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We developed a novel calcium (Ca®") channel agonist that is selective for N- and P/Q-type Ca>" channels, which are the Ca*>" channels
that regulate transmitter release at most synapses. We have shown that this new molecule (GV-58) slows the deactivation of channels,
resulting in a large increase in presynaptic Ca*" entry during activity. GV-58 was developed as a modification of (R)-roscovitine, which
was previously shown to be a Ca®>" channel agonist, in addition to its known cyclin-dependent kinase activity. In comparison with the
parent molecule, (R)-roscovitine, GV-58 has a ~20-fold less potent cyclin-dependent kinase antagonist effect, a ~3- to 4-fold more
potent Ca>* channel agonist effect, and ~4-fold higher efficacy asa Ca*>" channel agonist. We have further evaluated GV-58 in a passive
transfer mouse model of Lambert-Eaton myasthenic syndrome and have shown that weakened Lambert-Eaton myasthenic syndrome-
model neuromuscular synapses are significantly strengthened following exposure to GV-58. This new Ca>* channel agonist has potential
as alead compound in the development of new therapeutic approaches to a variety of disorders that result in neuromuscular weakness.

Introduction

Lambert—Eaton myasthenic syndrome (LEMS) is an autoim-
mune disorder of the neuromuscular junction (NMJ) that is
characterized by debilitating muscle weakness (Lambert et al.,
1956). Although LEMS is often a paraneoplastic syndrome
associated with small cell lung cancer, it can also be idiopathic
(Titulaer et al., 2011b). This muscle weakness has been shown
to be due to an auto-antibody-mediated removal of a fraction
of presynaptic P/Q-type (Ca,2.1) Ca*" channels, which pro-
vide the Ca*™ flux that normally triggers transmitter release at
the mammalian NMJ (Katz et al., 1996). Despite a LEMS-
induced compensatory expression of other calcium channel
types, the overall effect is a decrease in the quantal content of
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transmitter release from the NM]J (Vincent et al., 1989; Smith
et al., 1995; Flink and Atchison, 2002). There is no cure for
LEMS, and currently there are few symptomatic treatment
options available. One of the most common therapeutic
approaches is the use of the potassium channel blocker 3,4-
diaminopyridine (DAP), which indirectly increases presynap-
tic Ca*" entry by broadening the action potential waveform,
leading to an increase in transmitter release (Verschuuren et
al., 2006; Oh et al., 2009; Wirtz et al., 2009). However, DAP is
only partially effective in LEMS, and there are dose-limiting
side-effects including paresthesia, gastric symptoms, insom-
nia, and less commonly, seizures (Verschuuren et al., 2006; Oh
et al., 2009; Titulaer et al., 2011a). It would therefore be ben-
eficial to have access to more treatment options. An alternative
strategy would be to directly target the presynaptic Ca** chan-
nels involved in transmitter release.

(R)-roscovitine, a compound that was originally developed as
a cyclin-dependent kinase (Cdk) inhibitor (Meijer et al., 1997),
also displays direct Ca®" channel agonist effects that are indepen-
dent of Cdk effects (Yan et al., 2002; Buraei et al., 2005; Cho and
Meriney, 2006). (R)-roscovitine slows the deactivation kinetics of
N- and P/Q-type Ca®" channels by increasing their mean open
time (DeStefino et al., 2010), which leads to an increase in trans-
mitter release at synapses (Yan et al., 2002; Cho and Meriney,
2006). Although (R)-roscovitine does target the Ca*" channels
involved in transmitter release at the NM]J, the potent (R)-
roscovitine-mediated inhibition of Cdks presents a potential
source of undesirable side-effects if used for the treatment of
LEMS. Therefore, we set out to develop a novel analog of (R)-
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roscovitine with both reduced Cdk antagonist effects and stron-
ger Ca™ channel agonist effects.

