinct characteristics. Therefore, the dorsal 

CA3 was examined for changes in intrinsic excitability. Here, I 

demonstrated two different preparation methods of the dorsal 

hippocampus, and that dorsal CA3 pyramidal cells also showed 

increased intrinsic excitability after a 10 and 20 Hz action potential 

train. Furthermore, I found that the morphology of CA3 pyramidal cells, 

specifically, the apical dendrite, plays a key role in inducing this 

change in intrinsic excitability. These results imply that the mechanism 

of long-term potentiation of intrinsic excitability is conserved along the 

longitudinal axis of the hippocampus. 
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Introduction 

 

 Hippocampal synapses can undergo potentiation and depression 

depending on the input patterns that they receive (Zhang and Linden, 

2003). These modifications can be long-lasting, and they have been 

proposed as the neural correlates of memory formation and 

consolidation (Lynch, 2004). While this plasticity can be caused by the 

synaptic interactions between neurons, plasticity can also be caused by 

nonsynaptic events. Nonsynaptic plasticity arises due to a change in the 

membrane expression of ion channels, leading to a difference in the 

intrinsic excitability of the cell (Mozzachiodi and Byrne, 2010). This 

change in excitability has many implications in cognitive and 

behavioral functions (Zhang and Linden, 2003).  

 In the hippocampus, pyramidal cells (PC) undergo alterations in 

intrinsic excitability through the regulation of voltage-gated ion 

channels. Such intrinsic plasticity can alter the output of individual 

neurons, and thus, may affect the overall network activity. For example, 

it has been observed in hippocampal CA3 organotypic slice cultures 

that increased expression of dendrotoxin-sensitive outward K+ current 

reduced action potential (AP) precision, causing network desynchrony 

(Cudmore et al., 2010). In the subiculum, in vivo injection of kainate to 

induce seizures led to activity-dependent voltage-gated potassium (Kv)-
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2.1 channel dephosphorylation and in turn, reduced channel expression 

on the somatodendritic membrane (Misonou et al., 2004). It has also 

been reported that deficits in Kv channel trafficking and subsequent 

decrease in Kv channel expression on the membrane surface has a large 

physiological impact in that this defect may be associated with 

neurological disorders, such as epilepsy (Jensen et al., 2011). In such a 

way, the regulation of intrinsic plasticity through surface channel 

expression is of particular importance in influencing and maintaining 

the hippocampal network.   

The work of Hyun et al. (2013) studied intrinsic excitability in 

CA3-PCs. Somatic stimulation at a physiologically relevant frequency 

(10 and 20 Hz) resulted in a long-lasting reduction of input 

conductance (Gin) and an acceleration of AP onset time and first spike 

latency. Such plasticity was named ‘long-term potentiation of intrinsic 

excitability (LTP-IE).’ The mechanism behind LTP-IE was that 

somatic conditioning led to intracellular calcium ([Ca2+]i)-dependent 

internalization of Kv1.2 channels from the distal apical dendrites – 

cutting the distal apical dendrite, preventing [Ca2+]i elevation with 

BAPTA or nimodipine, and blocking Kv1.2 current with 4-AP all 

failed to induce LTP-IE. A type of protein tyrosine kinase, proline-rich 

tyrosine kinase-2 (PYK2), was suggested to mediate the endocytosis of 

Kv1.2 from the dendritic membrane in an [Ca2+]i-dependent manner, 

since knockdown of endogenous PYK2 transcripts abolished LTP-IE.  
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 While Hyun et al., (2013) showed that LTP-IE is exclusive to 

the CA3 region (CA1-PCs did not exhibit LTP-IE under the same 

conditioning protocol) and elucidated the mechanism underlying LTP-

IE, differences between the dorsal and ventral CA3 in response to the 

same somatic stimulation remains unknown. The dorsal hippocampus 

(DHC) and ventral hippocampus (VHC) are considered to be distinct 

structures within the hippocampus, with different anatomical, 

functional, and cognitive roles (Moser and Moser, 1998). Not only do 

the DHC and VHC receive and give out varying input and output 

(Strange et al., 2014), the two regions are thought to be involved in 

different forms of memory. For example, the DHC is implicated in 

spatial memory; lesions to the DHC impaired animals’ performance in 

water maze and radial arm maze tasks, while damage to the VHC had 

no such effect (Fanselow & Dong, 2010). Meanwhile, the VHC, with 

its connections to and from the amygdala and nucleus accumbens, is 

thought to be involved in emotional and motivational behavior, such as 

the acquisition of Pavlovian fear conditioning (Fanselow & Dong, 

2010). As follows, the different roles and connectivity of the DHC and 

VHC should be taken into account. 

