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Abstract

The amygdala is a key brain structure involved in emotional processing, conditioned
fear learning and memory. The amygdala can be divided into different subregions,
including basal amygdala (BA), lateral amygdala (LA), the central nucleus of the
amygdala (CeA) and intercalated cell masses (ICMs). The CeA can be further divided
into the lateral part (CeL) and medial part (CeM). The majority of neurons in the CeL,
considered to regulate the expression of fear expression, are GABAergic neurons.
Using whole-cell recordings, we found that CeL neurons display diverse firing patterns
and intrinsic properties. These neurons were classified based on their electrophysiology
properties. At least, two major types of neurons were identified in the CeL; late-spiking
(LS) neurons exhibit a slow ramping depolarization phenotype and longer spike
latency compared to early-spiking (ES) neurons.

It is known that firing pattern of a given neuron is determined by the
morphological architecture and a repertoire of intrinsic membrane conductances. Since
activation and inactivation of voltage-gated potassium (K,) channels can shape the
spike waveform and spike precision, their expression is one of the main factors in
determining the firing phenotypes. The specific aim of this study is to characterize the
functional properties of K, channels in CeL cells. Application of a potassium channel
blockers 4-aminopyramidine (4-AP) at a low concentration (30 uM) and
a-dendrotoxin (a-DTX; 100 nM) can reduced the spike delay of LS neurons but had
little effect on ES neurons. The result indicates that 4-AP- and a-DTX-sensitive,
K.1-like K* current plays an important role in mediating the spike delay, thus defining
the firing pattern of CeL neurons. While in nucleated patch recordings, no significant

difference of somatic K, channels properties or subtype composition were found



between both types of CeL neurons, except in the decay time of A-type K* current.
This result suggests that the major difference in the expression of 4-AP- and
a-DTX-sensitive K channels between LS and ES cells is not located primarily on the
soma. Further, immunohistochemical staining of the axon initial segment (AIS) marker
Ankyrin-G (Ank-G) and K,1 channels showed that K,1 channels did not co-localized

with Ank-G, suggesting that the K,1 channels are not expressed on the AlS.



Abbreviations

4-AP, 4-amino-pyridine

aCSF, artificial cerebrospinal fluid

AIS, axon initial segment

Ank-G, Ankyrin-G

BLA, basolateral nucleus of the amygdala
CeA, central nucleus of the amygdala

CeL, lateral division of the central nucleus of the amygdala
a-DTX, a-dendrotoxin

ES cell, early-spiking cell

LS cell, late-spiking cell

LTB cell, low-threshold bursting cell

ICM, intercalated cell mass

Ky channel, voltage-gated potassium channel
TEA, tetraethylammonium

TTX, tetrodotoxin



Introduction

The amygdala

The amygdala is a complex structure in the medial temporal lobe region that plays a
key role in emotional learning and fear conditioning (LeDoux, 2007; Ehrlich et al.,
2009; Johansen et al., 2011). The amygdala can be separated to several defined nuclei,
including the basolateral nucleus of the amygdala (BLA), the central nucleus of the
amygdala (CeA), and intercalated cell masses (ICMs). The key circuits mediating fear
conditioning in mammals consist of conditional stimulus (CS) and unconditional
stimulus (US) that converge onto single neurons in the lateral nucleus of the amygdala
(LA). The LA projects to the CeA both directly and indirectly by way of connections in
other amygdala regions (Pitkanen et al., 1997; Amano et al., 2010; Johansen et al.,
2011). The CeA, thought to control the expression of fear behavior, can be further
divided into the lateral (CeL) and medial (CeM) subdivisions. The CeM is viewed as
the major output station of the amygdala. The CeM outputs drive the expression of
conditioned fear responses including freezing behavior and physiological parameters
via projections to the brainstem and hypothalamus (Viviani et al., 2011) while CeL
neurons innervate the downstream CeM. Thus the CeL is considered to “gate” the

expression of fear.

CeL neurons

Most CeL neurons were y-aminobutyric acid-releasing (GABAergic) inhibitory
neurons (Ehrlich et al., 2009), thus the CeL provides tonic inhibition to the CeM and
could gate the expression of fear behavior. According to previous studies from different

species, the CeL is composed of different populations of GABAergic neurons



categorized by their diverse intrinsic firing properties (Lopez De Armentia and Sah,
2004; Ciocchi et al., 2010; Haubensak et al., 2010; Amano et al., 2012; Li et al., 2013).
The role of variant firing phenotypes of CeL neurons is not well-known. It requires

investigating CeL neurons at the cellular level.

Mechanisms underlying firing phenotypes

Upon sustained current injection, neurons generate action potentials. Firing patterns of
a given neuron is determined by the morphological architecture (Mainen and
Sejnowski, 1996) and a repertoire of intrinsic membrane conductances (Hodgkin and
Huxley, 1952). The complexity of intrinsic conductances of a given neuron is the basic
mechanism underlying the excitability of a given neuron. Sodium currents determine
the depolarization speed and height of action potential spikes, while the delayed
outward potassium currents result in spike repolarization and shape the width and

spiking timing of action potential.

