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Abstract Multiple voltage-gated calcium channels (VGCCs)
contribute to the processing of nociceptive signals in primary
afferent fibers. In addition, alteration of calcium channel ac-
tivity is associated with a number of chronic pain conditions.
Therefore, VGCCs have emerged as prime target for the man-
agement of either neuropathic or inflammatory pain, and se-
lective calcium channel blockers have been shown to have
efficacy in animal models and in the clinic. However, consid-
ering that multiple calcium channels contribute pain afferent
signaling, broad-spectrum inhibitors of several channel iso-
forms may offer a net advantage in modulating pain. Here,
we have analyzed the ability of the compound surfen to mod-
ulate calcium channels, and assessed its analgesic potential.
We show that surfen is an equipotent blocker of both low- and
high-voltage-activated calcium channels. Furthermore, spinal
(intrathecal) delivery of surfen to mice produces sustained
analgesia against both acute and chronic pain. Collectively,
our data establish surfen as a broad-spectrum calcium channel
inhibitor with analgesic potential, and raise the possibility of
using surfen-derived compounds for the development of new
pain-relieving drugs.
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Introduction

Voltage-gated calcium channels (VGCCs) are essential con-
tributors to the processing of peripheral nociceptive informa-
tion within neurons of the dorsal root ganglion (DRG) [4, 60].
Among the various VGCCs expressed in DRG neurons [33,
47, 57, 67], the high-voltage-activated (HVA) Cav2.2 (N-type)
and low-voltage-activated (LVA) Cav3.2 (T-type) channels are
the main calcium channels isoforms that mediate processing
of the pain signals. For instance, Cav2.2 channels are predom-
inantly expressed in presynaptic terminals of afferent nerve
fibers where they support evoked release of pronociceptive
neurotransmitters such as glutamate, substance P and calcito-
nin gene-related peptide (CGRP) [7, 29, 45, 49]. In contrast,
Cav3.2 channels are expressed along axons where they possi-
bly regulate the excitability of afferent fibers via their electro-
genic function that may facilitate the opening of voltage-gated
sodium channels [16]. In addition, Cav3.2 channels expressed
in nerve endings in skin hair follicles [42] are essential for
mechanotransduction [8, 15], and contribute to mechanical
allodynia [35]. Finally, Cav3.2 channels also contribute to ex-
citatory synaptic transmission in the dorsal horn of the spinal
cord [19], possibly by supporting low-threshold release of
neurotransmitters by virtue of their interaction with the syn-
aptic vesicle release machinery [61, 62]. Consequently,
Cav2.2 and Cav3.2 channels play a major role in the develop-
ment and maintenance of neuropathic pain, and have thus
emerged as prime targets for its treatment [38, 68]. In addition,
there is also evidence for a role of other VGCC members. For
instance, Cav1.2 and Cav1.3 channels (L-type) are present in
neurons of the dorsal horn of the spinal cord [6, 52] where
they contribute to sensitization to pain [41]. Moreover, a role
for Cav2.3 channels (R-type) in the spinal transmission of the
pain signal was also reported [31, 55], along with a role for
Cav3.3 channels [64]. Given that multiple calcium channels
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contribute to the processing of peripheral pain signaling,
broad-spectrum inhibitors of VGCCs may represent an effec-
tive mean of mediating analgesia.

Surfen (bis-2-methyl-4-amino-quinolyl-6-carbamide) was
first described in the late thirties as a byproduct in the produc-
tion of depot insulin [58], and was later reported to block C5a
receptor binding [24] and to inhibit anthrax lethal factor [36].
More recently, surfen was shown to inhibit heparan sulfate
[46, 63]. Here, we report that surfen is a potent, broad-
spectrum inhibitor of VGCCs. An electrophysiological anal-
ysis indicates that surfen effectively inhibits recombinant and
native VGCC channels in DRG neurons. In addition, our re-
sults reveal that surfen produces sustained analgesia when
delivered intrathecally in mouse models of acute and chronic
inflammatory pain.