	   Considering the overall heterogeneity between the DHC and 

VHC, it is natural to question how these differences affect the CA3 

along its longitudinal axis. Many studies have already reported 

asymmetry in the CA3 between the DHC and the VHC, such as the size 
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of place fields (Strange et al., 2014), gene expression (Thompson et al., 

2008), dendritic and axonal compartmental morphology (Turner et al., 

1995; Li et al., 1994), and intrinsic and extrinsic connectivity (Witter, 

2007). These different characteristics may be associated with behavior, 

since it was found that the dorsal CA3 subserved encoding of 

contextual fear, while the ventral CA3 was involved in its retrieval 

(Hunsaker & Kesner, 2008).  

 Therefore, owing to the aforementioned differences in the DHC 

and VHC, I inquired whether the potentiation of intrinsic plasticity 

previously observed in the ventral CA3 is variable along the 

longitudinal axis. After preparation and selection of dorsal hippocampal 

slices, repetitive somatic firing was given at various frequencies to 

examine increased excitability, using the same criteria as Hyun et al. 

(2003) of Gin as a parameter of intrinsic excitability. I found that 

changes in intrinsic excitability after somatic conditioning at 10 and 20 

Hz occur in a similar manner in the dorsal CA3 as the VHC, and that 

this induction of increased intrinsic excitability is affected by the 

presence of intact apical dendrites.  
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Materials and Methods 

 

Brain slice preparation Sprague-Dawley rats were used for all 

experiments. Dorsal and ventral hippocampal slices were made from 

rats of post-natal day 13 to 18. Rats were deeply anesthetized with 

isoflurane and decapitated. Brains were removed and chilled in ice-cold 

cutting solution containing (in mM): 87 NaCl, 25 NaHCO3, 25 glucose, 

75 sucrose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, and 7 MgCl2, with pH 

adjusted to 7.4 with carbogen (95% O2, 5% CO2).  

To obtain dorsal hippocampal slices, two different types of 

preparation methods were used (see Fig. 1A). In the first technique, the 

anterior part of the brain was removed by making a cut parallel to the 

coronal plane (henceforth referred to as a 0o cut), and the cut surface 

was glued onto the stage of a vibratome (Leica VT1200). In the second 

type of preparation, a cut angled to the coronal plane at 45o (i.e. 45o 

cut) was made, and this angled plane was put onto the vibratome stage, 

and the brain sliced. For ventral slices, the dorsal part of the brain was 

removed and glued. Coronal and transverse slices were cut to obtain 

dorsal and ventral hippocampi, respectively, at a thickness of 300 µm. 

The slices were incubated at 37oC for 30 min in the cutting solution and 

then maintained at room temperature until use.  
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Electrophysiological recordings For experiments, slices were removed 

from their chamber and placed in an upright microscope perfused with 

recording solution (in mM): 125 NaCl, 25 NaHCO3, 25 glucose, 2.5 

KCl, 1.25 NaH2PO4, 1 CaCl2, and 2 MgCl2, bubbled with carbogen, at 

a temperature of 32 ± 2oC. The solution also contained 100 µM 

picrotoxin (PTX) and 10 µM 6-cyano-7-nitroquinoxaline-2,3-dione 

(CNQX) to block GABAA and AMPA/kainate receptors, respectively. 

Whole cell current-clamp recordings were made using an EPC-

10 amplifier and Patchmaster software. Hippocampal CA3-PCs were 

visualized under a 60x water immersion objective lens, and whole cell 

patches were formed using a borosilicate glass capillary pulled to a 

resistance of 3-4 MΩ and then back-filled with an internal solution 

containing (in mM): 130 potassium gluconate, 7 KCl, 2 NaCl, 1 MgCl2, 

0.1 EGTA, 2 Mg-ATP, 0.3 Na-GTP, and 10 HEPES (pH 7.3 with KOH, 

300 mOsm/l with sucrose). In some cases, to observe CA3 pyramidal 

neuron apical dendrites, 0.25% biocytin was added to the internal 

solution and loaded into the cell for a minimum of 10 min. Whether the 

CA3-PC used for recording originated from the 0o or the 45o dorsal cut 

is mentioned accordingly in each section of the Results. 

While being maintained at the resting membrane potential 

(RMP), the membrane threshold was measured by injecting increasing 

square pulses at increments of 100 pA for 100 ms. Gin was monitored 

every 10 sec using subthreshold voltage responses from -30 pA and 
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+10 pA current steps. After establishing baseline Gin, a short train of 

suprathreshold depolarizing current was given (3-5 ms / 700-900 pA 

pulses).  

 

Histological processing and morphological analysis Pyramidal neurons 

filled with biocytin were fixed at 4oC via submersion in 4% 

paraformaldehyde in phosphate saline buffer (PBS) overnight. The next 

day, slices were quick-rinsed in PBS three times, and then washed 

again for 10 min, three times. After washing, slices were stained in a 

solution containing streptavidin bound to Alexa 633 at a ratio of 1:500 

in 5% donkey serum in 0.1% PBS-T (PBS plus 0.1% Triton X-100) for 

1 hour at room temperature. Slices were again washed three times for 

10 min each in PBS before imaging with a confocal microscope 

(FV1200; Olympus) using a 40x water immersion objective lens.  