Voltage-gated potassium (K,) channels

While observing the variant firing properties of the CeL neurons, we want to address
that what would make these neurons exhibit different firing pattern. It is known that
voltage-gated potassium (K,) channels play an important role in determining firing
patterns of neurons and would further participate in synaptic integration (Lien and
Jonas 2003; Hu et al., 2010; Alle et al., 2011). K, channels, with a voltage-sensor in the
units, would activate upon voltage change, thus K, channels have the ability to
influence membrane excitability. As a result, activation of K, channels can shape the
spike waveform and spike precision, thus expression of K, channels is one of the main

factors in determining the variance of firing patterns. For example, K,3 channels



involve in high-frequency, repetitively firing (Lien et al., 2003), while some
delayed-rectifier potassium channels involved in the delayed spike latency. In previous
studies, the slowly inactivating, highly 4-AP-sensitive potassium current Ip could
cause delay in onset of firing in response to long-lasting depolarizing stimuli (Storm,
1988, Kirchheim et al., 2013). These findings provide a direction for investigating the

mechanism of the variant firing patterns of CeL cells.

Specific aim
Since the K, channel expression profile is unclear in the amygdala CeL, this study aims

to investigate the ionic basis underlying the variant firing patterns of CeL neurons, and

to reveal how K, channels are expressed and how they function in CeL neurons.



Materials and methods

Acute amygdale slice preparation

Acute brain slices containing amygdala CeL region were prepared from wild-type
C57BL/6 mice of both genders (postnatal 21-45 days) using a commercial vibratome
(DTK-1000, Dosaka). Mice were anesthetized with isoflurane, the brains were
instantly removed, and the 300 um thick slices were coronally sectioned in oxygenated
(95% O,/ 5% CO,) ice-cold cutting solution containing (in mM) 87 NaCl, 25 NaHCO3,
1.25 NaH,PO,, 2.5 KCI, 10 glucose, 75 sucrose, 0.5 CaCl, and 7 MgCl, and incubated
in the same solution in a holding chamber at 34°C for 30 minutes. Afterwards slices

were stored at room temperature until used.

Chemicals and solutions

During experiments, slices were perfused with physiological extracellular solution
(artificial cerebrospinal fluid; aCSF) containing (in mM) 125 NaCl, 25 NaHCO3, 1.25
NaH,POy, 2.5 KCI, 25 glucose, 2 CaCl, and 1 MgCl,. In some whole-cell recording
experiments, 2 mM kynurenic acid (Sigma-Alderich) and 1 uM SR95531 (Tocris) were
added into the aCSF to block synaptic transmission. In nucleated patch recordings,
0.5-1 uM tetrodotoxin (TTX; Abcam) was added to the external solution to block
sodium currents; K, channel blockers 4-amino-pyridine (4-AP; Sigma-Alderich) and
tetraethylammonium (TEA; Sigma-Alderich) were applied to block certain types of K,
channels, depending on the concentration. We also applied a-dendrotoxin (o-DTX;
Alomone Labs), in the presence of synaptic blockers and 0.5% bovine serum albumin
(BSA; UniRegion Bio-Tech) to block selected K,1 channels. Recording electrodes

were filled intracellular solutions containing (in mM) 135 K-gluconate, 5 EGTA, 10



HEPES, 4 Na,ATP, 0.5 CaCl,, 2 MgCl,.

Electrophysiology

Recordings were performed in an Axopatch 200B amplifier (Molecular Devices).
Recording electrodes (5-15 MQ) were pulled from borosilicate glass (outer diameter,
1.5 mm; thickness, 0.32 mm; Harvard apparatus). The diameters of the recording
pipettes are slightly larger (~3 MQ) while performing nucleated patches. Signals were
low-pass filtered at 5 kHz and sampled at 10 kHz using Digidata 1440A (Molecular
Devices). Pulse sequences were generated by Digidata 1440A via pClamp (Molecular
Devices). For whole-cell patch-clamp recordings, series resistances were compensated.
For nucleated patch recordings, patches were held at -90 mV. Leakage currents were
subtracted on-line using a ‘P over 4’ procedure (Martina et al., 1998; Lien et al., 2002).

All recordings were made at room temperature.

K, current recordings

The K* current measurement are made from nucleated patches and whole-cell
recordings. Nucleated patches were pulled from CeL neurons. The following steps for
making nucleated patches were, as in conventional outside-out patches, obtaining
whole-cell recording configuration, then carefully withdrawing the recording pipette
from the cell with negative pressure application via suction through the patch pipette,
and slowly isolating their somatic membrane to form a sphere (Hamill et al. 1981;
Sather et. al. 1991). The data was discarded if the leak current of the patch was larger

than -10 pA.

Nucleated patches were held at -90 mV to make K, channels ready to open.

\oltage-clamp protocol consisted of voltage-step commands that jump to + 90 mV or



+70 mV from the holding potential. We isolated A-type and delayed-rectifier K,
channels using pharmacological blockers: the currents remained in the present of 20
mM TEA were TEA-resistant K4 currents; and by subtraction of the control current
(leontrol, the K™ current obtained in the presence of TTX) and TEA-resistant K * current

(1a), we obtained the delayed-rectifier K™ current (Ipg).

