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A Novel Carbamoyloxy Arylalkanoyl Arylpiperazine Compound
(SKL-NP) Inhibits Hyperpolarization-Activated Cyclic Nucleotide-
Gated (HCN) Channel Currents in Rat Dorsal Root Ganglion

Neurons
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In this study, we determined mode of action of a novel carbamoyloxy arylalkanoyl arylpiperazine
compound (SKL-NP) on hyperpolarization-activated cyclic nucleotide-gated (HCN) channel currents (I)
that plays important roles in neuropathic pain. In small or medium-sized dorsal root ganglion (DRG)
neurons (<40 gm in diameter) exhibiting tonic firing and prominent I, SKL-NP inhibited I, and spike
firings in a concentration dependent manner (IC;0=7.85 uM). SKL-NP-induced inhibition of I, was
blocked by pretreatment of pertussis toxin (PTX) and N-ethylmaleimide (NEM) as well as 8-Br-cAMP,
a membrane permeable cCAMP analogue. These results suggest that SKL-NP modulates I, in indirect
manner by the activation of a Gi-protein coupled receptor that decreases intracellular cAMP concen-
tration. Taken together, SKL-NP has the inhibitory effect on HCN channel currents (In) in DRG

neurons of rats.
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INTRODUCTION

The hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels, expressed in many excitable cells includ-
ing cardiac and neural cells, play physiological roles in cel-
lular excitability by contributing to generation and modu-
lation of action potential firings [1]. HCN family comprises
four members (HCN1-4) [2], and it has been identified that
their subtype expression patterns are different among sepa-
rate populations of sensory neurons. I, the current pro-
duced by HCN channels, is expressed differentially in vari-
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ous subpopulations of rat sensory neurons, being more
prominent in AS-type sensory neurons than C- and Ad-type
sensory neurons [3].

Peripheral nerve injury often produces neuropathic pain,
characterized by spontaneous pain, thermal hyperalgesia
and mechanical allodynia [4]. Spontaneous ectopic dis-
charges of injured primary sensory neurons, particularly in
medium- and large-sized neurons are associated with HCN
channels, which is believed to be one of the major periph-
eral mechanisms involved in the pathogenesis of neuro-
pathic pain [3]. Consistent with the previous studies, our
group also found that I, is more preferentially important
for mechanical allodynia than thermal hyperalgesia [5].

A specific blocker of I, ZD7288, reverses both pain behav-
ior and the spontaneous discharges in injured nerve fibers
[6], indicating that pharmacological blockade of I, could
have a therapeutic potential for the treatment of neuro-
pathic pain, especially mechanical allodynia. Our recent
work also showed that I, represents a valid target for novel
analgesics useful for reversing mechanical allodynia of neu-
ropathic pain [5].

In this study, we investigate mode of action of a novel
analgesics, carbamoyloxy arylalkanoyl arylpiperazine com-

ABBREVIATIONS: DRG, dorsal root ganglion; GPCR, Gyo-protein
coupled receptor; HCN, hyperpolarization-activated cyclic nucleotide-
gated channel; I, HCN channel current; NEM, N-ethylmaleimide;
PTX, pertussis toxin.
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Fig. 1. Structure of a novel carbamoyloxy arylalkanoyl arylpiperazine
compound (R-Carbamic acid 3-[4-(3,4-dimethoxy-phenyl)-piperazin-
1-yl]-3-0x0-1-phenyl-propyl ester, molecular weight 388.27, SKL-
NP).

pound (R-Carbamic acid 3-[4-(3,4-dimethoxy-phenyl)-piper-
azin-1-yl]-3-oxo-1-phenyl-propyl ester, Fig. 1, molecular
weight 509.5, SKL-NP, SK biopharmaceuticals, Inc., Korea),
by using whole-cell patch clamp recordings from rat DRG
neurons.

METHODS
Generation of SKL-NP

Our initial work was focused on exploration of the struc-
turally novel arylpiperazine as analgesics, because its ele-
ments are most frequently served as pharmacophores in
central nervous system field. During the structural mod-
ification, we identified SKL-NP as having an analgesic ef-
fect of pain models, but its analgesic mechanism was not
elucidated yet. Chemical structure of SKL-NP is shown in
Fig. 1. Family patent applications of this compound were
filed in several countries including Korea (PCT/KR2008/
002470), US (US2011/0195963 A1), EU, Brazil, Canada,
China, Japan and so on.