Using strategic medicinal chemistry modifications to the
purine scaffold, we modified selected side chains present in (R)-
roscovitine and characterized the resulting compounds by patch-
clamp electrophysiological measurements of calcium current, as
well as in secondary kinase assays (Liang et al., 2012). Analogs
that displayed reduced Cdk activity and strong agonist effects on
calcium current were further evaluated using electrophysiologi-
cal recordings of transmitter release from LEMS model mouse
neuromuscular junctions. The most promising analog that
emerged from these studies, GV-58, has ~20-fold lower potency
as a Cdk antagonist, ~3- to 4-fold higher potency as a Ca*"
channel agonist, and ~4-fold higher efficacy as a Ca>* channel
agonist compared with the parent molecule, (R)-roscovitine.

Materials and Methods

Chemistry. (R)-roscovitine analogs were synthesized as reported previ-
ously (Liang et al., 2012) and used after they passed quality control anal-
ysis (liquid chromatography-mass spectrometry purity >92%).

Cell lines expressing Ca>* channels. Initial screenings of (R)-roscovitine
derivatives on N-type calcium channels were performed using a tsA-201
cell line that stably expressed the subunits of the N-type Ca®" channel
splice variant present in mammalian brain and spinal cord: Ca,2.2
rno, s (Ca 2.2 e[24a,A31a]), Ca, B, and Ca,«,8,. For subsequent eval-
uation of effects on N-, P/Q-, or L-type channels, tsA-201 cells were
transiently transfected with Ca,2.2, Ca,2.1, or Ca,l.3, in combination
with Ca, 3; and Ca,, 8, (Addgene) using FuGENE 6 (Promega). All cells
were maintained in DMEM supplemented with 10% fetal bovine serum.
For the stable cell line expressing N-type channels, 25 ug/ml zeocin, 5
pg/ml blasticidin, and 25 wg/ml hygromycin were added as selection
agents.

Whole-cell perforated patch-clamp recordings. To assess the effects of
(R)-roscovitine analogs, whole-cell currents through Ca** channels were
recorded using perforated patch methods as previously described (White
et al., 1997; Yazejian et al., 1997; Cho and Meriney, 2006). Briefly, the
pipette solution consisted of 70 mm Cs,SO,, 60 mm CsCl, 1 mm MgCl,, 10
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at pH
7.4. Cultured cells were bathed in a saline composed of 130 mm choline
chloride (ChCl), 10 mu tetraethylammonium chloride (TEA-CI), 2 mm
CaCl,, 1 mm MgCl,, 10 mm HEPES, at pH 7.4. Patch pipettes were fab-
ricated from borosilicate glass and pulled to a resistance of ~1 M().
Before each experiment, a stock solution consisting of 3 mg of
amphotericin-B dissolved into 50 ul of anhydrous DMSO was made. The
tips of the pipettes were dipped into pipette solution that did not contain
amphotericin-B for 5-10 s, and then backfilled with pipette solution that
contained amphotericin-B (7 ul amphotericin-B stock solution mixed
into 500 ul pipette solution, freshly made every hour). Using this ap-
proach, perforated patch access resistances were 7.41 * 1.75 M{)
(mean * SD, n = 68). Capacitive currents and passive membrane re-
sponses to voltage commands were subtracted from the data. Currents
were amplified by an Axopatch 200B amplifier, filtered at 5 kHz, and
digitized at 10 kHz for subsequent analysis using pClamp 10 software
(Molecular Devices). The liquid junction potential was subtracted dur-
ing recordings. The tail current integral was measured before and after
application of a compound, with the integral of each trace normalized to
its peak. All experiments were performed at room temperature (22°C).
Stock solutions of (R)-roscovitine and the analog compounds were dis-
solved in DMSO at either 50 or 100 mm and stored at —20°C. (R)-
roscovitine and the analog compounds were bath applied via a glass
pipette in a ~1.5 ml static bath chamber during whole-cell recordings of
calcium current. Control recordings performed with 0.1-1% DMSO
alone added to the drug delivery pipette solution revealed no significant
effects on whole-cell Ca?* currents. All other salts and chemicals were
obtained from Sigma-Aldrich.

