Neurobiology of Pain 13 (2023) 100116

Contents lists available at ScienceDirect

Neurobiology of Pain

journal homepage: www.sciencedirect.com/journal/neurobiology-of-pain

ELSEVIER

Betulinic acid analogs inhibit N- and T-type voltage-gated calcium channels
to attenuate nerve-injury associated neuropathic and formalin models
of pain

Aida Calderon-Rivera *", Kimberly Gomez ™", Santiago Loya-Lépez *", E.M. Kithsiri Wijeratne °,
Harrison Stratton “, Cheng Tang *", Paz Duran %b Kyleigh Masterson ”, Omar Alsbiei”, A.A.
Leslie Gunatilaka ¢, Rajesh Khanna " "'

@ Department of Molecular Pathobiology, College of Dentistry, New York University, New York, NY, United States

Y NYU Pain Research Center, New York University, New York, NY, United States

¢ Natural Products Center, School of Natural Resources and the Environment, College of Agriculture and Life Sciences, The University of Arizona, Tucson, AZ, United
States

4 Department of Pharmacology, College of Medicine, The University of Arizona, Tucson, AZ, United States

ARTICLE INFO ABSTRACT

Keywords:

Betulinic acid analogs

Betulin analogs

Voltage-gated calcium channels
Analgesic

Over the past three decades, there has been a significant growth in the use of natural products, with approxi-
mately 80% of individuals using them for some aspect of primary healthcare. Our laboratories have identified
and studied natural compounds with analgesic effects from dry land plants or their associated fungus during the
past ten years. Here, we isolated and characterized thirteen betulin analogs and fifteen betulinic acid analogs for
Spared L a their capacity to prevent calcium influx brought on by depolarization in sensory neurons. The in vitro inhibition
pared nerve injury mode

Formalin model of voltage-gated calcium channels by the top drugs was then assessed using whole cell patch clamp electro-
Pain physiology. In vivo experiments, conducted at two sites, evaluated the best compound in acute and tonic,
neuropathic, inflammatory, post-operative and visceral models of pain. We found that the betulinic acid analog 8
inhibited calcium influx in rat dorsal root ganglion neurons by inhibiting N- (CaV2.2) and T- (CaV3) type voltage-
gated calcium channels. Moreover, intrathecal delivery of analog 8 had analgesic activity in both spared nerve
injury model of neuropathic pain and acute and tonic pain induced by formalin. The results presented herein
highlight the potential antinociceptive properties of betulinic acid analog 8 and set the stage for the development
of novel non-opioid pain therapeutics based on the triterpenoid scaffold of betulinic acid.

Introduction of proteins involved in transduction, transmission, and processing of

sensory information (Tibbs et al., 2016). In particular, the expression

Data from the 2019 National Health Interview Survey highlighted
that 20.4 % of adults had chronic pain and 7.4 % suffered from high
impact chronic pain that frequently limited life or work activities
(Zelaya et al., 2019). Chronic pain likely results from persistent hyper-
activity of specialized sensory neurons called nociceptors (Walters et al.,
2022). Amplification of primary afferent signaling contributing to
chronic pain can result from distinct processes including dysregulation

and function of ion channels adapt from a physiologically hypervigilant
function to one contributing to a pathological pain state. Such changes
can lead to increase in both spontaneous activity and increased
responsivity to sensory stimuli (Walters et al., 2022; Tibbs et al., 2016;
Vicario et al., 2020).

Voltage-gated calcium channels (VGCCs) are expressed in the central
and peripheral nervous system where they serve a dual function:
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transduction of membrane potential changes and control of intracellular
calcium signaling (Hoppanova and Lacinova, 2022, Lipscombe and
Lopez-Soto, 2021). According to the voltage threshold at which they
become activated, VGCCs are divided into high-voltage activated (HVA,
activated at voltages more positive than —40 mV) and low-voltage-
activated (LVA, activated at subthreshold membrane depolarizations
between —65 mV and —50 mV) (Guidelli, 2022; Weiss et al., 2012; Felix
et al,, 2013). The HVA subgroup has seven members, four of them
(CaV1.1-1.4) generate L-type currents and the other three (Cav2.1-2.3)
produce P/Q-, N-, or R-type currents, respectively. On the other hand,
the three members of LVA channels (CaV3.1-3.3) generate T-type cur-
rents (Hoppanova and Lacinova, 2022; Weiss et al., 2012).

CaV2.2 channels are expressed in nociceptors at soma and presyn-
aptic terminals. Calcium influx through N-type calcium channels located
in the central terminal of primary afferent fibers leads to neurotrans-
mitter release (Zamponi, 2017; Zamponi, 2016), while those expressed
in the spinal cord are involved in excitability and central sensitization
(Heinke et al., 2004). Recently, CaV2.2 expression was also reported in
nerve endings innervating skin, functionally supporting heat hypersen-
sitivity (DuBreuil et al., 2021). As has been reported widely, N-type
channels are overexpressed in chronic pain, and the clinical use of the
specific blocker Ziconotide (Prialt™) alleviates intractable chronic pain
in humans (Gao et al., 2021; Miljanich, 2004; Jiang et al., 2013; Nieto-
Rostro et al., 2018; Schmidtko et al., 2010; Zamponi et al., 2015).
Furthermore, the FDA approved drug Gabapentin can indirectly regulate
the function of CaV2.2 channels by disrupting their trafficking by tar-
geting the a23-1 subunit, thus preventing the channels from reaching the
active zones of synapses, limiting calcium influx and impacting subse-
quent transmitter release (Patel and Dickenson, 2016; Bauer et al., 2009;
Hoppa et al., 2012).

The function and expression of T-type (CaV3) channels is also
upregulated in the primary afferent pain pathway (Hoppanova and
Lacinova, 2022; Harding and Zamponi, 2022; Joksimovic et al., 2018).
During inflammation and neuropathic pain, CaV3.2 channels support
pain signaling by regulating afferent fiber excitability and amplifying
the voltage signal (Garcia-Caballero et al., 2014; Heppenstall and Lewin,
2006). When the activity of T-type calcium channel is blocked with TTA-
P2, sensory neurons exhibit lower excitability, resulting in pain allevi-
ation (Joksimovic et al., 2018; Lauzadis et al., 2020; Cai et al., 2021).
Thus, a polypharmacological approach targeting both N- and T-type
calcium channels seems to be an ideal strategy to curb pain. In this re-
gard, our laboratories have embarked on the search for natural products
with analgesic properties (Duran et al., 2022; Zhou et al., 2020; Zhou
et al., 2019; Shan et al., 2019; Cai et al., 2019; Bellampalli et al., 2019;
Calderon-Rivera et al., 2022). Our studies have also focused on deor-
phanization of the targets of these natural products.