Preparation of DRG neurons

All surgical and experimental procedures complied with
guidelines from the Institutional Animal Care and Use
Committee (IACUC) at the School of Dentistry, Seoul
National University. DRG neurons from 2- to 7-day-old neo-
natal rats (OrientBio, Sungnam, Korea) were prepared as
previously described [7]. Briefly, DRG neurons taken from
L3-5 DRG were prepared in 4°C HBSS (Life Technologies,
Carlsbad CA, USA) and incubated in 3 ml DMEM (Invitro-
gen, Carlsbad CA, USA) containing collagenase (5 mg/ml;
Sigma-Aldrich, St. Louis, MO, USA) and dispase (1 mg/ml;
Sigma-Aldrich) then in 2 ml DMEM of 0.25% trypsin
(Sigma-Aldrich) at 37°C for 8 min. The cells were washed
in DMEM and triturated with a flame-polished Pasteur pip-
ette to separate cells and remove processes, and sub-
sequently centrifuged (750 RPM, 5 min), re-suspended and
placed on poly-D-lysine (Sigma-Aldrich)-coated glass cover-
slips (12 mm in diameter). The cells were maintained at
37°C in 95% 02/56% COz incubator.

Electrophysiological Recordings

Whole-cell recording were made using patch electrodes
(4~6 ML) pulled from borosilicate glass on a Brown-
Flaming P-97 horizontal micropipette puller (Sutter Instru-
ment, USA). Voltage- and current-clamp experiments were

performed using an HEKA EPC9 amplifier and digitized
using ITC16 and Pulse v8.54 software (both from HEKA,
Germany). Signals were filtered at 1 kHz and sampled at
3 kHz. Series resistance was typically less than 20 M£2 and
was compensated by about 70~80%. Data were analyzed
using Origin6.0 software (Microcal Software Inc., USA). All
recordings were performed at room temperature (21 ~23°C).

Extracellular solution contained (in mM): 140 NaCl, 2
CaCls;, 1 MgCls, 5 KCI, 10 HEPES, 10 D-Glucose, adjusted
to pH 7.4 with NaOH, 290~310 mOsm. In experiments,
BaCl; (500 «M/) was used to eliminate inward rectifier K"
currents. Pipettes were filled with an intracellular solution
containing (in mM): 136 K-gluconate, 10 NaCl, 1 MgCl,,
10 EGTA, 2 Mg-ATP, 0.1 Na-GTP adjusted to pH 7.4 with
KOH, 290~310 mOsm.

I, were elicited every 15 sec by a 1 s pulse from a holding
potential of —50 mV to a command potential of —100 mV.
SKL-NP was bath-applied after obtaining stable I, for 5
min. Recorded Iy was normalized for pulled data analysis.
ICs0 was determined as concentration of SKL-NP that
would inhibit 50% of the maximum amplitude of I based
on curve drawn by Origin software. In current-clamp ex-
periments, potential change or action potential firing was
elicited by either hyperpolarizing or depolarizing current
pulses.

Drugs

All chemicals except SKL-NP were purchased from
Sigma-Aldrich (USA). N-ethylmaleimide (NEM) and 8-bro-
moadenosine 3’,5-cyclic monophosphate (sodium salt; 8-
Bromo-cAMP) was added to the extracellular solutions.

Statistics

All data are presented as mean+S.E.M; the numbers of
cells tested are indicated in parentheses where applicable.
Unpaired or paired Student’s ¢-test was used for statistical
analysis using Origin6.0 software. Differences were consid-
ered to be significant when p-value was less than 0.05.

RESULTS

SKL-NP diminishes neuronal excitability in DRG
neurons

In our previous study, we found that the mechanical allo-
dynia in neuropathic pain could be associated with I that
contributes ectopic action potential firings in sensory neu-
rons [5]. Thus, we investigated whether SKL-NP affects the
firing pattern in small or medium-sized DRG neurons (<40
#m in diameter), which were characterized by tonic dis-
charge of action potentials and prominent I,. As shown in
Fig. 2Aa, tonic firing and Iy-induced sag in DRG neuron
were mostly decreased by 10 «M SKL-NP (58.2+10.4%,
n=7, p<0.05). In addition, I, was blocked by SKL-NP (51.6
+3.5%, n=7, p<0.05, Fig. 2Ab). However, tonic firing pat-
tern in DRG neurons with no discernible I, was not altered
by SKL-NP (n=4, p>0.05, Fig. 2B).