Kinase screen of novel analogs. Each of the three novel analogs, along
with the parent compound (R)-roscovitine, was tested for kinase activity
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using the EMD Millipore KinaseProfiler service. Each compound’s ki-
nase inhibitory activity was tested at three different concentrations (0.2,
2, and 20 um) on five different kinases: Cdkl cyclinB(h), cdk2 cycli-
nA(h), cdk5 p35(h), mitogen-activated protein kinase [MAPK1(h)], and
myosin light-chain kinase [MLCK(h)]. All kinases were tested in the
presence of 10 um ATP.

LEMS passive transfer. To test GV-58 in a LEMS model NMJ, we used
an established LEMS passive-transfer mouse model (Fukunaga et al.,
1983; Lang et al., 1984; Fukuoka et al., 1987; Smith et al., 1995; Xu et al.,
1998; Flink and Atchison, 2002). To perform this passive transfer of
LEMS, mice were injected with the serum of patients diagnosed with
LEMS. Collection of serum from LEMS patients was performed follow-
ing the guidelines set forth by the University of Pittsburgh Institutional
Review Board (IRB). Serum from patients aBC2 and aCB was collected
using plasmapheresis. All other patient serum samples were obtained by
collecting patient blood samples in serum separator tubes (BD Vacu-
tainer Plus, BD Bioscience), which were spun down in a clinical centri-
fuge according to the manufacturer’s specifications to isolate the serum.
Each serum sample was tested for the presence of voltage-gated Ca**
channel antibodies using a Ca®" channel antibody radioimmune assay
(Kronus RIA kit). Control serum was obtained from the University of
Pittsburgh Medical Center blood bank. All serum, including control se-
rum, was filtered with a 0.22 um filter before the injection protocol.
Adult female CFW mice (2-3-months-old at beginning of passive trans-
fer; weighing 25-32 g; Charles River Laboratories) were divided into two
groups: one group that received LEMS serum, and a control group that
received control serum. Mice received an intraperitoneal injection on
day 1 of the treatment phase with 300 mg/kg cyclophosphamide to sup-
press immune responses, and were injected intraperitoneally once per
day for 24-30 consecutive days with either 1.5 ml serum from LEMS
patients or 1.5 ml control serum. In all cases, experimenters were blinded
to the injection conditions.

Intracellular recordings at mouse NMJs. Following the passive transfer
protocol, intracellular recordings to assess the LEMS-mediated deficit in
transmitter release were made in an ex vivo nerve-muscle preparation. A
thin upper arm muscle, the epitrochleoanconeus (ETA), was chosen for
these recordings (Bradley et al., 1989; Rogozhin et al., 2008). This ex vivo
nerve-muscle preparation was placed in a bath containing the following
in mm: 118 NaCl, 3.45 KCl, 11 dextrose, 26.2 NaHCOs;, 1.7 NaH,PO,, 0.7
MgCl,, 2 CaCl,, pH 7.4. The nerve was stimulated with a suction elec-
trode and muscle contractions were blocked by exposure to 1 um
u-conotoxin GIIIB (Alomone Labs). Microelectrode recordings were
performed using ~40-60 M) borosilicate electrodes filled with 3 M
potassium acetate. Spontaneous miniature synaptic events (mEPPs)
were collected for 1-2 min in each muscle fiber, followed by single nerve-
evoked synaptic activity (10—30 EPPs) that was collected with an inter-
stimulus interval of 5 s. A train of 10 EPPs was also collected in each
muscle fiber using an interstimulus interval of 20 ms. To analyze the data,
both the amplitudes and the areas under the waveforms (integral) were
determined after correcting each digitized point in each trace for nonlin-
ear summation (McLachlan and Martin, 1981). Data were collected us-
ing an Axoclamp 900A and digitized at 10 kHz for subsequent analysis
using pClamp 10 software (Molecular Devices).