We previously reported that betulinic acid (BA, compound 1)
extracted from the desert lavender plant has anti-nociceptive activity
(Shan et al., 2019). This compound inhibited spontaneous excitatory
post synaptic currents and depolarization-evoked release of calcitonin
gene-related peptide (CGRP) from lumbar spinal cord slices. BA also
attenuated paclitaxel-, HIV-, and nerve injury-associated peripheral
sensory neuropathy via block of N- and T-type calcium currents (Bel-
lampalli et al., 2019). Considering these findings, in the present study,
we utilized the common triterpenoid scaffold of betulinic acid (1) and
betulin (2) to develop twenty-eight structural analogs (3-31) to improve
selectivity and potency against voltage-gated calcium channels. Here we
report that the betulinic acid derivative 8 decreased calcium influx in
sensory neurons by targeting both N- and T-type calcium channels.
Notably, analog 8 had antinociceptive activity in the spared nerve injury
and formalin models of pain. Thus, analog 8 represents a novel dual
polypharmacological modulator of N- and T-type calcium channels that
could be used to develop nonaddictive pain therapeutics.
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Materials and methods

Chemical synthesis and characterization of betulinic acid and betulin
analogs

The experimental procedures for preparation and quality control (via
NMR) of the natural product analogs used in this study are described in
the Supplementary Materials.

Animals

Pathogen-free adult female Sprague-Dawley rats (~100 g, Envigo,
Placentia, CA) were kept in 12-h light and 12-h dark cycle at 23 +£ 3°Cin
rooms with controlled humidity. Standard rodent chow and water were
available ad libitum. All animal use was conducted in accordance with
the National Institutes of Health guidelines, and the study was con-
ducted in strict accordance with recommendations in the Guide for the
Care and Use of Laboratory Animals of the University of Arizona (Pro-
tocol #: 16-141). Animals were housed and bred in the University of
Arizona Laboratory Animal Research Center. All efforts were made to
minimize animal suffering. Animals were randomly assigned to treat-
ment or control groups for the behavioral experiments. Animals were
initially housed three per cage but individually housed after the intra-
thecal cannulation. All behavioral experiments were performed by ex-
perimenters who were blinded to the experimental groups and
treatments.

Primary culture of dorsal root ganglion neurons

Lumbar dorsal root ganglia (DRG) were dissected from 100 g female
Sprague-Dawley rats using procedures as described previously (Bel-
lampalli et al., 2019). Dorsal root ganglia were dissected and placed in
sterile DMEM (Cat# 11965; Thermo Fisher Scientific, Waltham, MA)
and enzymatically dissociated with collagenase type I (5 mg/mL, Cat#
LS004194; Worthington) and neutral protease (3.125 mg/mL, Cat#
LS02104; Worthington, Lakewood, NJ) for 50 min at 37 °C under gentle
agitation. The dissociated cells were then centrifuged at 800 rpm for 3
min and resuspended in DMEM containing 1 % penicillin/streptomycin
sulfate (Cat#15140, Life Technologies), 30 ng/mL nerve growth factor
(Cat# N2513, Millipore Sigma), and 10 % fetal bovine serum
[HyClone]). The cells were seeded on poly-d-lysine— and laminin-coated
12- or 15-mm glass coverslips and incubated at 37 °C for 24-48 h
(Piekarz et al., 2012).

Calcium imaging

In rat DRG neurons, changes in depolarization-induced calcium
influx were determined by loading neurons with 3-mM Fura-2AM for 30
min at 37 °C (Cat# F1221; Thermo Fisher, stock solution prepared at 1
mM in DMSO, 0.02 % pluronic acid, Cat#P- 3000MP; Life Technologies,
Carlsbad, CA) (Bellampalli et al., 2019). DRG neurons were incubated
overnight with 10 uM of test compounds. A standard bath solution
containing in mM: 139 NaCl, 3 KCl, 0.8 MgCl,, 1.8 CaCl2, 10Na-HEPES,
5 glucose, pH 7.4, was used. Depolarization was elicited with a 10 sec
pulse of 40-potassium chloride. Fluorescence imaging was achieved
with an inverted microscope, Nikon Eclipse TE2000-U, using an objec-
tive Nikon Super Fluor 4X and a Photometrics-cooled CCD camera
CoolSNAPHQ (Roper Scientific, Tucson, AZ) controlled by Nis Elements
software (version 4.20; Nikon Instruments). The excitation light was
delivered by a Lambda-LS system (Sutter Instruments, Novato, CA). The
excitation filters (340 + 5 nm and 380 + 7 nm) were controlled by a
Lambda 10 to 2 optical filter change (Sutter Instruments). Fluorescence
was recorded through a 505-nm dichroic mirror at 535 + 25 nm. Images
were taken every ~2.4 s during the time course of the experiment to
minimize photobleaching and phototoxicity. To provided acceptable
image quality, a minimal exposure time that provided acceptable image
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quality was used. Changes in cytosolic calcium were monitored
following a ratio of F340/F380, calculated after subtracting the back-
ground from both channels.

Whole-cell patch-clamp recordings of calcium currents in acutely
dissociated DRG neurons

Recordings were obtained from acutely dissociated DRG neurons as
described earlier (Bellampalli et al., 2019). Patch-clamp recordings were
performed at room temperature (22-24 °C). Currents were recorded
using an EPC 10 Amplifier-HEKA (HEKA Elektronik, Ludwigshafen,
Germany) linked to a computer with Patchmaster software. DRG neu-
rons were incubated overnight (~16-24 h) with 20 uM of compound 8
or 18. DMSO was used as control at 0.1 %.

For total Ca®" and N-type calcium current recordings, the external
solution consisted of the following (in millimolar (mM)): 110 N-methyl-
p-glucamine, 10 BaCly, 30 TEA-CI, 10 HEPES, 10 glucose, 0.001 TTX (pH
7.29 adjusted with NaOH, and mOsm/L = 310). To isolate N-type cal-
cium currents, the following blockers were used: TTX (500 nM, Na™®
channel blocker), Nifedipine (10 uM, i-type calcium channel blocker),
o-agatoxin (200 nM, P/Q-type calcium channel blocker), SNX482 (200
nM, R-type calcium channel blocker), and TTA-P2 (1 uM, T-type calcium
channel blocker). Patch pipettes were filled with an internal solution
containing (in mM): 150 CsCl,, 10 HEPES, 5 Mg-ATP, and 5 BAPTA, (pH
7.24 adjusted with CsOH, and mOsm/L = 305). Peak calcium current
was acquired by applying 200-millisecond voltage steps from —70 to
+60 mV in 10-mV increments from a holding potential of —90 mV to
obtain the current-voltage (I-V) relation. Steady-state inactivation (SSI)
curves were obtained by applying an H-infinity protocol that consisted
of 1.5-seconds conditioning pre-pulses from —100 to +30 mV in 10-mV
increments followed by a 20-millisecond test pulse to +10 mV.