Next, we determined the concentration-dependent effect
of SKL.-NP on I,. Maximal inhibitory effect of SKL-NP was
52.7% inhibition of I, at 50 «M, and ICs was 7.85 «M (Fig.
3A). These results suggest that SKL-NP reduced the excit-
ability of small and medium-sized DRG neurons by inhibit-



A Newly Developed HCN Channel Inhibitor 239

a
10 pM SKL-NP
Control 5min application
l|] — % [
L] 1 -100pA
[T v oy i
s \ f
| / o
] b el — 10 M SKL-NP
500%?\_ Control
b Cc [ Firing rates
£ 1207 =/, response
2 100
2 ]
oM \'m- g 60 * .
N o = 60
100ms | 10 uM SKL-NP 5 ]
2 w04
Control g 2]
50mv S ]
100mv 0
Control SKL-NP
Goitial SKL-NP 10 uM 3
| H l — [ Firing rates
“HL J ‘“ NI 8 M |, response
i Wi = f
6 [ _inreee 'L @ 100
=
500 pA 2 8
s - g .
5 60
Q
Control < § 40
oo £ 2
gL g
SKL1opm 2 0
200ms Control  SKL-NP
-50mv
-100mV

Fig. 2. The effects of SKL-NP on I, in rat DRG neurons. (A) (a)
Representative trace of firing pattern elicited by a 2 s current
injection (500 pA) before and during exposure to SKL-NP (10 «M).
SKL-NP abolished tonic firing. Injection of a hyperpolarizing
current (—100 pA) elicited a sag in the voltage trace (bottom trace),
which was abolished by application of SKL-NP (10 «M). (b)
Representative trace of I currents, which was inhibited by SKL-NP
(10 M). (¢) Summary of firing rates (white columns) and amplitude
of I (black columns) under influence of SKL-NP (n=7, *p <0.05).
(B) Tonic firing of neurons, which did not have discernable I, was
not modified by application of SKL-NP (n=4, p>0.05).

ing Iy in a cell-specific and dose-dependent manner. In addi-
tion, inhibitory effect of SKL-NP on I, showed a delayed
response in an irreversible manner (Fig. 3B).

Gi-protein mediates SKL-NP-induced I, inhibition

Because HCN channels are regulated by cyclic nucleotide
in addition to hyperpolarization, we next examined whether
the modulating mechanism of SKL-NP effect on I, is asso-
ciated with Gi-protein. The pretreatment of pertussis toxin
(PTX, 4 pg/ml) and NEM (50 M) [8] abolished the in-
hibitory effect of SKL-NP on I, during application of
SKL-NP and at 5 min after application of SKL-NP (96.4+
5.3% and 94.5+0.5%, n=7, p>0.05, Fig. 4A). Thus, SKL-NP
inhibits I, in DRG neurons via PTX-sensitive Gi-protein
activation. Another Gi-protein inhibitor, NEM, which
slightly decreased the amplitude of I, (88.7+5.7%, n=4, p>
0.05, Fig. 4B), also blocked the SKL-NP effect on I (86.0+
9.8%, n=4, p>0.05). These results indicate that DRG neu-
rons expressing a Gi-protein coupled receptor (GPCR) may
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Fig. 3. (A) Concentration-response curve of SKL-NP effects on I.
SKL-NP inhibited I,, and spike firings in concentration dependent
manner. (B) An irreversible action of SKL-NP effects on I.
Inhibitory effect of SKL-NP showed a delayed response in a
irreversible manner. After washout of SKL-NP, I, did not recover
to control level (SKL-NP 10 and 50 «M, *p<0.05).
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Fig. 4. Signaling pathways involved in SKL-NP-induced I
inhibition. (A) PTX abolished the inhibitory effects of SKL-NP on
I, (n=7). Superimposed I, traces before and after application of
SKL-NP following PTX pretreatment. (B) Another Gi-protein
inhibitor, NEM, also blocked the inhibitory effects of SKL-NP on
I, during and after SKL-NP application (n=4, p>0.05). Superim-
posed I traces before and after application of SKL-NP following
NEM pretreatment.
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be sensitive to SKL-NP, and their excitability is inhibited
by SKL-NP via indirect pathway.

cAMP pathway mediates SKL-NP-induced I, inhibition

Next, we examined the Gi-protein downstream pathway
(i.e. the decrease of cAMP via inhibition of adenylyl cyclase)
with the pretreatment of 8-Br-cAMP (200 1M), a membrane
permeable cAMP analog, for 10 min before application of
SKL-NP. In DRG neurons tested (n=4), 8-Br-cAMP applica-
tion induced the fast activation of Iy, without affecting the
amplitude of I, (100.3+7.2%, n=4, p>0.05). SKL-NP-induced
I, inhibition was not observed by the pretreatment of
8-Br-cAMP (91.8+18.7%, n=4, p>0.05), indicating that
SKL-NP effect was associated with decrease of intracellular
cAMP concentration (Fig. 5).