Statistical analysis. Statistical analysis was performed using either
GraphPad Prism 5 or Origin 7 (OriginLab). For the dose-response anal-
yses on Ca?" current, each concentration of the four different com-
pounds was tested in 3—6 cells. For the dose-response analyses on kinase
activity, each of the three concentrations was tested in duplicates (n = 2)
for every compound except (R)-roscovitine, which was sent for kinase
screening three times (n = 6 for each concentration). Dose-response
curves for agonists were fit using the following equation: y = y, . /(I +
(ECs/1S] )*H) where [S] is the agonist concentration and ” H s the Hill
coefficient. Antagonist inhibition curves were fit with the equation: y =
Vnand (1 T ([A1/IC5,)" ™), where [A] is the antagonist concentration and
"H is the Hill coefficient. The fits were not weighted. Data are presented
as mean * SEM unless otherwise noted.
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commercial kinase screen that tested the
effect of these novel compounds and (R)-
roscovitine on several kinases, including
cdkl, cdk2, cdk5, MAPK1, and MLCK
(Table 1). We were focused on reducing
the antagonist activity of our novel ana-
logs on these three Cdks because (R)-
roscovitine is a potent inhibitor of all
three (Meijer et al., 1997). The ICs, values
for cdkl, cdk2, and cdk5 inhibition fol-
lowing exposure to (R)-roscovitine, GV-
05, ML-50, and GV-58 are shown in Table
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Figure1.  GV-58 showsincreased Ca*™ channel activity compared with ®)-roscovitine. 4, Structure of {®)-roscovitine and the
three novel analogs with the strongest Ca®* current agonist effects of the 24 analogs screened. Yellow circles indicate structural
differences compared with R)-roscovitine. B, Ca®™ channel agonist activity dose—response curves for each of the compounds
shown in A. *Each analog-modified tail current integral was normalized to its peak tail current and then divided by its respective
control (untreated) tail current integral (also normalized to its respective peak current) to calculate the final value. €, Representa-

1 (IC4, values for cdk2 determined in our
kinase screen were reported previously;
Liang et al., 2012). Together, the data on
Ca** channel and Cdk activity show that
GV-58 displays the most desirable prop-
erties of the compounds we have synthe-
sized and tested thus far, as it displays both
a greatly increased Ca** channel agonist
activity and a decreased Cdk antagonist
activity compared with the parent mole-
cule (R)-roscovitine (Table 1). For this
reason, we chose GV-58 as our lead com-
pound of interest and used it as the focus
of the remainder of this study.

tive tail current traces are displayed for each of the compounds, along with a control tail current trace (gray trace). Each trace was

obtained from a different cell and normalized at the peak for comparison. For B and €, data are color-coded to match the colored

structures in A. Error bars indicate SEM.

Results

Effect of novel analogs of (R)-roscovitine on Ca*>* channel
function

We previously reported the synthesis and structure of 24 novel
analogs of roscovitine (Liang et al., 2012). Briefly, after an analysis
of the available literature data for roscovitine analogs, we decided
to primarily investigate replacements of the benzylamine and
isopropyl side chains of the parent lead structure. The new com-
pounds were generated using this strategy and probed for relative
structure-activity relationships of Cdk versus calcium channel
interactions (Liang et al., 2012). We initially screened the effect of
these novel analogs of (R)-roscovitine on Ca*"* channel function
using the whole-cell patch-clamp technique on tsA-201 cells ex-
pressing N-type (Ca,2.2) Ca®" channels. Among the 24 com-
pounds synthesized and tested, three compounds in particular
exhibited a strong agonist effect on the Ca*>* channel tail cur-
rents: GV-05, ML-50, and GV-58 (Fig. 1A). For comparison, the
effect of (R)-roscovitine on N-type tail currents was also deter-
mined. By measuring the tail current integrals (first normalizing
each trace to its peak tail current amplitude and then normalizing
to control integrals), the ECs, values of (R)-roscovitine, GV-05,
ML-50, and GV-58 on N-type Ca*" channels, which were re-
ported previously (Liang et al., 2012), were determined and are
listed in Table 1. The maximal fold-increase in the tail current
integral relative to control was ~8-fold, ~13-fold, ~25-fold, and
~32-fold, when modified by (R)-roscovitine, GV-05, ML-50, and
GV-58, respectively (Fig. 1 B,C).