Morphological reconstructions

Morphological reconstructions were done by post hoc staining and the software
Neuromantic 1.6.3 (Myatt et al., 2012) for more detailed morphological analysis. The
biocytin-filled cells were stained with Alexa-594 conjugated with streptavidin or FITC
conjugated with avidin, and were scanned by two-photon microscopy. Once the
high-resolution two-photon images of CeL were acquired, the morphologies of the
cells were reconstructed from the stacks (about 100 images per cell) that ware imported

into Neuromantic 1.6.3.

Sholl analysis

Sholl analysis (Sholl, 1953) was performed to check dendritic properties and
complexity in relation to their distance from the soma of CeL cells. The concentric
Sholl segments with radial interval of 5 um were generated starting at a distance of 10
um from the cell center. Quantification of the intersections of concentric circles and
dendrite-like processes would reveal the branched levels of the cells. All analyzed data
were obtained by the Neurolucida Explorer software (version 10.40 64-bit;

MicroBrightField).

K, currents analysis



Potassium current amplitudes were measured by the peak value during the depolarizing
pulse. The value peak current must be three times larger than the standard deviation of
baseline mean. To obtain the activation curve, values of K, conductance were
calculated from the respective peak currents, assuming ohmic behavior and a reversal
potential of -107 mV. Theoretical reversal potential (E.,) K" current was calculated by

the Nernst equation:

Erev =

7 (o)

; where R, T, and F present their standard thermodynamic meanings; [X]ou: and [X]Jin

are outer and inner K concentrations.

The data points of A-type K, currents were fitted with Boltzmann functions raised

to the forth power for the activation curves:

1
f= = (V=V1/2)\ 4
1+ eXpif@T))

; where V is the membrane potential, Vy, is the potential where the value of the
Boltzmann function will be 0.5, and k is the slope factor. The midpoint potentials
(midpoint V) indicate the potential at which f = 0.5. The rise times of the A-type
potassium current (Ka) and delayed-rectifier potassium current (Kpr) were obtained by
calculating the time from 20% to 80% of the peak amplitude. The decay time of the Ka

was fitted with the equation:

f(t) = A(EXp('t/tdecay))+C



; where A is the fraction of inactivating current and C represents the amplitude of
remaining current. We could also measure the K* current densities: the value of the
peak current amplitude was divided by the measured surface area to calculated current
densities. It was assumed that the patches were approximately oval shape, and then the

surface area was calculated using the following formula:

Surface area = (major axis + minor axis)?(n/4)

Immunohistochemistry staining

(Note: this work was done by Yin-Yin Tsao)

Wild-type mice transcardial perfused using iced filtered 4% paraformaldehyde (PFA)
in PBS (pH 7.4) under deep anesthesia by isoflurane inhalation, and the brains
removed. The brain tissues were fixed in 4% PFA for 1.5 hours, then transferred to
30% sucrose in PBS for 24 hours, and transferred to fresh 30% sucrose solution for
another 24 hours; the dehydration process was performed on shakers. The 20-um thick
mice brain slices were horizontally cryostat sectioned by sliding microtome Leica

SM2010R (Leica Biosystms).

The slides were shaken in LTBS for 10 minutes, then transferred to LTBST (0.1%
Triton X-100 in LTBS), shook for 10 minutes twice. Then the slides were quenched by
LTBST with 0.03% endogenous peroxidase, and shook for 10 minutes twice. Before
applying primary antibodies, the slides were washed in LTBST for 10 minutes and
blocked using LTBST with 2% BSA and 6% normal goat serum (NGS). For
colocalization of K,1 channels at the AIS of CeL cells, we used monoclonal anti-K,1.1,
anti-K,1.2, anti-K,1.6 (Alonmone Labs) and mouse anti-Ankyrin-G (anti-Ank-G;

NeuroMab). The slides were incubated overnight in antibodies of K,1 channels (1:100)



and Ank-G (1:200) within LTBS containing 0.1% Triton-X and 3% NGS. After
incubated in the primary antibodies, the slides were rinsed in HTBST (0.1% Triton
X-100 in HTBS) and then transferred into secondary antibody solution: LTBST with
6% NGS and secondary antibodies (1:500), protected from light. When the application

finished, the slides were washed and mounted for imaging and analysis.

Data analysis and statistics

Data were analyzed using Clampfit 10.2 (Molecular Devices) and Prism 5.0
(GraphPad). Data sets were presented as mean * standard error of mean (SEM).
Statistical significance was examined by the non-parametric t-test using Prism 5.0.
Traces in the figures were single or averages of 5 sweeps. Statistical significance was

tested by Wicoxon signed-rank at the significance level as indicated.