For dendritic analysis, imaged pyramidal cell soma and apical 

dendrites were reconstructed in 2D using the Simple Neurite Tracer 

plug-in in Image J software. Apical dendrite distance was measured by 

drawing a straight line from the apex of the soma to the furthest point 

of the apical dendritic tufts. Sholl analysis was performed on the 

reconstructed image using the Sholl analysis plug-in in Image J by 

drawing concentric circles every 10 µm from the soma apex and 

measuring the number of dendrite intersections.  
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Data analysis Data were analyzed using IgorPro (version 6.10; 

WaveMetrics, Lake Oswego, OR, USA). The reported value for percent 

changes in Gin is an average of the Gin recorded during the last 3 min of 

recording (Fig. 3: 14-17 min for all frequencies and no stimulation; Fig. 

4: 10-13 min for 0o cut). Statistical data are expressed as mean ± 

standard error of the mean (SEM), n indicates the number of cells 

studied, and Cell ID refers to the date the cell was recorded and the cell 

number (format: G = year (2016), date (month-day) _ cell number; ex. 

G316_1: 1st cell recorded on March 16th, 2016). Statistical analyses 

were performed using Student’s t tests, with the exception of Sholl 

analysis, where one-way repeated measures ANOVA was utilized. 

Differences were considered to be significant if the p-value (P) was less 

than 0.05 (*: P < 0.05; **: P < 0.01; ***: P < 0.001; n.s.: not 

significant).  
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Results 

 

Dorsal and ventral hippocampal shape  

Three types of hippocampal preparation methods (0o DHC, 45o 

DHC, and VHC) were employed to produce slices with different 

hippocampal shapes (Fig. 1A). It was possible to obtain slices of the 

DHC through both the 0o and 45o cut method, and the resulting shape of 

the DHC differed according to the type of cut (Fig. 1B). In order to 

describe the different hippocampal shapes, similar quantification 

methods as those described in Dougherty et al. (2012) were adopted. A 

transverse line measuring the distance of the CA3 from the CA2/CA3 

border (Fig. 1B, Y1) to the end of the CA3c region (Fig. 1B, Y2) was 

delineated. A radial line from the end of the upper molecular layer of 

the dentate gyrus (Fig. 1B, X1) to the end of the lower molecular layer 

(Fig. 1B, X2) was also drawn.  

In the transverse axis, the 0o cut yielded the longest CA3 region 

(3.82 ± 0.09 mm, n = 11), followed by the 45o cut (3.21 ± 0.1 mm, n = 

11, vs. 0o: P < 0.001; Fig. 1C). The CA3 region was the shortest in the 

VHC (2.3 ± 0.08 mm, n = 7, P < 0.001 for all; Fig. 1C). In the radial 

axis, it was the opposite; the VHC was the longest (1.61 ± 0.06 mm, n 

= 7, vs. 0o: P < 0.001, vs. 45o: P < 0.01) and the 0o cut the shortest (1.15 

± 0.03 mm, n = 11, vs. 45o: P < 0.001; Fig. 1D). In this way, different 
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preparation methods gave rise to varying lengths of the CA3, and the 

properties of the pyramidal cells within the layer were examined 

separately according to the cutting procedure.  

 

Sub- and suprathreshold intrinsic electrophysiological 

properties of dorsal and ventral CA3-PCs 

 Prior to examination of changes in intrinsic excitability in the 

DHC, the intrinsic electrophysiological properties of dorsal and ventral 

CA3-PCs were characterized and compared. While blocking synaptic 

transmission using PTX and CNQX, the RMP, Gin, and threshold were 

measured. As mentioned above, slices of the DHC could be prepared in 

two different ways by varying the angle. Therefore, intrinsic properties 

of dorsal CA3-PCs were analyzed for significance separately according 

to the cut angle, and were compared also independently to the VHC.  

For subthreshold properties, comparison of the RMPs of the 0o 

and 45o cut DHC revealed the RMPs did not differ from each other in a 

significant manner (0o: -60.69 ± 1.07 mV, n = 16; 45o: -62.15 ± 0.63 

mV, n = 27, P = 0.22; Fig. 2A). However, 45o cut CA3-PCs had a 

slightly more hyperpolarized RMP compared to the VHC (-59.67 ± 

0.68 mV, n = 15; vs. 45o: P = 0.02; Fig. 2A).  

Gin values were measured for the DHC and VHC, and likewise 

to above, the values for DHC Gin were separated according to the 

cutting method. The Gin for CA3-PCs of the 0o cut was lower than that 
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of 45o, but these values were not significant (0o: 2.38 ± 0.28 nS, n = 5; 

45o: 3.16 ± 0.37 nS, n = 13, P = 0.23; Fig. 2B). 45o cut DHC Gin was 

lower in comparison to the VHC, but the differences were also not 

statistically significant (VHC: 4.16 ± 0.44 nS, n = 4, P = 0.19; Fig. 2B). 