Effect of novel analogs of (R)-roscovitine on kinase activity

In addition to seeking a compound with greater Ca** channel
agonist activity than (R)-roscovitine, we also sought to synthesize
a compound with reduced Cdk antagonist activity. We used a

Selectivity of GV-58 for N- and
P/Q-type over L-type calcium channels
Using our lead compound with the best
profile (GV-58), we then tested the ago-
nist activity on P/Q-type channels (Ca,2.1) and L-type (Ca,1.3)
channels using the same voltage-clamp protocol. We found that
GV-58 had a very similar effect on P/Q-type channels as it did on
N-type channels (8.81 * 1.07 um vs 7.21 = 0.86 uMm for P/Q- and
N-type channels, respectively). Additionally, GV-58 increased
the P/Q-type channel tail current integral by ~33-fold compared
with control, similar to its effect on N-type channels (~32-fold).
Finally, GV-58 had no agonist activity (up to 100 um) on the
L-type a-subunit we tested (Ca,1.3; Table 1). In summary,
GV-58 greatly improved upon (R)-roscovitine in terms of our
properties of interest, with a ~4-fold increase in efficacy as an
agonist for N- and P/Q-type Ca*" channels, a ~3- to 4-fold
increase in potency as an agonist for N- and P/Q-type Ca>* chan-
nels, and a ~20-fold decrease in potency as a Cdk antagonist.

Evaluating LEMS passive transfer model mice

Having developed a novel Ca*>* channel analog with reduced
Cdk activity and potent Ca*>* channel agonist activity, we then
tested this analog in LEMS model mice. We used an established
LEMS passive-transfer mouse model (Fukunaga et al., 1983; Lang
etal., 1984; Fukuoka et al., 1987; Smith et al., 1995; Xu et al., 1998;
Flink and Atchison, 2002), which involves daily injections of IgG
or whole serum taken from patients who were diagnosed with
LEMS. Using this approach, we tested the effects of whole serum
injections from eight LEMS patients by measuring the quantal
content in mouse ETA neuromuscular junctions following the
passive transfer protocol (Fig. 2A), and comparing them to the
quantal content of mice that underwent a passive transfer proto-
col with injections of control human serum. The clinical profile
for each LEMS patient whose serum was studied is shown in
Table 2. Several patients’ serum caused no significant change in
quantal content compared with control (Fig. 2A, black bars;
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Table 1. Comparison of (R)-roscovitine and novel analogs EC,,/IC;, values (in pm) for activity at calcium channels and kinases

N-type (Ca,2.2) P/Q-type (Ca,2.1) L-type (Ca,1.3) Cdk1 (Cdk2 Cdk5 MAPK? MLCK?
(R)-roscovitine 27.58 £ 1.65 120° >100° 0.89 = 0.01 0.15 = 0.004 0.14 £ 0.01 >20 >20
GV-05 30.02 = 1.87 ND ND 10.46 = 2.77 3.04 =0.17 281 £091 >20 >20
ML-50 11.29 = 1.48 ND ND 1.77 = 0.04 0.26 = 0.0002 0.27 = 0.01 >20 19.45 = 8.65
GV-58 7.21 = 0.86 8.81 £ 1.07 >100° >20" 3.29 =043 3.03 =032 >20 >20

920 pum was the highest concentration used in kinase screens; therefore, an ICs, above 20 pm could not be reliably determined.

®Literature ECy, value for (R)-roscovitine on P/Q-type Ca 2™ channels taken from Buraei et al. (2007).
“No measureable agonist effect on L-type calcium channels up to 100 um.
ND, Not determined.

p > 0.05, one-way ANOVA with Tukey’s A
post hoc test), whereas other patient’s se-
rum showed moderate to strong changes
in quantal content compared with control
(Fig. 2A, white bars; p < 0.05, one-way
ANOVA with Tukey’s post hoc test). In ad-
dition to testing quantal content follow-