Materials and methods

Cell culture and heterologous expression

Human embryonic kidney tsA-201 cells were gown in
DMEM medium supplemented with 10% fetal bovine se-
rum (FBS) and 1% streptomycin/penicillin (all media
from Invitrogen), and maintained under standard condi-
tions at 37 °C in a humidified atmosphere containing
5% CO2. Cells were plated out onto 60 mm dishes and
transfected using the calcium/phosphate method with
cDNAs encoding human Cav1.2 or Cav2.1 channels along
with β1b and α2δ-1. Human Cav3.2 and Cav3.3 channels
were expressed alone as previously described [25]. The
CHO cell line stably transfected with rat Cav2.2-EGFP/
α2δ-1/β was previously described [30] and grown in
MEM alpha medium supplemented with 10% FBS,
200 mM L-glutamine, 0.7 mg/ml G418, 0.25 mg/ml
hygromycin B and 0.005 mg/ml blasticidin.

DRG neuron culture

DRG neurons from 5- to 6-week-old mice were dissociated
enzymatically with 0.7 mg/ml collagenase (Sigma-Aldrich)
and 5 mg/mL trypsin-EDTA (Thermo-Fisher) in HBSS for
1 h at 37 °C, followed by mechanical trituration with fire-
polished Paster pipette. Cells were seeded in 35 mm dishes
coated with Poly-L-Lysine (Sigma-Aldrich) in DMEM medi-
um supplemented with 10% FBS and penicillin-streptomycin
(Thermo-Fisher).

Patch-clamp electrophysiology

Recording of barium currents in the whole-cell configuration
of the patch-clamp technique in tsA-201 cells expressing var-
ious calcium channels was performed 72 h after transfection in

a bath solution containing (in millimolar): 5 BaCl2, 5 KCl, 1
MgCl2, 128 NaCl, 10 TEA-Cl, 10 D-glucose, 10 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(pH 7.2 with NaOH). Patch pipettes had a resistance of 2–
4 MΩ when filled with a solution containing (in millimolar):
110 CsCl, 3 Mg-ATP, 0.5 Na-GTP, 2.5 MgCl2, 5 D-glucose,
10 EGTA, and 10 HEPES (pH 7.4 with CsOH). Whole-cell
patch-clamp recordings were performed using an Axopatch
200B amplifier (Axon Instruments). Acquisition and analysis
were performed using pClamp 10 and Clampfit 10 software,
respectively (Axon Instruments). Ba2+ currents were recorded
in response to depolarizing steps to various potentials applied
every 5 or 10 s from a holding potential of −100 or −80mV for
LVA and HVA channels, respectively. The linear leak compo-
nent of the current was corrected online and current traces
were digitized at 10 kHz, and filtered at 2 kHz. The voltage
dependence of the peak Ba2+ current density was fitted with
the following modified Boltzmann equation:

I Vð Þ ¼ Gmax
V−Vrevð Þ

1þ exp
V0:5−Vð Þ

k

with I(V) being the peak current amplitude at the command
potential V, Gmax the maximum conductance, Vrev the rever-
sal potential, V0.5 the half-activation potential, and k the slope
factor.

The steady-state voltage dependence of inactivation of the
Ba2+ current was determined by measuring the peak current
amplitude in response to a 150 ms-long depolarizing step to
+10 mV (Cav2.2) or −20 mV (Cav3.2) applied after a 5-s-long
conditioning prepulse at various voltages. The current ampli-
tude obtained during each test pulse was normalized to the
maximum at −80 mV (Cav2.2) or −100 mV (Cav3.2) and
plotted as a function of the prepulse potential. The voltage
dependence of the steady-state inactivation was fitted with
the following two-state Boltzmann function:

I Vð Þ ¼ Imax

1þ exp
V 0:5−Vð Þ

k

with Imax corresponding to the maximal peak current ampli-
tude and V0.5 to the half-inactivation voltage.