Results

Firing patterns of CeL neurons

In the current-clamp configuration, CeL neurons exhibit different firing phenotypes in
response to 2-second current pulse injection. We distinguished CeL neurons by their
spike latency, which is measured from the start of current injection to the time when
the spike amplitude reaches to its peak value. If the neurons generated action potentials
at 1.5 second or latter after the onset of current pulse injection onset, we defined these
cells as late-spiking (LS) neurons otherwise non-LS neurons. Non-LS neurons include
early-spiking (ES) neurons and low-threshold bursting (LTB) neurons. LTB neurons
exhibited bursting spikes or rebound firing after hyperpolarizing current pulse injection
(Fig. 1A). The major neuron type was LS neuron (62.6%); the second major type was

ES neuron (35.4%), and the LTB accounted for about 3 % (Fig. 1B).

Spike latency was measured in the spike generated upon the rheobase, the
minimum current pulse injected through the somatic patch pipette for a neuron to
generate action potential spikes in the current-clamp configuration. We analyzed the
depolarizing responses in CeL neurons and defined the ramp ratio. The ramp ratio was
defined as the ratio of voltage responses of certain period a and b, as the given neuron
is injected with the current 1 pA smaller than the rheobase so that it would not generate
action potential. Period a is the time period of 200 to 250 ms after the onset of current
injection, while period b is the time period of 150 ms to 200 ms before the end of
current injection. We obtained the value of the ramp ratio by dividing the mean value
of the response during period b by the mean value of period a (Fig. 2A). We observed

that LS cells had a slow ramping depolarization while ES cells did not, and found that



the ramp ratio of most ES neurons was smaller than 1, while LS neurons had larger
ramp ratio (Fig. 2A-D). We concluded that LS neurons showed a subthreshold ramp

phenotype and long spike latency.

Intrinsic properties

In addition to the above mentioned features, there are other differences between LS and
ES neurons. There is a significant difference of resting membrane potential (RMP)
between LS and ES neurons. LS neurons had a more hyperpolarized RMP than that of
ES neurons (LS cells, -70.26 + 0.54 mV, n =92, vs. ES cells, -66.35 + 0.68 mV, n =
51; P < 0.0001; Mann Whitney test; Fig. 3A). LS and ES neurons also differed in the
rheobase (LS cells, 41.79 + 1.30 pA, n =92, vs. ES cells, 35.79 + 2.48 pA,n=51; P
= 0.005; Mann Whitney test; Fig. 3B). The voltage threshold was defined as dV/dt =
10 mV/ms. However, there was no significant difference between LS and ES cells in

AP threshold (data not shown).

Morphological reconstruction of CeL neurons

The LS cells and ES cells both exhibited processes of ~100 um from soma, and have
fewer processes which extend to 300 um or longer. We cannot distinguish CeL neurons
simply by their morphologies (Fig. 4A). Sholl analysis revealed that these two groups
of CeL cells have similar number of intersections with 100 um from soma, and the
result showed that the dendritic compartments are similar in LS and ES neurons (Fig. 4

B-D).

4-AP at low concentrations reduced the spike latency of LS neurons



Previous studies show that 4-AP sensitive conductance plays an important role in
determining spike delay (Chieng et. al., 2006). K,1 channels likely contribute to the
prominent delay of LS cells. K,1 channels are sensitive to low concentration 4-AP, and
the specific blocker a-dendrotoxin (a-DTX). To investigate the effect of K,1 channels
on the firing latency of CeL neurons, a low concentration (30 uM) of 4-AP was applied.
At this concentration, 4-AP blocks K,1.1, K,1.2, K,1.3, K,1.5, K,3.3 and K,3.4.
Application of 4-AP (30 uM) greatly reduced the spike latency (control, 1874 + 34 ms;
4-AP, 993 *+ 103 ms, n=13; P < 0.01; Wilcoxon signed-rank test; Fig. 5A, top) and the
ramp ratio (control, 1.45 + 0.05; 4-AP, 1.15 £ 0.05, n = 13; P < 0.01, Wilcoxon
signed-rank test) in LS neurons; However, there was no significant effect on the spike
delay (control, 411 £ 129 ms; 4-AP, 412 + 134 ms, n = 7; P = 0.81; Wilcoxon
signed-rank test; Fig. 5A, bottom) and ramp ratio (control, 1.00 £ 0.07; 4-AP, 0.92 *
0.12, n = 7; P = 0.58, Wilcoxon signed-rank test) of ES neurons. The rheobase was
also reduced by 30 uM 4-AP in both LS and ES cells. Similarly, a-DTX (100 nM) also
preferentially decreased the latency of LS cells (control, 1845 *+ 40 ; o-DTX, 1306 *
149, n=9; P < 0.01, Wilcoxon signed-rank test), but not that of ES cells (control, 645
T 249 ;0-DTX, 706 £ 168, n = 4; P = 1.00, Wilcoxon signed-rank test). Also, a-DTX
decreased the ramp ratio in LS cells (control, 1.36 £ 0.06; a-DTX, 1.22 % 0.05,
n=9; P = 0.019, Wilcoxon signed-rank test; Fig. 6A, top), but not in ES cells (control,
0.98 £ 0.12; a-DTX, 1.18 £ 0.12, n = 4; P = 0.625, Wilcoxon signed-rank test; Fig.
6A, bottom). This result indicates that the K,1-like blockade converted the

delay-and-ramp depolarizing pattern of LS cells into ES cell-like phenotype.