However, Gin between the 0o cut DHC and the VHC was significantly 

different; the VHC had higher Gin compared to the 0o cut (P < 0.01). 

Although there were no statistically significant differences in the RMP 

and Gin between the two DHC cutting methods, when compared with 

the VHC, significant variations according to the prepared angle were 

found to exist.  

Current was then injected at the RMP into CA3-PCs to elicit 

APs, and a rate of depolarization graph was plotted. The threshold was 

defined as the potential when the rate of depolarization first reached 

100 mV/msec. Fig. 2D shows the representative action potential firing 

of dorsal and ventral CA3-PCs (Fig. 2Da) and the corresponding phase 

plane plot (Fig. 2Db). While the thresholds of the dorsal and ventral 

regions differed slightly, this variation was not statistically significant 

(0o: -35.55 ± 1.19 mV, n = 11; 45o: -34.34 ± 1.24 mV, n = 11; VHC: -

36.4 ± 1.38 mV, n = 11; 0o vs. 45o: P = 0.49, 45o vs. VHC: P = 0.28, 0o 

vs. VHC: P = 0.64; Fig. 2C). Together, these data show that despite the 

observation of slight electrophysiological differences between CA3-

PCs according to the cut method and along the hippocampal 



12 

longitudinal axis, a conclusive comparison could not be reached about 

the intrinsic properties regarding the regions.  

 

Induction of LTP-IE in the 45o cut DHC 

The purpose of this study was to examine whether the induction 

of LTP-IE occurs in the DHC after somatic conditioning. In the VHC, 

LTP-IE was induced in CA3-PCs by stimulating the soma with a train 

of suprathreshold 3-5 ms current pulses for 2 sec at a physiologically 

relevant frequency, which was previously reported to be 10 and 20 Hz 

(Hyun et al., 2013). The induction of LTP-IE in 45o CA3-PCs was 

monitored through Gin, which was measured for a minimum of 3 min 

before conditioning and up to 20 min after conditioning. In addition to 

the physiologically relevant 10 and 20 Hz trains, Gin was also 

monitored before and after 50 Hz conditioning and when no stimulation 

was given.   

 As expected, in the absence of stimulation, Gin was maintained 

close to a constant value. Fig. 3A shows relative changes in Gin 

throughout the recording time, and it can be seen that when no somatic 

stimulation was given, there were only minor fluctuations in Gin from 

the baseline. Without any stimuli given, the overall relative change in 

Gin throughout the 20 min of recording was -0.42 ± 1.95% (n = 3; Fig. 

3C). Correspondingly, a representative raw trace in Fig. 3B 

demonstrates that when comparing the voltage responses to -30 pA and 
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+10 pA current at the beginning of recording to the end, there was 

negligible change. 

 On the other hand, conditioning at the previously reported 

physiologically relevant frequencies of 10 and 20 Hz resulted in a 

gradual reduction of Gin. Fig. 3A shows the time course of Gin 

reduction; Gin decreased immediately after somatic stimulation, 

continued to decline for approximately for 10 minutes, and then 

reached a steady state for the remainder of the recording. Accordingly, 

representative traces exemplify that the voltage responses after 

conditioning were larger compared to before (Fig. 3B). The amount of 

decrease in relative Gin following stimulation was different at 10 and 20 

Hz, but with no statistical significance between the two values (10 Hz: -

25.19 ± 3.28%, n = 4, vs. no stim: P < 0.01; 20 Hz: -20.96 ± 2.85%, n = 

2, vs. no stim: P < 0.01, vs. 10 Hz: P = 0.48; Fig. 3C).  

 Previous studies have shown that LTP-IE is dependent on 

[Ca2+]i signaling. While 10 and 20 Hz was the physiologically relevant 

frequency in the VHC to raise [Ca2+]i, it may be possible that the 

change in the level of [Ca2+]i necessary to induce LTP-IE is different in 

the DHC. Therefore, conditioning at a frequency other than 10 and 20 

Hz was given to DHC CA3-PCs. After somatic stimulation of 50 Hz, 

Gin immediately began to decrease. However, the amount of decrease 

was less than that of 10 and 20 Hz, and the reduction was not 

maintained. Rather, Gin returned close to the baseline (Fig. 3A). By the 
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end of the recording, Gin increased compared to the baseline, but this 

rise in Gin was not significant and barely detectable in the voltage 

responses, as seen in the representative raw traces (5.94 ± 5.11%, n = 3, 

P = 0.31; Fig. 3B, C).  

A summary of the changes in relative Gin following simulation 

at various frequencies in the DHC is shown in Fig. 3C. These findings 

indicated that LTP-IE is not solely confined to the VHC, but can also 

be induced in the DHC. 