To isolate T-type specific calcium currents, the bath solution con-
sisted of the following (in mM): 2 CaCl,, 152 TEA-CI, and 10 HEPES (pH
7.4 adjusted with TEA-OH, and mOsm/L = 310). The intracellular
recording solution consisted of (in mM) 135 TEA-Cl, 10 EGTA, 40
HEPES, and 2 MgCl, (pH 7.2 adjusted with hydrofluoric acid, and
mOsm/L = 310). T-type currents were isolated as described before
(Choe et al., 2011). Channel current activation was measured from a
holding potential (Vh) of —90 mV by applying 500-ms voltage steps (5
mV increments) from —70 to 60 mV. Channel current inactivation was
determined by applying a 1500-ms conditioning pre-pulse (-110 to 20
mV in 10 mV increments). The voltage was stepped to —30 mV for 20
ms; a 40-ms interval with a Vh of —90 mV separated each voltage step.

For I-V curves, functions were fitted to data using a non-linear least
squares analysis. [-V curves were fitted using double Boltzmann func-
tions:

f:aJrgl/(l +exp((x7 V]/zl)/kl))+g2/(l +exp( — (xf V1/22)/k2))

where x is the pre-pulse potential, V;,2 is the mid-point potential and k is
the corresponding slope factor for single Boltzmann functions. Double
Boltzmann fits were used to describe the shape of the curve, not to imply
the existence of separate channel populations. Numbers 1 and 2 indicate
the first and the second mid-points; a and g are fitting parameters.
Normalization of currents to each cell’s capacitance (pF) was per-
formed to get current density. Activation curves were obtained from the
I-V curves by dividing the peak current at each depolarizing step by the
driving force according to the equation: G = I/(Viem-Erey), Where I is the
peak current, Vi, is the membrane potential and E,, is the reversal
potential. The conductance (G) was normalized against the maximum
conductance (Gpqy). For total and the different subtypes of calcium
currents, steady-state inactivation (SSI) curves were obtained by
applying an H-infinity protocol that consisted of 1.5-seconds condi-
tioning pre-pulses from —100 to +30 mV in 10-mV increments followed
by a 200-millisecond test pulse to +10 mV. Inactivation curves were
obtained by dividing the peak current recorded at the test pulse by the
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maximum current (I,,q). Activation curves were fitted with the Boltz-
mann equation:

G/Gae = 1/[1 +exp (Vos — — Vi) /K],

where G is the conductance in G = I/(Vyy — Eca), Gmax the maximal
conductance obtained from the Boltzmann fit under control conditions,
Vo.s the voltage for half-maximal activation or inactivation, Vi, the
membrane potential, and k a slope factor.

Steady state inactivation (SSI) was fitted with the equation:

I/ Loy =1/ Lyex = 1/(1 +exp (V= Vos)/k))

The reversal potential for Ic, (Ec,) was determined for each individual
neuron.

Capacitive artifacts were fully compensated, and series resistance
was compensated by ~70 %. Recordings made from cells with greater
than a 5 mV shift in series resistance compensation error were excluded
from the analysis. All experiments were performed at room temperature
(~23 °Q).

Cell culture and transient transfection of HEK293T cells

Human embryonic kidney 293 (HEK293T) cells were cultured in
DMEM supplemented with 10 % fetal bovine serum and 1 % penicillin/
streptomycin sulfate, maintained in standard conditions (5 % COa,
37 °C, saturated humidity). Cells were transfected with 4 pg of either of
the channel cDNAs that codify for the LVA or 2.5 pg for the HVA a1l pore
forming subunit using Lipofectamine 2000 when cell confluence
reached 70-90 %. In addition, for the HVA channels 1 pg of a251 and 3
ancillary subunits were co-transfected. Four to six hours after trans-
fection, cells were seeded onto poly-1-lysine-coated coverslips. Posi-
tively transfected cells were identified by the fluorescence of co-
transfected enhanced green fluorescent protein (0.5 pg). All experi-
ments were performed 36 h after cell transfection.

Whole-cell patch-clamp recordings of calcium currents in transiently
transfected HEK293T cells

For electrophysiological recording, the external solution contained
(in mM): 105 CsCl, 40 TEA-Cl, 2 CaCl,, 1 MgCl,, and 10 glucose (pH 7.4
adjusted with CsOH, and mOsm/L = 310-315). The internal solution
consisted of (in mM): 120 CsMeSOy4, 11 EGTA, 2 Mg-ATP, and 10 HEPES
(pH 7.4 adjusted with CsOH, and mOsm/L = 240-310). All experiments
were conducted at room temperature (22-24 °C). The current-voltage
(I-V) relationship was obtained by applying voltage steps from —70 to
+60 mV in 10-mV increments from a holding potential of —90 mV. The
T-type calcium currents were elicited by a depolarization to —20 or —10
mV for 200-millisecond from a hold potential of —90 mV.

Data were collected by the Patchmaster software in a HEKA EPC-10
USB patch-clamp system. Voltage errors were minimized by using 80 %
series resistance compensation. The capacitance artifact was canceled by
using the computer-controlled circuitry of the patch-clamp amplifier.

Behavior pain panel

The analgesic potency of compound 8 was analyzed by an in vivo
screening tool, ALGOGram™ (ANS Biotech, Riom, France), as was pre-
viously reported (Gomez et al., 2022). This platform allowed us to
obtain information about the effects of this compound in 5 different pain
areas (Acute and tonic pain, inflammatory pain, neuropathic pain,
postoperative pain and visceral pain), by comparing their activity on a
battery of 10 validated behavioral pain models with an ANS Biotech
reference historical database (Table 4). Assessment of the efficacy, and
analgesic effects of a single administration (2 pg/rat i.t.) of compound 8
were analyzed in the rat models of: Tail flick test in healthy rats, paw
pressure test in healthy rats, acetic acid-induced writhing, formalin test,
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Bennett model of peripheral mononeuropathy, oxaliplatin-induced
neuropathy, carrageenan-induced mechanical hyperalgesia, kaolin-
induced arthritis, Brennan model of incisional pain; and trini-
trobenzene sulfonic acid (TNBS)-induced visceral hypersensitivity
(Table 4).

Spared nerve injury

Under isoflurane anesthesia (5 % induction, 2 % maintenance in 2 L./
min air), skin on the lateral surface of the left hind thigh was incised. The
biceps femoris muscle was bluntly dissected to expose the sciatic nerve
and its three terminal branches (Decosterd and Woolf, 2000; Cai et al.,
2021). The common peroneal and tibial branches of the left sciatic nerve
were tightly ligated with 4-0 silk and axotomized 2.00 mm distal to the
ligation. The closure of the incision was made in two layers. The muscle
was sutured once with 5-0 absorbable suture: skin was auto-clipped.
Animals were allowed to recover for 7 days before any testing. SNI-
induced allodynia was quantified as percentage of maximum possible
allodynia using the formula: percentage allodynia = [(baseline
threshold - post-injury threshold)/baseline threshold] X 100. Reversal
of allodynia by compound 8, was quantified with respect to the area
under the threshold-time curve (using the trapezoidal method) over the
post-injection testing period. Data are reported as percentage of the
maximum possible anti-allodynia compared to a hypothetical situation
in which the drug brought withdrawal thresholds to their original
baseline (day 15 post-surgery).