Dose-response curves of K, channel blockers

To address how K, channels are expressed in CeL neurons, we examined the effect of



Ky channel blockers on K, currents of CeL neurons. The inhibition of peak and
sustained currents by TEA and 4-AP revealed that LS and ES neurons showed similar
sensitivities to K, channel blockers (Fig. 7 and 8). Although application of 4-AP (30
uM) markedly decreased the firing latency of LS cells, 4-AP (30 uM) had little effect

on the somatic currents in both LS and ES cells (Fig. 7 and 8).

LS and ES neurons showed similar K, channel properties

To investigate K, channel conductance in CeL neurons, we measured K, currents in
nucleated patches from LS and ES neurons. The activation curve of A-type K, currents
obtained in nucleated patches from LS cells was similar to that in ES cells (slope factor:
LS cell, 25.63 £ 0.92, n=9vs. ES cell, 25.54 * 0.87, n = 6; P = 0.61; Mann Whitney
test; Vy: LS cell, 2.226 + 3.356, n =9 vs. ES cell, 10.36 + 2.727, n = 6; P = 0.607;
Mann Whitney test; Fig. 9). The rise time of A-type currents was fast and independent
of voltage in both LS and ES cells (Fig. 9). The decay time constants of A-type
currents in LS cells were longer than those in ES cells at higher voltage commands (at
+70 mV, LS cell, 37.58 £ 2.624, n =9 vs. ES cell, 27.79 + 1.691, n = 6; P < 0.01;
Mann Whitney test; at +60 mV, LS cell, 35.03 * 2.368, n = 9 vs. ES cell, 26.95 *
1.684, n = 6; P = 0.036; Mann Whitney test; Fig. 9). On the other hand, no differences
in the activation Kkinetics of delayed-rectifier K, currents were observed between LS

and ES cells (Fig. 10).

Subcellular localization of K,1 channels

Given the fact that voltage-clamp experiments obtained from somatic nucleated

patches did not show significant differences in functional expression of K, channels



between ES and LS neurons, we thus assumed that localization of K,1-like channels
outside somatic areas may contribute to the distinct difference in firing patterns (Storm,
1988). To test this hypothesis, we investigated the subcellular localization of K,
channel proteins in CeL cells using immunohistochemistry (IHC). As shown in Fig. 11,
the immunoreactivities of K,1.1, K,1.2, and K,1.6 were detected at soma and
processes of CeL cells. K,1-like channels have been shown to be specifically
expressed on axon initial segments (AISs) and contribute to the delayed firing
phenotypes (Goldberg et al., 2008). We therefore performed double immunostaning
for Ky1 channels and AIS marker Ank-G. The signal of K2 could be observed in
putative jaxtaparanodal region (Fig. 11D), where K,1 and K,2 proteins are thought to
specifically localize in. However, the image of double staining for K,1 channels (green)
and the AIS marker Ank-G (red) did not show any overlap between K,1 channels and

Ank-G, indicating that K,1 channels are not segregated on the AlSs of CeL cells.



Discussion

In this work, we divided CeL cells into two major types: LS cells and ES cells based on
the firing patterns and other electrophysiological properties. The specific aim of this
study is to characterize the ionic basis of the firing patterns of CeL neurons. Our
finding suggests that the delayed firing of LS cells was mediated by K,1-like current.
Furthermore, we characterized the gating properties of K, channels; however we did
not observed the differences in the subtype composition and gating properties in Ky
currents recorded from somatic patches. One possible explanation is that the
subcellular distribution of K,1-like channels is different between LS and ES cells. To
probe this possibility, we attempted to detect any difference in subcellular localization
of K,1-like channel proteins of CeL cells using IHC; the result showed that K,1.1,
K,1.2 and K,1.6 proteins are expressed in the soma and processes of CeL neurons, but

not in the AIS region.

Diversity of firing patterns in CeL neurons

Our study is consistent with previous studies (Martina et. al., 1999; Dumont et. al.,
2002; Chieng et. al., 2006; Haubensak et al., 2010) that CeL neurons could be divided
into two major classes based on their firing phenotypes in response to sustained
depolarizing current injection. However, those studies did not further analyze the ionic
mechanism of this diversity. In our study, we first made comprehensive
characterization of electrophysiological properties of CeL cells. Next, we divided CelL
neurons into two distinct, non-overlapping groups using the arbitrary cutoff latency
(1.5 s). The classification made by the cutoff latency is almost consistent with the

classification made by unbiased cluster analysis (Lien Lab unpublished data).