Recording of calcium currents in primary DRG neurons
was performed after 24 h in culture and elicited with a ramp
command (0.5 V/s) from a holding potential of −90 mV as
previously described [5]. For recording of Nav currents, the
bath solution contained (in millimolar): 35 NaCl, 30 TEA-Cl,
65 choline-Cl, 5 MgCl2, 10 HEPES, 10 D-glucose, and 0.05
CdCl2 (pH 7.2). The pipette solution contained (in millimo-
lar): 100 CsCl, 40 TEA-Cl, 5 NaCl, 1 CaCl2, 2 MgCl2, 11
EGTA, 10 HEPES, 2 Mg-ATP, and 1 Li2GTP (pH 7.2). For
recording of Kv currents, the bath solution contained (in
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millimolar): 140 choline-Cl, 4 KCl, 1 MgCl2, 1.8 CaCl2, 0.1
CdCl2, 10 D-glucose, and 10 HEPES (pH 7.2). The pipette
solution contained (in millimolar): 140 KCl, 4 NaCl, 1MgCl2,
10 EGTA, 2 Na2-ATP, and 10 HEPES (pH 7.2). All experi-
ments were performed at room temperature (22–24 °C).

Animals and surfen treatment

All experiments were approved by the Institutional Care
and Use Committee and carried out according the guide-
lines of the Internal Association for the Study of Pain.
Efforts were made to minimize animal suffering and dis-
tress. Adult (7–9 weeks old) male C57BL/6 J mice were
kept on a 12 h light/dark cycle at a maximum of five per
cage in a room maintained at 23 ± 1 °C with ad libitum
access to food and water. To verify if surfen produces
antinociception when delivered spinally to mice, intrathe-
cal (i.t.) injections were performed using volumes of 10 μl
and according the method described by Hilden and
Wilcox [18] and as routinely performed in our laboratory
[10, 11]. Control groups were assessed simultaneously.
Surfen was dissolved in 1% or less DMSO, whereas con-
trol animals received PBS +1% DMSO (which was the
concentration of DMSO in the highest dose delivered to
mice in the formalin test). Each mouse was tested only
once.

Formalin test

Formalin-induced acute pain was performed as originally
described [17]. After a period of at least 60 min acclima-
tion, mice were injected intraplantarily (i.pl.) in the ven-
tral surface of the right hindpaw with 20 μL of a formalin
solution (1.25%) prepared in PBS. Immediately after
intraplantarily injection of formalin, mice were placed in-
dividually into observation chambers and monitored for
the time spent licking of biting the injected paw as a mean
to assess nocifensive response. Animals were observed
from 0 to 5 min and 15 to 30 min to assess acute noci-
ceptive and inflammatory phases, respectively. Surfen was
delivered intrathecally (i.t.) 20 min prior injection of for-
malin and its effect against both nociceptive and inflam-
matory phases was evaluated.

Persistent inflammatory pain induced by CFA

To induce thermal hyperalgesia caused by peripheral inflam-
mation, animals received 20 μl of CFA injected i.pl. in the
right hind paw as performed previously [10]. Sham groups
received 20 μl of PBS in the ipsilateral paw. Animals were
treated with either surfen (10 μg/i.t.) or vehicle (10 μl/i.t.)
2 days following CFA injection and their thermal withdrawal
threshold was subsequently tested.

Measurement of thermal hyperalgesia

Immediately before receiving CFA (baselines) and 2 days
after CFA injection (time-course testing day), animals
were accessed on a plantar test apparatus (Hargreaves,
UgoBasile, Varese, Italy) and the latency to withdrawal
the right hindpaws from an infra-red radiant heat
(IR = 30%) was scored. Mice were kept individually in
enclosed testing chambers (10 cm × 10 cm × 13 cm,
length × width × height) placed on top of a glass floor
and were allowed to acclimate before testing for at least
120 min. The infra-red heat source was placed underneath
the right hind paw and three measurements were taken for
each mouse. The cut-off time was set at 30 s to avoid
tissue damage.

Chemicals

All chemicals were purchased from Sigma-Aldrich. Surfen
(Sigma S6951) was dissolved in DMSO to prepare a stock
solution of 10 mM, and was diluted in the external recording
solution prior to the experiments so that the final concentration
of DMSO was 0.1% or less. Pertussis toxin (PTX) was dis-
solved in distilled water and applied to the cell at 1 μg/ml for
24 h. The PLC inhibitor U73122 was dissolved in DMSO to
prepare a stock solution of 5 mM and applied to the cells at
10 μM for 30 min.