ing our passive transfer protocol, we also
performed an antibody radioimmune as-
say to determine the level of Ca“™ channel
antibodies in each patient’s serum (Fig
2B). In general, those serum samples that
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had detectable levels of Ca*" channel
antibodies, although the level of these an-
tibodies did not seem to correspond pre-
cisely to the level of quantal content
decrease (Fig. 2A,B). Our aim was to
choose a single patient’s serum for re-
peated testing of our novel calcium chan-
nel agonist to have a consistent passive
transfer effect in every mouse. For these
studies, we chose the serum from patient
aBC2 because the quantal content follow-
ing the passive transfer with this serum
(40.5 * 9.9; mean * SD, n = 49 termi-
nals) was significantly reduced compared
with control serum (102.4 * 25.1;
mean = SD, n = 41 terminals, p < 0.05,
one-way ANOVA with Tukey’s post hoc
test; Fig. 2A, C). EPP amplitude following
passive transfer with aBC2 serum was also
significantly smaller than EPP amplitude
of NMJs injected with control serum
(14.15 £ 0.64 mV, n = 49 vs 34.61 = 1.37
mV, n = 41 for aBC2 serum-treated NM]Js
and control serum-treated NMJs, respectively; p < 0.05, Stu-
dent’s ¢ test), but mEPP amplitude was not significantly different
between the two conditions (data not shown). Additionally, we
had sufficient serum from patient aBC2 to perform all of the
desired experiments. Therefore, all of the following experiments
were performed using mice that underwent our passive transfer
protocol using serum aBC2.

Serum

Figure 2.

GV-58 restores function in LEMS passive transfer NM]Js

Having developed a consistent LEMS passive transfer protocol,
we tested the effect of our novel compound (GV-58) on action
potential-evoked transmitter release from LEMS passive transfer
mouse NMJs. EPP amplitude and quantal content were deter-
mined in the vehicle (0.05-0.1% DMSQ) before a 30 min incu-
bation in 50 uMm GV-58, which was then followed by repeated EPP

Control PB EB PG JS aBC2 SH LE aCB

Control Serum

N

=

Screening LEMS patient sera for passive transfer to mice. A, Each patient’s serum was evaluated in our LEMS
passive transfer model by measuring quantal content following the passive transfer protocol. White bars with an asterisk
(*) indicate a significant decrease in quantal content compared with control serum-treated NMJs, whereas black bars
indicate no significant difference from control serum-treated NMJs. B, Each serum shown in A was also evaluated for levels
of voltage-gated Ca®™ channel (VGCC) antibodies. The level of these antibodies in serum did not always correlate with the
degree of the decrease in quantal content. (, Sample mEPP (insets) and EPP traces from a representative control (left) and
aB(2 serum-treated (right) NMJ. Error bars indicate SEM; * indicates significance (p << 0.05).

VGCC IgG (fmol/L)

N

——
Control PB EB PG JS aBC2 SH LE aCB
Serum

LEMS Serum (aBC2)

100 ms

|10mV

100 ms

Table 2. Clinical data of each LEMS patient from whom serum was obtained and
tested for this study

Age at (MAP ANNAT  P/Q-type Ca?*
Patient Age diagnosis increment (%) (%) channel antibodies ()
PB 62 52 500 — +
EB 66 57 331 — +
PG n 68 1300 — +
JS 56 2 109 ND -
aB(2 30 20 800-1600 + +
SH 61 55 78 + +
LE 54 45 400 — +
a(B 71 65 315 +

Compound muscle action potential (CMAP) increment is a common diagnostic marker for LEMS and refers to the
increase in CMAP size following a short exercise period (~10's; Oh et al., 2007).

ANNAT1, Antineuronal nuclear antibody type | (also known as “anti-Hu"); ND, not determined.
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Figure 3.

Vehicle Olom. Vehicle GV-58

GV-58 increases transmitter release at LEMS model NMJs. 4, Sample traces (overlay of 10 traces in each example) show the increase in EPP amplitude following a 30 min incubation in

50 pum GV-58 (red) relative to vehicle control (0.05—0.1% DMSO; blue). Dashed line indicates the mean EPP amplitude in the example vehicle-treated LEMS NMJ. B, Average of 10 traces from the
same NMJ before (blue) and after (red) 30 min incubation in 50 m GV-58 show a GV-58-induced widening of the EPP trace. €, Representative mEPP traces from the same NMJ before and after GV-58
application. D, The quantal content determined by measuring the peak (peak EPP amplitude divided by the average peak mEPP amplitude) was slightly, but significantly smaller following 50 1
olomoucine (Olom) application (left), but was significantly increased following 50 um GV-58 application (right). E, The quantal content determined by measuring the area (EPP area divided by
average mEPP area) was not significantly different following 50 um olomoucine application (left), but was significantly increased following GV-58 application (right). The scatter plots in both Dand
E represent the variability between individual synapses studied. Dashed line indicates the mean of each population. Error bars indicate SEM; * indicates significance (p << 0.05).