 

Induction of LTP-IE in the 0o cut DHC 

 As previously mentioned, two different cutting angles were 

used to prepare the DHC, and the experimentations for Fig. 3 were 

done using CA3-PCs of the 45o cut. I then questioned whether CA3-

PCs from the 0o cut would also show LTP-IE in the same manner as 

those of the 45o cut. To answer this, Gin of CA3-PCs from the 0o cut 

was recorded before and after somatic stimulation at 10 Hz. 10 Hz was 

the chosen frequency, since it had induced the greatest change in Gin in 

CA3-PCs of the 45o cut.  

In the 0o cut DHC, 10 Hz stimulation resulted in almost no 

changes in relative Gin (-0.88 ± 1.28%, n = 4; Fig. 4B), and this was in 

stark contrast to the reduction of Gin observed following stimulation in 

the 45o cut. Fig. 4A compares the time course of relative Gin before and 

after conditioning at the 0o and 45o cuts, and Fig. 4B summarizes the 
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percent change in Gin between the two cuts (P < 0.001); while LTP-IE 

was induced in CA3-PCs of the 45o cut, those of the 0o cut had relative 

Gin values that deviated little from the baseline and showed negligible 

changes. These findings showed that while the 0o and 45o cut are both 

of the DHC, the induction of LTP-IE varied depending on the 

incorporated cutting method. 

 

CA3-PC morphology 

Depending on the cutting angle, DHC CA3-PCs exhibited 

differences in the induction of LTP-IE. Then, what could be a possible 

explanation for why changes in intrinsic excitability of CA3-PCs from 

the same dorsal region varied? Fig. 1B showed that hippocampal 

shapes, and especially, the CA3 region lengths are different depending 

on the type of cut. Moreover, previous studies suggested relevance 

between the apical dendrite length of the CA3-PC and the induction of 

LTP-IE (Hyun et al., 2013). Therefore, I hypothesized that although 0o 

and 45o CA3-PCs are both part of the dorsal region of the hippocampus, 

cut methods may lead to variations in single cell morphology. In order 

to test this idea, differences in the morphology between CA3-PCs from 

0o and 45o cuts were examined. Fig. 5A shows a representative CA3-

PC obtained by the 0o (left) and 45o (right) cut methods.   

It has previously been reported that the distal apical dendrite 

plays a key role in inducing changes in intrinsic excitability after 
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conditioning (Hyun et al., 2013). Therefore, CA3-PCs were examined 

for intact apical dendrites distal to a distance of 250 µm from the soma, 

and this specific length was chosen based on Hyun et al., (2013), which 

showed that cutting the apical dendrite at 250 µm failed to induce LTP-

IE after somatic conditioning. Fig. 5B shows a 2D reconstruction of the 

soma and apical dendrites of the representative CA3-PCs in Fig. 5A. 

Apical dendrite length was measured from reconstructed images of 

CA3-PCs, and Fig. 5C shows apical dendrite lengths according to the 

cut type. Here, 45o cut CA3-PCs had longer apical dendrites (476.67 ± 

27.28 µm, n = 3, P = 0.03) than those of the 0o cut (286.67 ± 43.3 µm, n 

= 3; Fig. 5C). 

In addition to measuring apical dendrite length between the 0o 

and 45o cut CA3-PCs, the two neurons also were noticeably different in 

dendrite arborization, as exhibited through the representative image of 

Fig. 5A and reconstructions of Fig. 5B. Using Sholl analysis, the 0o cut 

and 45o cut CA3-PCs were compared in terms of branching. Fig. 5D 

summarizes the results of the analysis, where it was found that 

branching was significantly more extensive in the 45o cut CA3-PCs 

(F(1,36) = 373.31, P < 0.001). From this, it was seen that obtaining slices 

of the DHC by cutting at a 45o angle to the coronal plane gave rise to 

better preservation of apical dendrites. Owing to the fact that CA3-PCs 

of the 0o and 45o cut differed significantly in their projections of apical 

dendrite arbor from the soma, the difference between the two cutting 
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methods in LTP-IE induction emphasized the important role of intact 

distal apical dendrites in the induction of LTP-IE. 
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Figure 1. Dorsal and ventral hippocampal shapes 
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Figure 1. Dorsal and ventral hippocampal shapes 

(A) Illustration of 0o dorsal, 45o dorsal, and ventral hippocampal slice 

preparation methods. Purple, rat hippocampus. Black dashed line, 

longitudinal fissure of the rat brain. Blue dashed line, cutting plane. 

Grey line, coronal plane. Red line, path of the vibratome blade.  

(B) Representative 0o dorsal (top), 45o dorsal (middle) and ventral 

(bottom) hippocampal slices obtained using cutting methods of (A). X1 

and X2 are the upper and lower molecular layers of the dentate gyrus, 

respectively. Y1 marks the CA2/CA3 border and Y2 is the end of the 

CA3c region. White and red dashed lines, measured transverse and 

radial axes, respectively.  