Statistical analysis

Statistical significance for electrophysiology data was de-
termined using a paired or unpaired Student’s t test. For
behavioral analysis, data were evaluated by one-way or
two-way ANOVA followed by Tukey’s test. All data are
presented as mean ± standard error. Value of p ≤ 0.05 was
considered to be significant (*p ≤ 0.05; **p ≤ 0.01;
***p ≤ 0.001).

Results

Surfen is an effective inhibitor of voltage-gated calcium
channels

We performed whole-cell patch-clamp recordings to assess
the ability of surfen to mediate tonic block of various re-
combinant VGCCs involved in pain transmission.
Representative current traces recorded for HVA channels
(Cav1.2, Cav2.1, and Cav2.2) and LVA channels (Cav3.2
and Cav3.3) are shown in Fig. 1b before (black traces)
and after (gray traces) application of 10 μM surfen.
Application of surfen produced robust current inhibition
of all calcium channels tested (ranging from 69 ± 2% for
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Cav2.2 to 84 ± 2% for Cav3.2) (Fig. 1c). We next further
analyzed the blocking properties of surfen on the two main
calcium channel isoforms (Cav2.2 and Cav3.2) involved in
the processing of peripheral nociceptive information. The
dose-response relation for block of Cav2.2 and Cav3.2
channels is shown in Fig. 2a, b, respectively. The IC50
values obtained from the fit of the dose-response curves
were 1.3 and 2.7 μM for Cav2.2 and Cav3.2 channels,
respectively, and did not significantly differ (p = 0.2564).
The Hill coefficients were 0.6 and 0.4 for Cav2.2 and
Cav3.2 (p = 0.5796), respectively, and in both cases (and
in particular for Cav2.2) block appeared to be incomplete at
a saturating concentration. The effect of surfen on the volt-
age dependence of Cav2.2 and Cav3.2 is shown in Fig. 2c,

d, respectively. At a concentration of 10 μM, surfen
blocked Cav2.2 and Cav3.2 channels at all test potentials,
but did not significantly alter the mean half-activation po-
tential (−6.5 ± 0.5 mV versus 0.9 ± 1.6 mV, n = 10 for
C a v 2 . 2 c h a n n e l s , a n d − 4 7 . 1 ± 1 . 9 m V
versus − 45.6 ± 6.5 mV, n = 9 for Cav3.2 channels).
Similarly, there was no significant difference in the mean
half-steady-state inactivation potential (−26.3 ± 0.5 mV
versus − 26.5 ± 1.0 mV, n = 7 for Cav2.2 channels, and
−71.7 ± 0.8 mV versus − 70.7 ± 0.9 mV, n = 10 for Cav3.2
channels) (Fig. 2e, f, respectively). The time course of
inhibition at 10 μM for both Cav2.2 and Cav3.2 channels
is presented in Fig. 2g, h, respectively, and required ap-
proximately 3–4 min to reach a steady-state block. The
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inhibition was irreversible and we did not observe obvious
differences in the time course of inhibition at lower con-
centrations of surfen (data not shown).

To analyze the pharmacological properties of surfen
under more physiological conditions, we assessed the
ability of surfen to block native calcium channels in adult
mouse DRG neurons. Patch-clamp recordings were per-
formed on small DRG neurons (15–30 μm diameter) cor-
responding to unmyelinated nociceptive C fibers [65].
Representative current traces elicited by a ramp command
(0.5 V/s) from a holding potential of −90 mV are shown
in Fig. 3a before (black traces) and after application of
10 μM surfen (gray traces). Consistent with previous
studies [3], we observed different electrophysiological
profiles of small DRG neurons. A subset of cells
displayed a combination of LVA and HVA currents
(Fig. 3a, left panel), and application of surfen potently
blocked both current components by 58 ± 4% (n = 7)
and 69 ± 7% (n = 7), respectively (Fig. 3b, left side).
The remaining cells exclusively expressed HVA currents
(Fig. 3a, right panel) that were blocked by 64 ± 3%
(n = 9) (Fig. 3b, right side). In contrast, we observed only
a moderate block of voltage-gated sodium currents (Nav)
by 20 ± 5% (n = 5) (Fig. 3c, left panel, and Fig. 3d) and
of voltage-gated potassium currents (Kv) by 11 ± 4%
(n = 5) (Fig. 3c, right panel, and Fig. 3d).