Mechanisms underlying different firing patterns of CeL neurons

Anatomical structure is known to contribute to neuronal firing pattern (Hodgkin and
Huxley, 1952). We used Sholl analysis, a quantitative analysis to characterize the
complexity of neuronal processes, to investigate the morphological properties of CeL
neurons. According to the method (Sholl 1953), concentric circles were superimposed
over the reconstructed cells with gradually increasing radius, and the cell body was
placed in the center of the innermost circle. We managed to count the number of
dendrite intersections and we could also measure the dendritic length via the software
Neurolucida explorer. However, we did not find the difference of the morphological
properties between LS and ES cells. Since there is no significant difference in dendritic
structure between LS and ES cells, we excluded the influence of morphology on firing
patterns and focused on the ionic basis under the diversity of firing patterns CelL
neurons. In this study we used electrophysiology and immunohistochemistry to
characterize the ionic mechanism underlying the variant firing pattern of CeL cells. We
specifically focused on K, channels. With the voltage sensor in structure, K, channels
could sense the change of membrane potentials, and modulate the potentials. Thus K,

channels are often considered to be involved in determining firing patterns of neurons.

Contribution of K, 1 channels in determining the spike delay

LS cells display the delayed firing upon long-lasting depolarization, which is likely
mediated by the fast-activating, slow-inactivating D-type K* current mediated by
voltage-gated K* type 1 (K,1) channels, as D-type current activates rapidly and tends to
keep the cell from depolarizing longer (Storm, 1988; Golding et al., 1999;Bekkers and
Delaney, 2001; Dodson et al., 2002; Glazebrook et al., 2002; Guan et al., 2006; Miller

et al., 2008; Goldberg et al., 2008). K,1 subfamily of K, channels is known to operate



at near-threshold potentials and would be responsible for action potential generation.
Previous studies (Storm, 1988) showed that low-concentration, at which blocks D-type
currents, 4-AP application could abolish the delayed spike latency of hippocampal
neurons. We thus considered K,1 channels to be the strong candidate for ionic basis
underlying the variant firing pattern of CeL neurons. Here, we have shown that K,1
channels blockers 4-AP and o-DTX abolished the subthreshold slow ramping
depolarization and eliminated the delayed firing, converting the discharge and firing
patterns of LS neurons from LS to ES cell-like. The reduction of spike delay upon
applying low-concentration (30 uM) 4-AP and 100 nM o-DTX in LS cells indicates
that LS cells apparently exhibit K,1-like components, strongly suggesting that K,1-like

components play an important role in the spike latency of LS cells.

Properties of K, currents

Considering K,1 channels to be the strong candidate for the ionic basis underlying the
delayed firing of LS neurons, we first checked the somatic K, current properties via
nucleated patches, the formation of a giant outside-out patch of somatic membrane
surrounding the nucleus, providing larger number of channels than conventional
outside-out patches (Sather et. al. 1991). The relatively large currents in nucleated
patches also provide reliable measurement of conductance amplitude and density.
Though there are limitations of nucleated patches experiment that the measurement
were constricted in somatic channels, but with the sphere form of membrane, we could
perform better voltage-clamp to measure the somatic K, currents of CelL cells,
diminishing the problem that the distal processes could not be voltage-clamped
perfectly. We assumed that LS cells might express more K,1 channels so that LS cells

would exhibit longer spike latency. According to the results, blockage of K,1 decreased



latency of the delayed firing, whereas the same concentration of 4-AP blockades in
nucleated patches from LS and ES cells did not show difference, as 30 uM 4-AP had
little effect on the K, currents in nucleated patches from both CeL cells. This result
implies that the differences of such K,1-like component may not be present at soma.
When we checked the properties of somatic K, currents of CeL cells, we did not find
the differences in the subtypes and activation curves, except for the decay time at test
pulse of +70 mV. The results suggest that the somatic K, channels of CeL neurons do
not differ much in the subtypes, densities and the electrophysiological properties of
activation and rise time of K, currents. The results are not the same as we assumed that
LS cells might express more K,1 conductance. It is possible that the protocols to
measure the K, currents cannot tell the differences in activation of K, channels
between LS and ES cells, since the test pulse command voltages are much higher than

the threshold for generation of action potentials.

Subcellular localization of K, 1 channels

As our voltage-clamp experiments suggested that differences of K,1 channel
expression may not be primarily on somatic region, we sought to determine the site of
Ky1 channels localization. When it comes to the delayed generation of neuronal firing,
the region where action potential generates were often considered. According to the
published paper of Goldberg (2008), K,1 channel subfamily proteins are rich in the
AIS region of fast-spiking (FS) cells in the layer 2/3 barrel cortex, contributing the
diversity of FS cells discharge patterns. It provides us with a direction to investigate
the subcellular distribution of K,1 channels. Since delayed firing of LS cells was
blocked by low concentration 4-AP and a-DTX, we sought to investigate whether K,1

proteins located at the AIS region. In the result of IHC experiment, we could observe



the immunoreactivity of K,2 in putative jaxtaparanodal region (Fig. 11), where K,1
and K,2 proteins are thought to specifically localize in. However, we did not find the

staining of K, 1 proteins colocalizing with Ank-G.