Testing allodynia

As previously described the assessment of tactile allodynia (defined
as a decrease threshold to paw withdrawal after probing with normally
innocuous mechanical stimuli) consisted of testing the withdrawal
threshold of the paw in response to probing with a series of calibrated
fine (von Frey filaments). Each filament was applied perpendicularly to
the plantar surface of the rat’s paw held in suspended wire mesh cages.
Withdrawal threshold was determined by sequentially increasing and
decreasing the stimulus strength (the “up and down” method), and data
were analyzed with the nonparametric method of Dixon and expressed
as the mean withdrawal threshold (Bellampalli et al., 2019; Chaplan
et al., 1994).

Data analysis

Graphing and statistical analysis was performed with GraphPad
Prism (Version 9). All data sets were checked for normality using
D’Agostino & Pearson test. Details of statistical tests, significance and
sample sizes are reported in the appropriate table (see Table S1). All data
plotted represent mean + SEM.

Results

Ratiometric screening of betulinic acid derivatives on depolarization-
evoked calcium influx in rat DRG neurons

We previously reported that 20 uM of betulinic acid (BA, 1) extracted
from the desert lavender H. emoryi, inhibited ~90% of depolarization-
evoked calcium influx in rat dorsal root ganglia (DRG) neurons
(Gomez et al., 2022). Because of its promising antinociceptive activity,
additional derivatization studies were carried out to identify BA de-
rivatives with even greater selectivity and potency against calcium
channels. With this in mind, a collection of twenty-eight new molecules
were chemically synthesized (Figs. S1-32) modifying the R1, R2, and R3
groups of the pentacyclic triterpenoid structure of betulinic acid (1) and
its naturally-occurring analog betulin (2).

To first test the functional effect of the betulinic acid and betulin
derivatives 3-31 on depolarization-evoked calcium influx, a lower
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concentration of compounds was used for the calcium imaging experi-
ments (10 uM instead of the 20 uM previously used (Bellampalli et al.,
2019). Primary rat DRG neurons seeded on coverslips were treated
overnight with 10 pM of the indicated compounds or 0.1 % DMSO as a
vehicle (negative) control. The following day, DRG neurons were loaded
with Fura2-AM for 30 min before being mounted in a perfusion chamber
for the imaging assay. To evoke the activity of calcium channels, 40 mM
KCl was used in the bath and the resulting calcium influx following the
depolarization stimulus was measured at the peak (Fig. 1) (Gomez et al.,
2022). When compared to DMSO, betulinic acid (1) at 10 uM inhibited
depolarization-evoked calcium influx by ~50 % (Fig. 1). This represents
a ~40 % reduction in inhibition when compared to incubation with 20
uM of compound 1 (Gomez et al., 2022). Seven compounds, including
betulinic acid analogs 4, 8, 9, 14, and betulin analogs 18, 20, and 24
demonstrated more than 50 % inhibition (underlined in Fig. 1). Three of
these — 8, 14, and 18 — exhibited robust inhibition of ~65 % (Table S1
lists statistical tests and significance values for all data). Due to the
strongest inhibitory effect in the depolarization-evoked calcium influx
assay, we selected betulinic acid analog 8 and betulin analog 18 for
further investigation. Analog 14 was not explored further as it shares the
same substituents on the triterpene scaffold, except for the epoxy group
in the sided-chain, which makes it more structurally related to 1.

Analog 8, but not 18, diminishes total calcium currents in DRG neurons

Voltage-gated calcium channels (VGCCs) are functionally expressed
in DRG neurons where they drive cell signaling functions. To investigate
whether currents through these VGCCs are modulated by compounds 8
and 18, we performed whole-cell patch-clamp recordings on isolated
small-to-medium diameter rat DRG neurons. As we previously reported,
overnight incubation with 20 uM of betulinic acid inhibited the activity
of VGCCs (Bellampalli et al., 2019). Because compounds 8 and 18 are
BA-analogs, DRG neurons were incubated in the same comparable
conditions (20 pM and overnight incubation) before proceeding with the
recordings. Fig. 2A shows representative family of traces from DMSO
and compound treated neurons - the amplitude of total calcium currents
in DRG neurons pre-treated with 8, but not 18, were smaller compared
to the control condition (0.1 % DMSO). To account for cell size differ-
ences, the current amplitude was normalized to the cell size and the
subsequent current density was plotted versus the voltage applied
(Fig. 2B). Both the current density (Fig. 2B) and the peak current
(Fig. 2C) show a ~55 % of reduction in the voltage-dependent calcium
influx in the presence of analog 8, while no change was observed with
analog 18. Neither analog 8 nor analog 18 affected the half-activation
voltage where 50 % of the maximal conductance level is reached (V;,
2) or the slope (k) of the steady-state inactivation and activation curves
(Fig. 2C and Table 1). These results show that compound 8 inhibits total
voltage-dependent calcium currents, similar to the findings observed
with betulinic acid (Bellampalli et al., 2019). Since analog 8 affected the
activity of VGCCs, we next interrogated if this compound affected spe-
cific subtypes of channels, focusing on N- and T-type calcium channels,
the reported targets of betulinic acid (Bellampalli et al., 2019).

Betulinic acid analog 8 inhibits N-type calcium currents

N-type calcium channels are expressed in small-to-medium diameter
rat DRG neurons where they are the major component of the total cal-
cium current (~70 %) (Scroggs and Fox, 1992). Changes in CaV2.2
function and expression in the pain pathway after nerve injury, in-
flammatory and postoperative pain have been reported (Murali et al.,
2015; Francois-Moutal et al., 2015; Bell et al., 2004). Because betulinic
acid (1) acts on N-type channels and because compound 8 has a high
structural resemblance to betulinic acid (1), we tested whether analog 8
could also affect N-type calcium currents. N-type currents were phar-
macologically isolated with a cocktail of channel blockers in the external
solution, including Nifedipine (i-type calcium channel blocker),



A. Calderon-Rivera et al.

10 uM- 40 mM KCI
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Fig. 1. Effect of betulinic acid and betulin analogs
on depolarization-evoked calcium influx in rat DRG