Altogether, these results indicate that surfen is a pref-
erential broad-spectrum inhibitor of recombinant and na-
tive voltage-gated calcium channels in nociceptive neu-
rons, with comparatively moderate effects on voltage-
gated sodium and potassium channels.

Surfen-mediated inhibition of calcium channels does not
rely on G-protein signaling

We next conducted a series of analysis in order to investigate
the mechanisms behind surfen-induced imbibition of calcium
channels. It was previously reported that surfen triggers Gβγ-
and phospholipase C (PLC)-depend signaling by releasing
Gβγ dimers from Gα-bound GDP without activating either
G-protein coupled receptors (GPCRs) or Gα subunits and
their downstream pathways [53]. Considering that one of the
main mechanisms by which GPCRs modulate neuronal Cav2
calcium channels involves the activation of Gβγ [39], we
explored the possibility that this regulation could support
surfen-mediated inhibition of the channels. Direct inhibition
of neuronal calcium channels by Gβγ dimers is typically
assessed with a double pulse protocol where a conditioning
prepulse to depolarized potentials relieves most of the inhibi-
tion (facilitation) [39]. Hence, we recorded Cav2.2 currents
before (P1) and after (P2) application of a depolarizing
prepulse (PP) to +100 mV to assess the implication of Gβγ
in surfen-mediated inhibition of the channel. Representative
current traces before (black trace) and after application of
10 μM surfen (gray trace) are shown in Fig. 4a. In control
condition, application of a depolarizing prepulse produced a
small current facilitation suggesting the existence of a slight
tonic blockade of the channel likely caused by basal G-protein
activity (Fig. 4a black trace and Fig. 4b). However, we did not
observe any prepulse facilitation under surfen inhibition indi-
cating that surfen-induced inhibition of Cav2.2 is voltage-
independent ruling out a direct G-protein βγ-mediated inhi-
bition of the channel (Fig. 4a gray trace and Fig. 4b).

0

20

40

60

80

100

C
u
r
r
e
n
t 
b
lo
c
k
 (
%
)

Na
v

K
v

5 5

-90 mV

+60 mV

200 pA

LVA

HVA

a

0

20

40

60

80

100

C
u
r
r
e
n
t 
b
lo
c
k
 (
%
)

LVA HVA

7 7 9

HVA

b

c d

200 pA

HVA

-90 mV

+60 mV

0.5 nA

10 ms

-90 mV

0 mV

2 nA

200 ms

-90 mV

+50 mV

Ca
v

Ca
v

Na
v

K
v

Fig. 3 Surfen blocks native calcium channels in DRG neurons. a
Representative calcium current traces recorded from small DRG
neurons in response to a ramp command (0.5 V/s) from a holding
potential of −90 mV before (black trace) and after application of
10 μM surfen (gray trace). A subset of neurons displayed both LVA
and HVA currents (left panel) while the remaining cells presented only
HVA currents (right panel). b Corresponding mean percentage of tonic

current inhibition for cells displaying LVA and HVA currents (left side)
and cells displaying HVA current only (right side). c Representative
sodium (Nav, left panel) and potassium (Kv, right panel) current traces
elicited by a step depolarization from a holding potential of −90 mV
before (black traces) and after application of 10 μM surfen (gray
trace). d Corresponding mean percentage of tonic block of Nav and Kv

currents

Pflugers Arch - Eur J Physiol (2017) 469:1325–1334 1329



Consistent with this notion, pre-treatment of cells with pertus-
sis toxin (PTX) for 24 h did not alter the ability of surfen to
block Cav2.2 channels (Fig. 4c, d), indicating that Gi/o-
coupled receptor signaling is not involved in surfen-
mediated inhibition of the channels. Furthermore, pre-
treatment of cells with the PLC inhibitor U73122 for 30 min
had no effect on surfen-mediated inhibition of Cav2.2 chan-
nels (Fig. 4c, d).