Although the result of IHC experiment was not as presumed that the low
concentration 4-AP sensitive K, channels are located at the AIS, we still could not
exclude that expressions of those K, channels on CeL cells vary from each other. We
should note that there are some restrictions for K, channels antibody and Ank-G
colocalization, since the AIS region is also rich in anchored proteins of voltage-gated
sodium channels (Wollner and Catterall, 1986; Boiko et. al., 2003), which would affect
the detectability with an antibody, and the whole experimental procedure could affect
the outcome. With some technical improvements, i.e. pepsin treatment before primary
antibodies (Cattoretti et al., 1993; Wanatabe, 1998; Lorincz and Nusser, 2008) to
improve detection sensitivity, we might get more specific immunoreactive signal for

Ky channels and Ank-G proteins colocalization.

Another possibility resulting in different firing patterns of CeL cells

LS and ES cells also differ in their RMPs; the former have a more hyperpolarized RMP
(-70.2 £ 0.5 mV) than that of the latter one (-66.4 + 0.7 mV), which further indicate
that the ES cells are more excitable compared to LS cells. Previous studies showed that
the D-type current is largely inactivated when the RMP is positive to -65 mV (Storm,
1988), which is near the RMP of ES cells. The differences of RMP in LS and ES cells
might also affect the activation of D-type currents and thus influence the spike
initiation. The idea is that the D-type current of ES cells was inactivated before the

depolarizing inputs were applied, so that it was unable to counteract inward Na®



current. As a result, the action potential is generated earlier in ES cells. Collectively, a
more depolarized RMP in ES cells is also likely to contribute to the firing patterns of

CelL cells.

Physiological significance of K,1 channels in CeL cells

The timing of action potential is crucial for neural coding. Here we showed that the
spike timing of LS cells is modulated by K,1-like currents. Some studies showed that
Ky1-like channels participate in synaptic transmission (Storm, 1988; Kole et. al., 2007;
Goldberg et. al., 2008). In addition, the K,1-like current mediating the spike delay in
LS cells is likely to determine the timing of spike generation during temporal

integration of synaptic inputs.

Improvement of this study

Although this study showed some properties of K, channels, there are some
electrophysiological properties that we did not investigate. For instance, we did not
demonstrate inactivation of K, channels in CeL cells and therefore we could not ignore
the role of this gating in determine the firing patterns. Inactivation of K, channels
could be a key factor in modulating the firing patterns. Since the D-type current takes
up a long time (~20 seconds) to recover from inactivation (Storm, 1988), it would

enable the cell to integrate the separate depolarizing inputs over several seconds.
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Figure 1. Firing properties of CeL cells

A: Firing patterns of CeL neurons. Left: voltage responses to 100
pA and -50 pA current pulse injection. Right: voltage responses to
the rheobase, the minimum current required for a given neuron to
generate action potentials. Blue traces represent LS cells, red traces
represent ES cells, and green traces represent LTB cells. Scale bars:
80 mV; 400 ms.

B: Proportions of CeL neurons. The majority of CeL neurons are
LS cell (62.6%) and ES cell (35.4%). There is a small subset of
neurons (~3%), called LTB cells.

C: Histogram of spike delay of CeL neurons. LS, n =92; ES, n = 51.
Bin size, 5ms; vertical dashed line denotes 1.5 second after current
injection.
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Figure 2. Subthreshold ramping phenotype of LS cells

A: Schema showing how the ramp ratio is measured. Traces show
the voltage responses to the current injection which is 1 pA smaller
than the rheobase for the cells. The blue trace represents the voltage
change of a LS cell, which is featured by the ramping
depolarization. The ramp ratio is defined as the ratio of the average
voltage responses within indicated periods a and b. Period a
represents the time period of 200-250 ms after the current injection
onset, while period b is 150-200 ms before the current injection
ended. Scale bars: 50 mV; 1 sec.

B: Left, cumulative plot of ramp ratio of CeL neurons; Right,
scatter plot of ramp ratio. Note that LS cells have larger value of
ramp ratio compared to ES cells (***p < 0.0001).

C: Histogram of ramp ratio of CeL neurons. Bin size, 0.05 sec.

D: Plot of ramp ratio versus spike delay of CeL neurons. Blue dots
represent LS cells. Most LS cells have the value of ramp ratio
larger than 1.0 and show spike delay longer than 1.5 s; red dots
represent ES cells, with smaller values.
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Figure 3. Intrinsic properties of CeL cells

A: Cumulative plot and quantification of RMP of CeL neurons. LS
cells show more hyperpolarized RMP (-70.47 + 6.46 mV, n = 92)
than that of ES cells (-65.93 £ 6.29 mV, n =51).

B: Histogram of RMP of CeL neurons. Bin size: 2.5 mV.

C: Cumulative plot and quantification of rheobase of CeL neurons.
LS cells have larger value (41.79 £ 1.3 pA, n = 92) of rheobase,
while ES cells require smaller current (35.79 = 2.48 pA, n = 51) to
generate action potentials.

D: Histogram of rheobase of CeL neurons. Bin size: 5 pA.



£
f 2
B A
A A %
A " \ s
N AN /1 L]
w 3
' e
100 pm

C
- 157 @ LS (n=8)
° - 4)
@10
o
5
€5
- |
e !
0+ v : - :
0 100 200 300 0 100 200 300
Distance to soma (um) Distance to soma (um)

Figure 4. Morphological analysis
A: Reconstructed CeL neurons, blue color for LS cells, and red

color for ES cells. Scale bar: 100 pum.