1 L 1 L sensory neurons. Peak calcium responses of female
° 1.0+ T 1 DRG sensory neurons incubated overnight with 0.1
2 7 N 1 j_ 1 % DMSO (vehicle) or 10 uM of BA analogs in
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§ ] ized to that of the vehicle and are shown as mean
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Fig. 2. Total calcium currents are inhibited by betulinic acid analog 8 in isolated dorsal root ganglia. (A) Representative family of total calcium currents recorded
from small- to medium-sized DRG neurons from female rats. (B) Current density-voltage relationship of control (0.1 % DMSO), analogs 8 and 18 evoked from —70 to
+60 mV for 200-milliseconds. (C) Summary showing peak calcium current density (DMSO —70.4 + 6.3, 8-31.7 + 3.2, 18-58.3 + 11.9). (D) Boltzmann fits for
voltage dependence activation and inactivation. Table 1 summarizes the half-maximal activation potential of activation and inactivation (V,2) and slop values (k) for
voltage-dependence activation and inactivation. n = 12-13 cells: error bars indicate mean + SEM; p values as indicated, one-way ANOVA with Tukey’s post hoc test

(see Table S1 for full statistics).

o-agatoxin (P/Q calcium channel blocker), SNX482 (R-type calcium
channel blocker), and TTA-P2 (T-type channel blocker; See methods for
details). DRG neurons were incubated overnight with analog 8 at 20 uM
or 0.1 % DMSO. Fig. 3A shows representative traces of N-type channels
with lower current amplitude when neurons were treated with analog 8
compared to DMSO. Current density—voltage relationship and peak
current density are shown in Fig. 3B and 3C and demonstrate that analog
8 reduced N-type current density by ~56 % when compared to the
control condition. Analog 8 did not modify the corresponding Boltz-
mann parameters of (Vy,2) or the slope (k) of activation or inactivation
(Fig. 3D and Table 2).

Analog 8 inhibits T-type calcium currents.

Since T-type Ca®" channels are important mediators of DRG neuron

excitability, we next tested the ability of compound 8 to block currents
via these channels (Choe et al., 2011; Cai et al., 2019). From a holding
potential of —90 mV, 200-ms depolarization steps (from —70 to 0 mV in
5 mV increments) were used to evoke T-type calcium currents (See
Methods for details). Representative family of T-type Ca2" currents are
shown in Fig. 4A. Both the current density—voltage relationship and
corresponding peak density (Fig. 4B and 4C) showed an ~ 40 %
reduction when compared to DMSO-treated cells. The resulting Boltz-
mann parameters (Vi/2) or the slope (k) reported in Table 3 remain
unaffected, except for a ~8 mV shift toward depolarization potentials in
the V3,2 of activation in neurons recorded in the presence of analog 8
(see Fig. 4D). This 8-mV shift suggests that the stochastic influx of cal-
cium through the T-type calcium channels at voltages near the resting
membrane potential is lower in the presence of analog 8 (Liu et al., 2019;
Liu et al., 2019). Notably, no effect of analog 8 was seen upon acute
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Table 1
Gating properties of total calcium currents recorded from DRG neurons.”

Total Ca*" DMSO Compound 8 Compound 18
Activation
Vi/2 0.8 +1.4(9) 1.8 + 2.0 (6) 1.8+ 2.2(7)
p = 0.904 p = 0.896
k 8.1+1.2(9 10.6 + 1.8 (6) 8.0 £2.0(7)
p = 0.468 p = 0.997
Inactivation
Vi2 —21.9+ 1.6 (9) —25.1 + 1.0 (10) —22.7 + 1.7 (7)
p=0.187 p=0.89
k —13.6 +1.5(9) -9.8 +£ 0.9 (10) -10.6 + 1.5 (7)
p =0.075 p =0.232

@ Values are mean + SEM calculated from fits of the data from the indicated
number of individual cells (in parentheses) to the Boltzmann equation: Vi,
midpoint potential (mV) for voltage dependence of activation or inactivation;
and k slope factor. These values correspond to data shown in Fig. 2. No statistical
differences were observed when compared with the control (DMSO). Data were
analyzed with one-way ANOVA with Dunnett’s post hoc test. Abbreviations:
DRG, dorsal root ganglia: DMSO, dimethyl sulfoxide.

treatment of HEK293T cells transiently transfected with CaV3.1, CaV3.2
or CaV3.2 channels (Fig. S33). Therefore, these data suggest that rather
than a direct block of T-type Ca?t channels, compound 8 could indi-
rectly modulate these channels and decrease their activity in DRG
neurons.

Compound 8 reduces calcium currents through CaV2.2 and CaV3.2
channels in heterologously expressed cells

To get further evidence of the potential selectivity of analog 8, we
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next tested it in HEK293T cells transiently transfected with the HVA
channels CaV1.2, CaV1.3 and CaV2.2, co-transfected with the ancillary
subunits 281 and B3 as well as on the LVA CaV3.1, CaV3.2 or CaV3.3 ol
subunits, which were transiently expressed alone. Whole cell patch
clamp recordings showed that the recombinant r-type currents through
CaV1.2 and CaV1.3 channels were not affected by an overnight incu-
bation with compound 8 (Fig. 5A). When CaV2.2 channels were
expressed in this cellular milieu, its activity was robustly reduced by
analog 8 (Fig. 5B). Fig. 5C shows analog 8 also inhibited CaV3.2 (by
~45 %), but not CaV3.1 and CaV3.3, T-type currents. Collectively, the
results from these heterologous cells show that compound 8 modulates
calcium current through a specific block of CaVv2.2 and CaV3.2 channels.

Table 2
Gating properties of N-type (CaV2.2) calcium currents recorded on DRG
neurons.”