(C) Transverse axis lengths of the dorsal (DHC) and ventral (VHC) 

hippocampus. The CA3 region was significantly longer in dorsal slices, 

regardless of the cut angle, when compared to the VHC. (0o: 3.82 ± 

0.09 mm, n = 11; 45o: 3.21 ± 0.1 mm, n = 11; VHC: 2.3 ± 0.08 mm, n = 

7; P < 0.001 for all).  

(D) Radial axis lengths of the DHC and VHC. Vice versa to transverse 

lengths; ventral slices were significantly longer compared to those of 

the dorsal (0o: 1.15 ± 0.03 mm, n = 11; 45o: 1.42 ± 0.04 mm, n = 11, vs. 

0o: P < 0.001; VHC: 1.61 ± 0.06 mm, n = 7, vs. 0o: P < 0.001, vs. 45o: P 

< 0.01).  

Mean ± SEM. Error bars, SEM.  
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Figure 2. Electrophysiological properties of dorsal and ventral 
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Figure 2. Electrophysiological properties of dorsal and ventral 

CA3 pyramidal cells (CA3-PCs) 

 (A) Resting membrane potential (RMP) of dorsal and ventral CA3-PCs. 

RMP of VHC CA3-PCs were significantly more depolarized compared 

to the 45o dorsal (0o: -60.69 ± 1.07 mV, n = 16; 45o: -62.15 ± 0.63 mV, 

n = 27, vs. 0o: P = 0.22, vs. VHC: P = 0.02; VHC: -59.67 ± 0.68 mV, n 

= 15, vs. 0o: P = 0.43). Black crosses, individual values. Open red 

circles, mean value.  

(B) Gin values of dorsal, separated according to the cut angle, and 

ventral CA3-PCs. Only 0o dorsal and ventral CA3-PCs showed 

significant differences in Gin (0o: 2.38 ± 0.28 nS, n = 5 [Cell ID: 

G316_2, G325_1, G331_2, G412_1, G414_2]; 45o: 3.16 ± 0.37 nS, n = 

13, vs. 0o: P = 0.23, vs. VHC: P = 0.19; VHC: 4.16 ± 0.44 nS, n = 4 

[Cell ID: G309_1, G310_1, G321_1, G321_3], vs. 0o: P < 0.01). 

(C) Threshold of dorsal and ventral CA3-PCs, which did not show 

significant statistical differences (0o: -35.55 ± 1.19 mV, n = 11; 45o: -

34.34 ± 1.24 mV, n = 11, vs. 0o: P = 0.49, vs. VHC: P = 0.28; VHC: -

36.4 ± 1.38 mV, n = 11, vs. 0o: P = 0.64). Black crosses, individual 

values. Open red circles, mean value.  

(D) a, Representative action potential (AP) firing of dorsal and ventral 

CA3-PCs, demonstrating that CA3-PCs of the two regions have similar 

threshold values, regardless of the dorsal cut angle. Inset, time course 

of entire AP. b, Representative phase plane plot of APs shown in Da. 
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The threshold was determined by measuring the membrane potential at 

dV/dt = 100 mV/msec. Light blue, 0o dorsal. Dark blue, 45o dorsal. 

Orange, ventral.  

Mean ± SEM. Error bars, SEM. 
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Figure 3. Induction of long-term potentiation of intrinsic 

excitability (LTP-IE) in the 45o cut DHC by somatic firing at 

different frequencies 
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Figure 3. Induction of long-term potentiation of intrinsic 

excitability (LTP-IE) in the 45o cut DHC by somatic firing at 

different frequencies 

(A) Normalized Gin responses prior to and following somatic 

stimulation at different frequencies. Open grey, no stimulation (n = 3, 

Cell ID: G531_3, G613_1, G614_3). Blue, 10 Hz (n = 4, Cell ID: 

G427_2, G504_1, G506_2, G513_2). Red, 20 Hz (n = 3, Cell ID: 

G421_2, G422_1, G517_2). Green, 50 Hz (n = 3, Cell ID: G531_4, 

G616_1, G616_2). Black triangle, AP train.  

(B) Representative voltage responses to somatic stimulation before 

conditioning (time < 0 min) and at the end of recording (time ≈ 17 min). 

Black, representative raw traces before conditioning at various 

frequencies. Colored: representative raw traces after approx. 17 min of 

recording at various frequencies (see (A) for color explanations).  

(C) Summary of changes in relative Gin after conditioning at various 

frequencies. Stimulation at 10 and 20 Hz produced the most 

pronounced reductions in Gin (no stimulation: -0.42 ± 1.95%, n = 3 

[Cell ID: same as (A)]; 10 Hz: -25.19 ± 3.28%, n = 4 [Cell ID: same as 

(A)], vs. no stim: P < 0.01; 20 Hz: -20.96 ± 2.85%, n = 2 [Cell ID: 

G421_2, G517_2], vs. no stim: P < 0.01, vs. 10 Hz: P = 0.48; 50 Hz: 

5.94 ± 5.11%, n = 3 [Cell ID: same as (A)], vs. no stim: P = 0.31).  