Surfen mediates analgesia in acute and chronic
inflammatory pain models

To evaluate the analgesic potential of surfen, we assessed the
effect of the molecule against both nociceptive (phase 1) and
inflammatory (phase 2) responses after formalin injection.
Intrathecal (i.t.) injection of surfen produced effective and
dose-dependent inhibition of nocifensive responses in both
phases of the formalin test, such that injection of 10 μg/i.t.
of surfen, 20 min before the injection of formalin, caused
significant inhibition of the first phase by 55 ± 5% (Fig. 5a),
and second phase by 77 ± 6% (Fig. 5b). Considering that
surfen was highly effective in inhibiting the acute nocifensive
response in the inflammatory phase of the formalin test, we
further analyzed the analgesic potential of surfen on CFA-
induced persistent inflammatory nociception. The ability of
surfen to modulate CFA-induced hypersensitivity was
assessed by thermal paw withdrawal latency (in seconds) in
response to thermal stimulation. As shown in Fig. 6a, intra-
thecal injection of 10 μg/i.t of surfen produced a significant
and long-lasting attenuation of CFA-induced thermal
hyperalgesia (open circle) when compared with control

animals who received intrathecal injection of PBS + 1%
DMSO (dark circles). Notably, this effect was apparent as
early as 20 min after the injection of surfen (p < 0.05), and
remained sustainable up to over 180 min (p < 0.01).

Altogether, these data demonstrate the analgesic potential
of surfenwhen injected intrathecally inmouse models of acute
and chronic inflammatory pain.

Discussion

Initially described in the late thirties as a byproduct in the
production of depot insulin [58], the therapeutic potential of
surfen in the treatment of various chronic disorders has gained
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increasing attention. For instance, surfen and derivatives have
been proposed as potential antibacterial agents (patent
US20070112048) [2], and more recently for the treatment of
tauopathies including Alzheimer ’s disease (patent
WO2013020909) [1]. Here, we report new pharmacological
properties of surfen and demonstrate its analgesic potential in
mouse models of acute and chronic inflammatory pain.

A number of voltage-gated calcium channels have been
implicated in the processing of the pain signal with specific
subcellular expression patterns and function [4]. Among them,
Cav2.2 and Cav3.2 channels are validated drug targets for the
management of pain in the clinic [37, 56, 59, 60, 68]. For
instance, inhibition of Cav2.2 channels by opioid receptors
represents one of the mechanisms by which morphine medi-
ates analgesia [20]. In addition, the gabapentinoid drugs
gabapentin (Neurontin™) and pregabaline (Lyrica™) that tar-
get the Cavα2δ-1 ancillary subunit to modulate Cav2.2 chan-
nels have shown clinical efficacy in patients with neuropathic
pain [23]. Small peptide inhibitors of Cav2.2 channels isolated
from cone snails toxins have also shown analgesic potential in
animal pain models, and the ω-conotoxin MVIIA (Prialt™)
was approved for the management of refractory chronic pain
in patients [44, 51]. More recently, Cav3.2 channels have
emerged as clinically relevant drug targets for the manage-
ment of neuropathic pain. For instance, inhibition of Cav3.2
channels by intrathecal delivery of ethosuximide (Zarontin™)
has shown clinical efficacy [21]. Furthermore, the T-type
channel inhibitor Z944 is currently assessed in Phase II clin-
ical trials for pain [26]. In addition to Cav2.2 and Cav3.2 chan-
nels that are validated clinical targets, there is evidence that
spinal modulation other calcium channel members, including
Cav1.2/Cav1.3 [66], Cav2.1 [9, 28, 34], Cav2.3 [31, 55], and
Cav3.3 [64], can produce analgesia in animal pain models.

Considering that a variety of calcium channels participate in
the transmission and processing of pain signals, targeting mul-
tiple channels with broad-spectrum inhibitors may represent
an effective avenue to mediate analgesia.