N-type Ca®" DMSO Compound 8 p value

Activation

Vi 2.1+ 0.6 (11) 2.2+ 1.7 (8) 0.931
5.6 + 0.6 (11) 8.2+1.5(8) 0.134

Inactivation

Vi/2 —24.3 £ 2.4 (11) —20.2 + 3.6 (8) 0.37

k —17.6 +£ 2.5 (11) —17.4+3.5(8) 0.966

# Values are mean + SEM calculated fitting the data from the indicated
number of individual cells (in parentheses) to the Boltzmann equation: Vj,,
midpoint potential (mV) for voltage dependence of activation or inactivation;
and k slope factor. These values correspond to data shown in Fig. 3. No statistical
differences were observed between groups. Data were analyzed with t-test with
Welch’s correction. Abbreviations: DRG, dorsal root ganglia: DMSO, dimethyl
sulfoxide.
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Fig. 3. Analog 8 inhibits N-type (Cav2.2) calcium currents in dorsal root ganglia neurons. (A) Representative family of N-type calcium currents evoked by voltage
steps from —70 to +60 mV for 200-milliseconds. (B) Current-voltage relationship of control (0.1 %-DMSO), compound 8, evoked from —70 to +60 mV for 200-mil-
liseconds. (C) Peak calcium current density summarized as scatter plots (DMSO —44.0 + 7.52 (n = 11), 8 -18.8 + 2.7 (n = 10)). (D) Steady-state inactivation and
activation curves. To evaluate steady-state inactivation, currents were elicited by a 20 ms pulse at 10 mV after a 1500 ms pre-pulses ranging from —100 mV to 30 mV
in 10 mV increments from a holding potential of —60 mV. Table 2 summarizes the half-maximal activation potential of activation and inactivation (V;,2) and slop
values (k) for voltage-dependence activation and inactivation. n = 10-11 cells; error bars indicate mean + SEM; p values as indicated (see Table S1 for full statistics).
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Fig. 4. T-type calcium currents are reduced by compound 8. (A) Representative T-type Ca®" current traces evoked by voltage steps from —70 to 0 mV in increments
of 5 mV. (B) Average current density—voltage plot of control (0.1 % DMSO) and compound 8 (20 uM). Currents were measured from a holding potential of —90 mV
with voltage steps of 200 ms of duration applied at 0.5 s intervals in 5 mV increments (C) Peak current density summarized as scatter plot (0.1 %-DMSO, —60.1 + 5.0,
compound 8-35.3 + 5.7). (D) Boltzmann fits for and steady-state inactivation curves. After a 1.5 s pre-pulses ranging from —100 mV to —10 mV in 10 mV increments
from a holding potential of —90 mV. Half-maximal activation potential of activation, inactivation (V7,2) and slope values (k) for activation and inactivation are
presented in Table 3. n = 9-13 cells; error bars indicate mean + SEM; p values as indicated (see Table S1 for full statistics).

Table 3

Gating properties of T-type calcium currents recorded on DRG neurons."
T-type Ca%* DMSO Compound 8 p value
Activation
Va2 —27.1 + 2.0 (10) ~20.2 £ 1.0 (8) 0.007
k 9.2+1.9(10) 5.7 £ 0.85 (8) 0.113
Inactivation
Vi/2 —59.9 + 1.1 (10) —56.5 + 1.6 (8) 0.098
k —-8.2+ 1.0 (10) -9.8 £1.6(8) 0.404

@ Values are mean + SEM calculated from fits of the data from the indicated
number of individual cells (in parentheses) to the Boltzmann equation: V;,,
midpoint potential (mV) for voltage dependence of activation or inactivation;
and k slope factor. These values correspond to data shown in Fig. 4. No statistical
differences were observed between groups except for V;,, of activation. Data
were analyzed with t-test with Welch’s correction. Abbreviations: DRG, dorsal
root ganglia: DMSO, dimethyl sulfoxide.

Analog 8 reverses mechanical allodynia in the spared nerve injury model

Since the overall effect of blocking N- and T-type Ca®* channel can
result in amelioration of pain behaviors, we hypothesized that com-
pound 8 could reverse nociception in a neuropathic pain model. The
spared nerve injury model was selected because it robustly displays
persistent and relatively localized mechanical allodynia (Decosterd and
Woolf, 2000; Muralidharan et al., 2020). As shown in Fig. 6A, in rats
experiencing mechanical allodynia following SNI, intrathecal adminis-
tration of analog 8 (2 pg in 5 pl) significantly increased paw withdrawal
thresholds (PWTs), reaching a peak effect 3 h after its delivery. More-
over, the area under the curve was also increased in rats treated with 8
(Fig. 6B). These findings indicate that the betulinic acid analog 8 has

antinociceptive activity.

Analog 8 reverses nociceptive behaviors in experimental models of acute
and tonic formalin test

ANS biotech, a preclinical contract research organization exclusively
dedicated to the pharmacology of pain independently tested analog 8 to
establish whether this compound has analgesic efficacy in other pain
models (Darbaky et al., 2017; Gris et al., 2016; Silos-Santiago et al.,
2013). In their patented pain screen ALGOGram™, the potential anti-
nociceptive and analgesic activities of compound 8 was tested in ten
validated preclinical rodent models within the areas of acute and tonic
pain, neuropathic pain, inflammatory pain, post-operative pain, and
visceral pain (Table 4 and Fig. S34) (Gomez et al., 2022). The percentage
of analgesic activity of 8 against the vehicle group was compared to an
ANS Biotech certified confidential internal reference, which varies ac-
cording to the pain model used (Table 4). We previously reported that 1
reached maximum antinociceptive effect 2 h after administration in the
partial sciatic nerve ligation (pSNL), chemotherapy-induced peripheral
neuropathy (CIP), and HIV-induced sensory neuropathy (HIV-SN)
models of experimental pain. Therefore, based on these results, we chose
a time point of 2 hr to measure the effect of analog 8 (2 pg/rat, i.t.) in the
in vivo set of preclinical models assessed by ANS Biotech.

In healthy rats (without pain), paw pressure and tail flick tests
showed that a single administration of compound 8 preserved acute
mechanical and thermal sensitivity (-5.5 % and 0.5 % of analgesic ac-
tivity, respectively). These parameters are strongly altered in the pres-
ence of the internal reference morphine (66-67 % effect). Therefore, the
baseline nociceptive thresholds did not change when analog 8 was
administered.

In the acetic acid test (0.6 % acetic acid, parenterally administered),
characterized by abdominal writhing movements in rats, the analgesic
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Fig. 5. Compound 8 reduces calcium current through CaV2.2 and CaV3.2 channels expressed in HEK cells. Current density—voltage relationships from HEK cells
transiently transfected with plasmid constructs encoding CaV1.2 and CaV1.3 channels (A left), CaV2.2 channels (B left); CaV3.1, CaV3.2, and CaV3.3 channels (C,
left). The corresponding peak current densities are shown on the right of each I-V plot. Black symbols indicate overnight incubation with 0.1 % DMSO (control
condition). Pink symbols indicate cells treated overnight with 20 uM of compound 8. p values as indicated, Student’s t-test.
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Fig. 6. Betulinic acid analog 8 is antinociceptive 3 h after intrathecal

delivery. Time course (A) and quantification (B) of paw withdrawal

threshold (PWT) of male rats with neuropathic pain induced by

spared nerve injury (SNI). At 14 days following SNI, analog 8 was
- intrathecally administered (2 pg in 5 pl). Compound 8 produced
antinocieption 3 h following injection (vehicle 18.4 + 8.2 (n = 6),
analog 8 1.9 + 0.7 (n = 5)). p values as indicated, two-way ANOVA
with Mann-Whitney post hoc test (see Table S1 for full statistics). The
behavioral experiments were performed by an experimenter who was
blinded to the experimental groups and treatments.
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activity of analog 8 was 24.5 % (internal reference and % of analgesic
activity: (—) U50, 488 H, 100 %).