Mean ± SEM. Error bars, SEM. 
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Figure 4. Comparison of induction of LTP-IE in CA3-PCs 

from 0o and 45o dorsal slices 
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Figure 4. Comparison of induction of LTP-IE in CA3-PCs 

from 0o and 45o dorsal slices 

(A) Normalized Gin responses prior to and following somatic 

stimulation at 10 Hz in dorsal CA3-PCs that were prepared at different 

angles to the coronal plane. Reduction of Gin was not observed in CA3-

PCs from 0o cuts. Inset, representative voltage responses before and 

after 10 Hz conditioning in 0o cut CA3-PCs. Light blue, 0o cut. Dark 

blue, 45o cut.  

(B) Summary of changes in relative Gin after delivering somatic AP 

trains of 10 Hz. LTP-IE was induced in only CA3-PCs of 45o cuts (0o: -

0.88 ± 1.28%, n = 4 [Cell ID: G316_2, G325_1, G331_2, G412_1]; 

45o: -25.19 ± 3.28%, n = 4 [Cell ID: same as Fig. 3(A) 10 Hz], P < 

0.001).  

Mean ± SEM. Error bars, SEM. 
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Figure 5. Dorsal CA3-PC dendritic morphology  
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Figure 5. Dorsal CA3-PC dendritic morphology  

(A) Cell morphology of representative CA3-PCs. Left/yellow, 0o cut. 

Right/red, 45o cut.  

(B) Reconstruction of the soma and apical dendrites of representative 

CA3-PCs in (A). Left, 0o cut. Right, 45o cut.  

(C) Summary of the apical dendrite lengths of 0o and 45o dorsal CA3-

PCs. CA3-PCs from 45o cuts had significantly longer apical dendrites 

(0o: 286.67 ± 43.3 µm, n = 3 [Cell ID: G613_1, G618_6, G618_10]; 45o: 

476.67 ± 27.28 µm, n = 3 [Cell ID: G531_4, G601_3, G618_5], P = 

0.03).  

(D) Sholl analysis of dendritic branching in 0o and 45o dorsal CA3-PCs. 

45o cut CA3-PCs showed greater dendritic complexity than of the 0o 

cut (F(1,36) = 373.31, n = 3 [Cell ID: same as (C)], P < 0.001). Light 

blue, 0o cut. Dark blue, 45o cut.  

Mean ± SEM. Error bars, SEM.  
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Discussion 

 

 Long-term potentiation of intrinsic excitability is a 

characteristic shown by the CA3-PCs in response to somatic 

stimulation at a physiologically relevant frequency of 10 and 20 Hz. 

The mechanism of LTP-IE has been identified as the [Ca2+]i-dependent 

endocytosis of Kv1.2 from the CA3-PC distal apical dendritic surface, 

which leads to increased excitability (Hyun et al., 2013). While it was 

previously reported that this type of potentiation is limited to the 

ventral CA3 subregion and not the CA1, this study further expanded 

the location of LTP-IE to along the CA3 longitudinal axis. Similarly to 

the VHC, in CA3-PCs of the DHC, somatic conditioning at 

physiologically relevant frequencies of 10 and 20 Hz led to increased 

excitability, represented by reduction of Gin (Fig. 3).  

 

Comparison of LTP-IE in the DHC and VHC  

 The induction of LTP-IE in the DHC and VHC can be 

compared using values from Fig. 3 and those presented by Hyun et al. 

(2013). In the VHC, Hyun et al. (2013) reported that decreases in Gin 

observed after 10 Hz stimulation was -32.2 ± 1.6% (n = 19), and when 

this percent decrease was compared to that of the DHC (Fig. 3), the two 

values were not considered to be significantly different (P = 0.08). 
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Furthermore, it was seen in the DHC that upon 20 Hz stimulation, LTP-

IE is induced but the reduced amount in Gin was not as large as at 10 

Hz (Fig. 3). This result coincided with what was observed in the VHC; 

Hyun et al. (2013) also saw the same phenomenon where 20 Hz 

conditioning led to less decrease in Gin (-19.4 ± 1.9%, n = 11). 

Comparison of the Gin reduction amounts in the DHC and VHC after 

stimulation at 20 Hz also showed no statistically significant difference 

(P = 0.75). Therefore, these findings suggest that LTP-IE is manifested 

in a similar manner along the hippocampal longitudinal axis.   