Here, we showed that surfen effectively blocks multiple
voltage-gated calcium channels including L-type (Cav1.2),
P/Q-type (Cav2.1), N-type (Cav2.2), and T-type (Cav3.2 and
Cav3.3) channels, without apparent selectivity. Furthermore,
surfen was also effective in blocking native LVA and HVA
channels in small DRG neurons in culture, with only minimal
blocking activity onNav andKv channels. The ability of surfen
to block LVA currents in small DRG neurons implies that this
compound acts on native Cav3.2 channels as it is the only
channel isoform to carry T-type currents in these neurons
[3]. In contrast, our observation that surfen blocked up to
65% of the HVA current suggests that multiple HVA channel
isoforms were blocked as none of the HVA channels
expressed in small DRG neurons account for more than 30%
of the whole HVA current [33].

Previous studies have suggested that surfen modulates neu-
trophil chemotaxis via a Gβγ- and PLC-dependent signaling
pathway [53]. Here, we did not observe any evidence for the
implication of Gβγ or PLC in surfen-mediated inhibition of
the calcium channels. On the other hand, the observation that
inhibition of Cav2.2 and Cav3.2 channels plateaued at 80%
inhibition with similar pharmacological properties (IC50
values and Hill coefficients) may be consistent with a diffuse,
but common effect by which surfen indirectly modulates the
calcium channels rather than a direct block of the channel
itself, although we cannot rule out the latter mechanism.
Along these lines, surfen was recently reported as an antago-
nist of cell-surface heparan sulfate with the potential to pre-
vent glycosaminoglycan (GAG)-protein interaction [46, 63].
Although not studied here, it is a possibility that surfen could
modulate calcium channels by altering GAG-channel interac-
tions. Consistent with this idea, reduced calcium influx in
pyramidal hippocampal neurons after enzymatic removal of
heparan sulfate was recently documented [32]. Consistent
with this notion, direct binding of heparin to exofacial
Cav1.2 channel regions such as the pore-forming loop
connecting transmembrane segments S5 and S6 of the first
domain was reported to modulate channel activity [12]. It is
possible that binding of surfen to heparan sulfate could disrupt
this interaction and alter channel activity. Further studies will
be needed to uncover the role of heparan sulfate in functioning
of calcium channels.

Regardless of the mechanism behind surfen-induced inhi-
bition of calcium channels, our in vivo data revealed that
inthrathecal delivery of surfen results in long-lasting analgesic
effects in rodent models of acute and persistent inflammatory
pain. These data are consistent with previous studies reporting
analgesic effects of calcium channel blockers on inflammatory
hyperalgesia. For instance, and consistent with the notion that
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Cav2.2 channels are up-regulated in CFA-induced inflamma-
tory pain model [27], inhibition of Cav2.2 by aminopiperidine
sulfonamide reduced inflammatory hyperalgesia [48].
Reduced inflammatory pain was also documented in mice
lacking Cav2.2 channels [43]. Along these lines, inhibition
of T-type channel activity using pharmacological blockers
[40, 54] or small interfering peptides to reduce surface expres-
sion of the channel [13, 14] also produced marked analgesic
effect on mouse models of inflammatory pain. Hence, it is
reasonable to propose that reduced inflammatory hyperalgesia
observed during the second phase of the formalin test and in
CFA-induced inflammatory pain model was at least partly
mediated by the ability of surfen to block calcium channels.
It is worth noting that surfen was also reported to have anti-
inflammatory activity [24] that could have contributed to the
analgesic effect in the CFA model. In addition, and although
our data indicate that surfen has only a minor blocking activity
on Nav and Kv channels that is unlikely to have had a major
contribution to its analgesic properties (the slight blockade of
Kv channels would actually have a pronociceptive effect), we
cannot rule out the possibility that surfen may have affected
the functioning of other channels and receptors by virtue of its
pharmacological activity on heparan sulfate which in turnmay
have contributed to the observed analgesic effect. For in-
stance, modulation of angiotensin II-mediated signaling by
heparan sulfate glycosaminoglycans has been reported [22]
and the angiotensin II type 2 receptor is a potential target to
modulate pain [50]. Yet, our pain data are consistent with
numerous reports showing that blockade of calcium channels
in vivo supports analgesia in various animal pain models.

Although selective inhibitors are usually preferred in order
to limit the risk of side effects, broad-spectrum blockers may
have an advantage especially for disorders like neuropathic
pain where multiple channels are implicated. Hence, our data
raise the possibility of using surfen-type compounds for the
development of new analgesic drugs.
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