amplitude and quantal content measurements from the same
NM]Js with the GV-58 still present in the bath. EPP amplitude was
significantly increased from 13.00 & 0.56 mV (n = 73 terminals)
in vehicle-treated aBC2 serum NMJs to 19.44 + 0.98 mV (n = 73
terminals; p < 0.05, Student’s paired ¢ test) following application
of 50 uM GV-58 (Fig. 3 A, B). The quantal content (determined by
dividing the EPP peak amplitude by the mEPP peak amplitude)
in the LEMS passive transfer vehicle control NMJs was 38.0 =
12.8 (mean * SD, n = 73 terminals), and was significantly in-
creased after GV-58 exposure to 56.0 = 15.2 (mean * SD, n =73
terminals; p < 0.05, Student’s paired ¢ test; Fig. 3D). Further-
more, when the quantal content was determined from the area
(integral) under EPP and mEPP waveforms, the quantal content
in the vehicle controls was 38.3 * 12.7 (mean * SD, n = 73
terminals), and was significantly increased to 65.6 *= 15.0
(mean = SD, n = 73 terminals; p < 0.05, Student’s paired ¢ test;
Fig. 3E) following GV-58 application. The difference between the
compound’s effect on quantal content when measuring peak
(~62% increase) compared with its effect on quantal content
when measuring area (~92% increase) suggests that there is a
broadening of the EPP waveform caused by the action of GV-58
on Ca** channels (expected based on the GV-58-mediated slow-
ing of Ca®" current deactivation). To further explore this possi-
bility, we measured both the full-width at half-maximum
(FWHM) and the 90 to 10% decay time before and after GV-58
application. Figure 3B shows an overlay of the average EPP am-

plitudes in a sample NM]J before (blue) and after (red) GV-58
application. The FWHM increased significantly from 3.39 * 0.06
ms in the vehicle controls (n = 73 terminals) to 3.90 = 0.07 ms
following 50 um GV-58 application (n = 73 terminals; p < 0.05,
Student’s paired f test). Similarly, the 90 to 10% decay time in-
creased from 5.84 * 0.12 ms in vehicle controls (n = 73 termi-
nals) to 6.79 = 0.11 ms following GV-58 application (n = 73
terminals; p < 0.05, Student’s paired ¢ test). This indicates that
the effect of GV-58 cannot fully be appreciated by only observing
changes in peak EPP amplitude.

Previous reports have shown an increase in neurotransmitter
release following pharmacological block or knock-out of cdk5
(Fuetal., 2005; Kim and Ryan, 2010). To ensure that the observed
effect of GV-58 on transmitter release was not due to inhibition of
Cdks, we tested the effect of olomoucine on transmitter release at
LEMS passive transfer mouse NMJs. Olomoucine is a compound
that is structurally related to (R)-roscovitine and has potent Cdk
inhibitory activity (Vesely et al., 1994), but no Ca** channel
activity (Buraei et al., 2005). Application of 50 uMm olomoucine
caused a slight decrease in quantal content compared with vehicle
controls when measuring quantal content from peak (35.7 =
15.0, mean * SD, n = 23 vs 33.4 = 11.3, mean = SD, n = 23, for
vehicle controls and olomoucine, respectively; n < 0.05, Stu-
dent’s paired t test; Fig. 3D). The quantal content measured from
area in vehicle controls (36.1 * 14.3, mean = SD, n = 23) did not
significantly change after application of olomoucine (34.6 *
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11.2, mean * SD, n = 23; p = 0.16, Stu- A
dent’s paired t test; Fig. 3E). Therefore, the
effects of GV-58 on increasing action
potential-evoked transmitter release at
LEMS passive-transfer NMJs appear to be
due to effects on Ca** channels rather
than effects on Cdks.