DISCUSSION

Although neuropathic pain is most intractable pain found
in the clinic, current therapeutic treatments and analgesic
agents are yet to be successful. In the present study, we
explored the mode of action of a novel compound (SKL-NP)
that produces anti-allodynic effects. Given the critical role
of I in mechanical allodynia [9,10], we examined the effect
of SKL-NP on I, and found that SKL-NP inhibits Iy in a
dose-dependent manner in distinct subpopulations of DRG
neurons; tonic firing neurons by depolarizing current injec-
tion. SKL-NP-induced I, inhibition is likely to be indirectly
mediated via the activation of a Gi-protein coupled receptor
that results in the decrease of intracellular cAMP, rather
than via I inhibition with direct binding to HCN channel.

I, was observed in the majority (n=13/17) of neurons with
tonic firings, which was readily blocked by 1 mM Cs™, a
well-known I, blocker, suggesting the association of I acti-
vation with the generation of tonic discharges. In sensory
neurons, Iy results from the HCN channel family which
comprises four members (HCN1-4) with different activation
kinetics with order of HCN1>HCN2>HCN3 >HCN4, and
sensitivity to cAMP; HCN2 and HCN4 are more sensitive
to cAMP than HCN1 and HCNS3 [1]. Given that neurons
tested in this work showed sensitivity to 8Br-cAMP and
HCN4 was poorly expressed in all DRG neurons [11], and
HCN2 is preferentially expressed in small neurons [12], we
assumed that HCN2 subtype could play a major functional
role among HCN subtypes in our experimental setup.

Numerous GPCRs have been reported to modulate I, [3].
For example, morphine, an agonist for the Gyo-coupled -
opioid receptor, decreased I, by lowering cAMP; this has
been speculated to be one of the mechanisms by which mor-
phine reduces primary afferent excitability and relieves
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pain [13]. Thus, we tested whether Gi,-protein is involved
in SKL-NP action on I,. Two pharmacological blockers of
Gijo-protein, PTX and NEM [8], reversed SKL-NP-induced
I, inhibition, indicating that Gi,-protein is involved in
SKL-NP action. Given that cAMP is the key allostreric
modulator for HCN channels, we also determined whether
SKL-NP-induced I, inhibition would be influenced by intra-
cellular cAMP. We observed that the inhibitory effect of
SKL-NP on I was occluded by the pretreatment of 8Br-
cAMP; in this condition, intracellular cAMP concentration
did not change by regulating either Gi-protein or adenylyl
cyclase. These results suggest that SKL-NP effect may be
attributable to decrease of intracellular cAMP concentra-
tion that results from the activation of a certain type of
GPCR. Recently, we showed that eugenol might produce
direct inhibition of I, rather than indirect action through
Gi-protein [5]. However, SKL-NP, unlike eugenol, seems
to inhibit I via decreasing cAMP following preceding action
on a GPCR. The GPCR targeted by SKL-NP remains to be
determined.

Several studies revealed that I, has an important role
in mechanical allodynia in neuropathic pain conditions
[9,10]. Chaplan et al. [6] suggested the importance of HCN
channels in both mechanical pain and spontaneous firings
originating in the damaged DRG. Consistent with the pre-
vious studies, we recently found that I, is more preferen-
tially important for mechanical allodynia than thermal hy-
peralgesia, and mechanical allodynia could be targeted by
a specific antagonist for HCN channels [5].

From this study, we found that SKL-NP has anti-allo-
dynic effect via inhibition of I, in DRG neurons. Given that
I, is associated not only with the generation of tonic dis-
charge, but also ectopic spontaneous discharges of DRG
neurons following peripheral nerve injury, SKL-NP might
be therapeutically applicable for the treatment of mechan-
ical allodynia in neuropathic patients. Considering a recent
study suggesting a pivotal role of HCN2 in neuropathic
pain [12], HCN2 selective blockers may inhibit pain asso-
ciated with nerve injury with less side-effect on heart,
where HCN4 is highly expressed and plays a predominant
role in cardiac pacemaker tissue.
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