B: Comparing the total length between LS and ES cells.

C: Sholl analysis of CeL neurons. Number of intersections plot
against distance to soma.

D: Sholl analysis of CeL neurons. Length plot against distance to

soma.
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Figure 5. Effect of K, channel blocker 4-AP on firing properties
A: Traces represent voltage responses of CeL cells to the 2-second
current injection at rheobase of the given neurons, showing
shortened spike delay by 4-AP. Scale bars: 40 mV; 500 ms

B: Summary of 4-AP effect on spike delay. Application of 30 uM
4-AP abolishes the delayed firing of LS cells, while has little effect
on ES cells.

C: Summary of 4-AP effect on ramp ratio. Application of 30 uM
4-AP eliminates the ramping depolarizing phenotype, but does not
do much to ES cells.

D: Summary of 4-AP effect on rheobase. The rheobases of both LS
and ES cells are reduced by 30 uM 4-AP.

E: Summary of 4-AP effect on spike threshold. ns, not significant.
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Figure 6. Effect of K, channel blocker a-DTX on firing
properties

A: Traces represent voltage responses of CeL cells to the 2-second
current injection at rheobase of the given neurons, showing
shortened spike delay by a-DTX. Scale bars: 40 mV; 500 ms.

B: Summary of a-DTX effect on spike delay. Application of 100
nM a-DTX could reduce the spike delay of LS cells, but there’s no
significant effect on ES cells.

C: Summary of a-DTX effect on ramp ratio. Application of 100
nM o-DTX eliminates the ramping depolarizing phenotype, but
does not do much to ES cells.

D: Summary of a-DTX effect on rheobase. The rheobases of both
LS and ES cells are reduced by 100 nM a-DTX.

E: Summary of a-DTX effect on spike threshold. Spike thresholds
are not influenced much in both LS and ES cells.
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Figure 7. Dose response for 4-AP

A: Traces show currents evoked in nucleated patches from LS and
ES cells. The current amplitudes are inhibited by different 4-AP
concentrations, showing 4-AP blockage. Scale bars: 100 pA; 20 ms.
B: Inhibition of peak K* current by 4-AP, plot against 4-AP
concentration.

C: Inhibition of sustained K" current by 4-AP, plot against 4-AP
concentration.



LS ES
1 mM 1 mW
= 33 —1’ 33
r r

B Peak current C Sustained current

1.01 1.0
=~ * | c
208 ®¢ 208
[ Q
g 0.61 g 0.64
B 0.4 ® 0.4
3 3
3 0.24 3 0.2
(s4] [+4]

0.0 rrer —r v ~rm 0.0 v vrr v v

0.01 0.1 1 10 100 0.01 01 1 10 100
[TEA] (mM) [TEA] (mM)

Figure 8. Dose response for TEA

A: Traces show currents evoked in nucleated patches from LS and
ES cells. The current amplitudes are reduced by TEA variant TEA
concentration, showing TEA blockage. Scale bars: 100pA; 20 ms.
B: Inhibition of peak K" current by TEA, plot against TEA
concentration.

C: Inhibition of sustained K" current by TEA, plot against TEA
concentration.
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Figure 9. Properties of A-type K, current

A: Traces of K* currents evoked in a nucleated patch from a LS cell
in the presence of 20 mM TEA. The remaining TEA-insensitive
currents show fast-activating and inactivating properties.

B: Activation curves of A-type K* current from LS and ES patches.
Data points were fitted with Boltzmann functions raised to the
fourth power.

C: Summary of A-type K" current midpoint potential and slope
factor.

D: 20-80% rise time of A-type K* current from LS and ES patches,
plotted against test pulse voltage.

E: Decay tau of A-type K* current from LS and ES patches, plotted
against test pulse voltage. Traces show normalized A-type K*
current at +70 mV.
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Figure 10. Delayed-rectifier K, current properties

A: Traces of K" currents obtained in subtraction (Ieontro— 120 mm TEA)
in a nucleated patch from a LS cell.

B: 20-80% rise time of delayed-rectifier K™ current LS and ES
patches, plotted against test pulse voltage.

C: Activation curve of delayed-rectifier K* current for LS and ES
patches. Data points were fitted with Boltzmann functions raised to
the fourth power.

D: Summary of delayed-rectifier K* current midpoint potential and
slope factor.
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Figure 11. Colocalization of K, channels and Ank-G
A: The K,1.1 immunoreactive cells in CeL region.

B: Immunostaining of the same region in (A) for Ank-G, denotes
the AIS region.

C: Superimpose of (A) and (B).

D: The K,1.2 immunoreactive cells in CeL region.

E: Immunostaining of the same region in (D) for Ank-G.
F: Superimpose of (D) and (E).

G: The K,1.6 immunoreactive cells in CeL region.

H: Immunostaining of the same region in (G) for Ank-G.
I: Superimpose of (G) and (H).

Scale bars, 20 um.