The antinociceptive effect of compound 8 was tested in a model of
persistent pain induced by 2.5 % Formalin (Shields et al., 2010).
Administration of compound 8 in this model produced 31.5 % and 45.5
% analgesic activity in the early and late phases, respectively (internal
reference: morphine with 65 % in early phase and 77 % in late phase). It
has been suggested that the early phase (also called short phase) seems
to be caused mainly by activation of nociceptors produced by discharge
of nociceptive nerves, while the late phase appears to be due to the
functional changes occurring in the dorsal horn of the spinal cord and/or
inflammatory sensitization of nerve endings (Tjolsen et al., 1992).

The model of chronic constriction injury (Bennett model) was used to
assay the effect of analog 8 in neuropathic pain. In this model, com-
pound 8 displayed modest anti-analgesic activity (—20 %) compared to
the vehicle-treated group (internal reference and % of analgesic activity:
morphine, 188 %). Moreover, in the oxaliplatin-induced peripheral
neuropathy model (10 mg/kg oxaliplatin) (51), the effect was —2%

(internal reference and % of analgesic activity: duloxetine, 66 %). In
addition, in the inflammatory pain model induced by intraplantar in-
jection of 2 % carrageenan, the analgesic activity was 2 % (internal
reference and % of analgesic activity: indomethacin, 92 %). However, in
a model of arthritis induced by 10%-kaolin, analog 8 was not efficacious
(—13 % of analgesic activity: internal reference and % of analgesic ac-
tivity: indomethacin, 64 %). On the other hand, compound 8 had a slight
analgesic activity in the Brennan model of post-operative pain (Brennan
et al.,, 1996) and in the 2,4,6-Trinitrobenzenesulfonic acid (TNBS)-
induced visceral pain model (50 mg/kg) (Darbaky et al., 2017; Silos-
Santiago et al., 2013) (11% and 6.5% of analgesic activity: internal
reference and % of analgesic activity: morphine, 107 %: and (-) U50,
488H, 168%). Individual raw data is available in Fig. S34. These results
show that analog 8 has antinociceptive effect across a breadth of pain
models with decreasing percent efficacies: Formalin test late phase
(45.5%) > formalin test early phase (31.5%) > acetic acid test (24.5%)
> Brennan model (11%) > TNBS (6.5%) > Carrageenan (2%).
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Table 4
Effect of a single administration (2 pg/rat i.t.) of compound 8 in ALGOGram."

Pain area Model (test) Compound Internal reference
8
Percentage Reference ID Percentage
of analgesic of activity
activity vs vs vehicle
vehicle
Acute and Healthy rats —5.5% Morphine, 4 67 %
tonic pain (paw pressure mg/kg s.c.,
test) T30 min
Healthy rats 0.5 % Morphine, 4 66 %
(tail flick test) mg/kg s.c.,
T30 min
Acetic acid 24.5 % (-) U0, 488H, 100 %
test 4 mg/kg s.c.,
(abdominal T30 min
cramps)
Formalin test 31.5% Morphine, 4 65 %
(paw licking mg/kg s.c.,
time early T30 min
phase)
Formalin test 45.5 % Morphine, 4 77 %
(paw licking mg/kg s.c.,
time late T30 min
phase)
Neuropathic Bennett —20 % Morphine, 3 188 %
pain model (Paw mg/kg s.c.,
pressure test) T30 min
Oxaliplatin —2% Duloxetine 66 %
(paw 100 mg/kg, p.
immersion 0., T60 min
test)
Inflammatory Carrageenan 2% Indomethacin 92 %
pain (paw pressure 30 mg/kg, p.o.,
test) T60 min
Kaolin (Gait —-13% Indomethacin 64 %
score) 30 mg/kg, p.o.,
T60 min
Post-operative Brennan 11 % Morphine, 4 107 %
pain model mg/kg s.c.,
(Electronic T30 min
Von Frey test)
Visceral pain TNBS (colonic 6.5 % (-) U50, 488H, 168 %
distension) 4 mg/kg s.c.,
T30 min

# Testing: 120 min after treatment. n = 4/model/test. Results are expressed for
each group as percentage of activity calculated from the mean value of the
vehicle-treated animals and compared to naive animals, control paw or cut-off
value depending on the test (from the ANS Biotech historical database (Dar-
baky et al., 2017; Gris et al., 2016; Silos-Santiago et al., 2013). All experiments
were done in a blinded manner.

Discussion

Capitalizing on our previous report of the analgesic activity profile of
betulinic acid (BA, 1) (Bellampalli et al., 2019), in this study we syn-
thesized twenty-eight pentacyclic triterpene analogs of BA and betulin
(2) to increase potency and efficacy. Of the compounds screened in
multiple in vitro orthogonal assays, we report compound 8, a BA analog,
as preferentially inhibiting N-type (CaV2.2) and T-type (CaV3.2) type
voltage-gated calcium channels. In vivo screening demonstrated that
compound 8 has potent antinociceptive activity in both formalin and
spared nerved injury (SNI) models of pain.

BA possesses three sites that are highly adaptable to substitution,
including the C-3 hydroxyl, C-20 alkene, and C-28 carboxylic acid po-
sitions. Fifteen of the twenty-eight analogs were derived from betulinic
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acid (1) while thirteen were betulin (2) analogs. Analogs 8 and 18
showed strong inhibition of depolarization evoked calcium influx,
slightly superior to 1, in DRGs. However, from recordings of total cal-
cium currents in DRG neurons with analogs 8 and 18, only compound 8
inhibited the current (~55 %), when compared with the vehicle-treated
cells. This reduction is similar to the ~51 % produced by betulinic acid
(compound 1) (Bellampalli et al., 2019). Moreover, the N-type current in
DRG neurons was likewise (~56 %) decreased by compound 8. The
inhibition imposed by analog 8 on CaV2.2 expressed in HEK293 cells
was >95 %, likely explained due the combination in the composition of
the ancillary subunits forming the functional channel, the specific splice
variant expressed, and/or lack of adequate number of y-subunits, or
intracellular regulatory proteins. Compound 8 also inhibited T-type
currents from DRG neurons by ~40 %, slightly lower than the ~50 %
inhibition we previously reported with compound 1 (Bellampalli et al.,
2019). When the activity of CaV3.1-CaV3.3 T-type isoforms, expressed
in HEK293 cells, was interrogated, compound 8 showed a preference in
blocking the activity of CaV3.2 channels over CaV3.1 and CaV3.3
channels. In contrast to the parent compound betulinic acid (1) which
caused acute inhibition of transiently expressed channels (Bellampalli
et al., 2019), no inhibition was observed with acute treatment with
compound 8. This finding suggests compound 8 likely works indirectly
to affect CaV3.2 channels, likely an effect on channel trafficking or
stability, reminiscent of the mechanism of action of gabapentinoids on
®28 subunit of calcium channels (Alles and Smith, 2017).