Although this study demonstrated that LTP-IE is a conserved 

phenomenon throughout the hippocampus, it cannot be said definitively 

on whether the signaling pathway that mediates the induction of LTP-

IE is identical for both the dorsal and ventral regions. A rise in [Ca2+]i 

upon somatic stimulation is needed for the pathway in inducing LTP-IE, 

and PYK2, which undergoes phosphorylation and subsequent 

activation based on [Ca2+]i levels, mediates the endocytosis of Kv1.2 

channels from the apical surface (Hyun et al., 2013). Stimulation at 

physiologically relevant frequencies was sufficient in both the DHC 

and VHC to cause increase in intrinsic excitability through the 

reduction of Gin. However, the amount of elevated [Ca2+]i  in response 

to conditioning remains unknown in the DHC. It is possible that the 

increase in [Ca2+]i may be different in the dorsal and ventral regions 

following the same frequency stimulation. In both subregions, the 
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reduction of Gin was rather lower at stimulation frequencies higher than 

10 Hz. This implies that during the endocytosis of Kv1.2, there might 

be intermediate proteins involved that are activated and deactivated 

within a narrow calcium concentration window, both in the DHC and 

VHC.  

 

Dendritic morphology and Kv1.2 channel distribution 

Of the many channels expressed in the apical dendrite, Kv 

channels are known to regulate dendritic excitability and Gin (Johnston 

et al., 2013). Many subunits of the Kv channel exist, which are 

distributed throughout the neuronal compartments, but of particular 

importance in this study are those present in the apical dendrites. Based 

on previous studies that have reported abundant Kv1.2 channel 

expression in hippocampal principle cells (Sheng et al., 1994), Kv1.2 

channels were studied and in turn, identified as the target responsible 

for inducing LTP-IE (Hyun et al., 2013). In particular, Hyun et al. 

(2015) suggested that Kv1.2 channel expression is higher in the distal 

apical dendrites.  

I showed that variations in angle during the slice preparation 

process produced CA3-PCs with different morphological structures 

(Fig. 5), and that the induction of LTP-IE is dependent on the presence 

of intact apical dendrites (Fig. 4). Dorsal CA3-PCs from slices that 

were obtained using the 0o cut method failed to show LTP-IE (Fig. 4), 
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and their morphology showed that they had significantly shorter apical 

dendrites and lesser dendritic complexity (Fig. 5). However, while 

Hyun et al. (2013) reported that truncation of the apical dendrite at 250 

µm led to failure of LTP-IE induction, in this study, although some 

CA3-PCs of 0o cut slices displayed apical dendrites beyond 250 µm, 

LTP-IE was not induced. This suggests that LTP-IE may require 

dendritic Kv1.2 expressed more distal to 250 µm. Alternatively, I 

cannot rule out the possibility that both the distal apical dendrite and 

branches of the proximal apical dendrite need to be conserved for LTP-

IE induction. However, this latter possibility is unlikely given that 

LTP-IE was specifically associated with the EPSP-to-spike potentiation 

of synaptic inputs via the perforant pathway, which arrive at the distal 

apical dendrites (Hyun et al., 2015).  

 

Implications in memory 

 In animal behavior studies, enhancement of intrinsic excitability 

was observed following classical conditioning tasks (Song et al., 2012). 

This suggests that the reduction of Gin after somatic conditioning, 

which is a form of activity-dependent increased intrinsic excitability, 

may serve as a neural correlate of experience-dependent behavioral 

changes and memory encoding. The DHC and VHC are part of 

different neural circuits, and in turn, do not have the same role 

regarding memory (Moser & Moser, 1998). For example, it has been 
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reported that the DHC is implicated in spatial memory, while the VHC 

is involved in emotional memory (Bannerman et al., 2014). 

Considering the varying roles that the two regions have, this raises the 

possibility that whereas the mechanism of LTP-IE is conserved along 

the hippocampal longitudinal axis, the outcome of the induction of 

LTP-IE may manifest differently in the DHC and VHC. 
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국문초록 

 

내재적 흥분성은 해마의 연결망을 규제하는데 매우 중요한 역할을 한다. 

기존의 연구에서는 복측 CA3 피라미드 세포는 생리학적인 의미가 있는 10 

Hz 와 20 Hz 같은 도수의 입력에 따라 내재적 흥분성이 증가된다고 

발표되었다. 하지만 빈도수 입력에 따른 흥분성의 변화가 해마의 종축 

전체 영역에서 동일하게 목격되는지에 대해서는 아직 밝혀진 바가 없다. 

배측과 복측 해마는 서로 다른 종류의 기억과 행동에 관여하고, 그로 인해 

배측과 복측 CA3 또한 상이한 성질을 나타낸다. 이러한 이유로 배측 

CA3 에서도 내재적 흥분성의 변화가 목격되는지 관찰하였다. 본 

연구에서는 두 가지의 배측 해마 절편 방법을 설명하였고, 10 Hz 와 20 Hz 

빈도의 활동전압 자극을 주입하였을 때 복측과 마찬가지로 배측 CA3 

피라미드 세포 또한 내재적 흥분성이 증가한다는 것을 보여주었다. 또한, 

CA3 피라미드 세포의 형태, 그 중 원위부 수상돌기가 특히 내재적 

흥분성의 변화를 유도하는데 중요한 역할을 한다는 것을 발견하였다. 본 

결과는 내재적 흥분성의 장기간 강화 메커니즘이 해마의 종축 전체에서 

보존되고 있다는 것을 시사한다.  
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