Both CaV2.2 and CaV3.2 channels have been demonstrated to be
important contributors to nociceptive signal transduction. CaV3.2 is
primarily involved in signal conductance along nociceptive neurons,
whereas CaV2.2 is primarily involved in synaptic transmission at the
dorsal horn (5). CaV2.2 channel expression predominates in DRG neu-
rons over other members of the VGCC family (Ramachandra et al.,
2013). Strong evidence supports a role for CaV2.2 in pain transmission
(Evans et al.,, 1996). CaV2.2 knockout mice demonstrated markedly
reduced responses in the phase 2 of the formalin test, indicating sup-
pression of inflammatory pain (Saegusa et al., 2002) as well as show
reduced symptoms of neuropathic pain after spinal nerve ligation
(Saegusa et al., 2002). Spinal antagonism of CaV2.2 by the synthetic
version of the conotoxin peptide ziconotide ameliorates severe pain
conditions (Zamponi et al., 2015). The CaV2.2 channels are also indi-
rectly inhibited by the gabapentinoids — gabapentin and pregabalin,
both of which are ligands of the auxiliary a2 subunits of these channels
— and are used to treat neuropathic pain, diabetic neuropathy, and
postherpetic and trigeminal neuralgia (Zamponi et al., 2015).

In addition to N-type VGCCs, T-type channels are crucial molecular
targets for the treatment of pain (Bourinet et al., 2014; Todorovic and
Jevtovic-Todorovic, 2011; Weiss and Zamponi, 2019). CaV3.2 is func-
tionally expressed in the soma of medium, and small size DRG neuros
(Scroggs and Fox, 1992; Nelson and Todorovic, 2006; Schroeder et al.,
1990; Nelson et al., 2005). It has been reported that ~30-40 % of all
CaV3.2-positive DRG neurons in mice and 20 % in rats express calcitonin
gene-related peptide (CGRP) (Rose et al., 2013). Small depolarizations
in DRGs can activate T-type currents via CaV3.2 channels and release
CGRP (Jacus et al.,, 2012). In the model of formalin, analog 8 was
intrathecally applied, suggesting that it may be inhibiting the trans-
mission of the sensory information in the spinal cord. As we previously
reported, BA inhibited sEPSC frequency, but not amplitude, supporting a
presynaptic mechanism of action.

Electrophysiological, pharmacological, molecular, and genetic ap-
proaches support the role of T-type currents, and particularly CaV3.2
channels in nociception. The activity and expression of CaV3.2 channels
is increased in DRG neurons and in the spinal dorsal horn during painful
pathological conditions, including chronic constriction injury (CCI), L5/
L6 spinal nerve ligation (SNL), partial sciatic nerve ligation, spared
nerve injury (SNI), and diabetic neuropathy (Harding and Zamponi,
2022; Cai et al., 2021). In both inflammatory and neuropathic pain mice
models, T-type currents are inhibited by blockers like mibefradil,
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ethosuximide, NNC 55-0396, Z944 and TTA-P2 (Joksimovic et al., 2018;
Lauzadis et al., 2020; Cai et al., 2021; Choe et al., 2011; Lee, 2014).
However, randomized clinical trials using the established T-type chan-
nel blockers ethosuximide and ABT-639 failed to meet clinical endpoints
in reducing pain and several adverse events were reported (Kerckhove
et al., 2018; Wallace et al., 2016; Ziegler et al., 2015). It has been pro-
posed that the low-threshold property of activation makes these chan-
nels an important factor in the initial membrane depolarization prior to
sodium spikes, which leads to burst firing and oscillatory behavior in the
thalamus (Perez-Reyes, 2003).

From the calcium imaging results, 40 mM-KCl depolarizes the
membrane close to —30 mV (estimated by the Nernst equation), at this
concentration the activation of low voltage-gated calcium channels is
expected. Moreover, the voltage-dependence of steady-state activation
and inactivation are important electrophysiological correlates of T-type
calcium channels that influences neuronal excitability (Nelson et al.,
2005; Dreyfus et al., 2010; Jagodic et al., 2007). The overlap of acti-
vation and inactivation curves generates a window current, which al-
lows passive calcium influx that contributes to the maintenance of the
resting membrane potential (Dreyfus et al., 2010). This changes in
pathological states, for example, the activation curve was reported to be
hyperpolarized in rat DRG neurons with neuropathic pain (Liu et al.,
2019; Liu et al., 2019). According to our findings, in DRG neurons, the
depolarizing shift in the voltage dependence of activation (V7,2) on T-
type currents treated with compound 8 may reduce the passive calcium
entry near the resting membrane potential. Together, the smaller T- and
N-type calcium currents recorded from DRG neurons could explain the
antinociceptive effect of 8, as this would influence the excitability
threshold of DRGs.

Given the structural similarities among the different isoforms of
VGCCs, discovery of drugs, small molecules, or natural products that
selectively target one subtype has, so far, proven difficult. Identification
of VGCC inhibitors that target more than one isoform has been investi-
gated by us and others (Shan et al., 2019; Bellampalli et al., 2019). In the
early 1990's, it was reported that Flunarizine, one of the most often used
treatments for migraine, potently inhibits T-type calcium channels but
also N- and i-type calcium channels (Tytgat et al., 1988, 1991; Tytgat
et al., 1996). Similarly, an ortho-phenoxyanilide derivative, MONIRO-1,
inhibits human CaV2.2-, CaV3.2- and CaV3.1-mediated currents in
HEK293 cells (McArthur et al., 2018). Besides betulinic acid, other
natural products derived from plants with analgesic properties have
shown to target multiple VGCCs. For example, gossypetin, a flavonoid
isolated from Hibiscus sabdariffa produces dose-dependent and long-
lasting mechanical anti-hyperalgesia that is attenuated in CaV3.2 null
mice and works by indirectly modulating CaV3.2 channel stability
(Gadotti et al., 2015). Physalin F, a steroidal derivative isolated from the
herb Physalis acutifolia, alleviates pain induced by Complete Freund’s
adjuvant, paclitaxel, and nerve ligation, by inhibiting N-type and R-type
calcium channels in DRG neurons (Shan et al., 2019). Moreover, Lav-
ender oil reduces calcium influx through different types of VGCCs such
as N-type, P/Q-type and T-type calcium channels (Calderon-Rivera
et al., 2022), resulting in alleviation of neuropathic pain induced by SNI
(Sanna et al., 2019). This evidence suggests that engaging more than one
VGCC can be beneficial for treating inflammatory and neuropathic pain,
espousing yet again the importance of a polypharmacological or
network pharmacology approach.

In summary, the synthesis and functional characterization of the
betulinic acid analogs reported here broaden our understanding of
pentacyclic triterpenoid analogs with analgesic properties and point to
its structure as a potential platform candidate for developing drugs with
anti-nociceptive activity due to their ability to target voltage-gated
calcium channels implicated in pain.
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