In addition to analyzing the changes in

Control Serum

quantal content and EPP kinetics, we also === -

analyzed the effect of GV-58 on spontane-
ous transmitter release. Figure 3C shows
sample mEPP traces recorded in the vehi-
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cle control and following 50 um GV-58
application. The mEPP frequency was sig-
nificantly increased from 3.27 = 0.15s "
(n = 73) in vehicle controls to 10.45 =+
0.64s " (n = 73) following applicationof ~ C
50 uwm GV-58 (p < 0.05, Students paired ¢
test). Furthermore, the mEPP amplitude
did not significantly change following
addition of GV-58 (mean change in am-
plitude following GV-58 = 1.00 * 0.02,
n = 73; p = 0.86, Student’s one sample t
test), consistent with a presynaptic locus
for effects.

Finally, we determined the short-term
plasticity characteristics of our LEMS
model and the effect of GV-58 on these

Vehicle

properties by eliciting trains of 10 stimuli = ol B
at 50 Hz (Fig. 4). We first compared the
short-term plasticity characteristics of our

Figure4.

LEMS passive transfer model NMJs to
those of NMJs taken from mice that re-
ceived control serum injections. In the
control serum condition, there is almost
no facilitation, and by the 10" EPP in the
train there is a depression to ~66% of
the first EPP. The trains of stimuli in the
“aBC2” condition triggered EPPs that
were generally erratic in size during any
single train, but the overall average showed
facilitation throughout the 50 Hz train, with a peak facilitation
of ~120% at EPP 4 and a small facilitation of ~105% remaining
at the final EPP in the train. When both conditions are normal-
ized to the first EPP of the respective train, the control serum
condition (n = 41) is significantly different from the aBC2 con-
dition (n = 52) at each EPP in the train following the first (p <
0.05, Student’s ¢ test; Fig. 4A,B). We then compared the short-
term plasticity characteristics before (0.05—-0.1% DMSO vehicle)
and after application of 50 uM GV-58 in our LEMS passive trans-
fer model NMJs (Fig. 4C,D). The “Vehicle” condition shows fa-
cilitation throughout, with a facilitation of ~113% remaining at
the final EPP in the train. Following the application of 50 um
GV-58 in the same NMJs, there was a slight facilitation followed
by depression to ~94% at the final EPP in the train. Furthermore,
the “GV-58” condition was significantly different from the Vehi-
cle condition at every EPP following the first when both condi-
tions are normalized to the first EPP of the train (p < 0.05,
Student’s paired ¢ test; Fig. 4C,D).

Discussion

We have shown that directly targeting presynaptic Ca*>* channels
using a novel agonist can partially restore the deficiency of trans-
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Short-term plasticity during trains of stimuli. 4, Representative EPPs evoked by 50 Hz stimuli recorded from terminals
in control serum-injected mice (black) and aBC2 LEMS serum-injected mice (green). B, Plot of the average 50 Hz train data
normalized to the amplitude of the first EPP of the train for the two conditions shown in A. C, Representative 50 Hz trains for aB(2
LEMS serum-injected mice in the presence of the DMSO vehicle (blue), and aBC2 LEMS serum-injected mice following application
of 50 M GV-58 (red). D, Plot of the average 50 Hz train data normalized to the amplitude of the first EPP of the train for the two
conditions shown in €. The GV-58 condition was performed on the same set of NMJs as the vehicle condition following a 30 min.
incubation in 50 wm GV-58. Representative traces in A and € were chosen to display the differences in short-term plasticity
characteristics, rather than the differences in the first EPP’s amplitude (which were quite variable; Fig. 3), among the four condi-
tions. Asterisks in B and D indicate a significant difference between the two normalized EPP amplitudes below each asterisk as
determined by a Student’s t test in B or a Student’s paired t test in D. Error bars indicate SEM ; * indicates significance (p << 0.05).

mitter release in a LEMS passive-transfer mouse model NMJ. By
synthesizing and screening multiple analogs of (R)-roscovitine,
we identified a compound (GV-58) that has both a reduced Cdk
antagonist activity and an increased Ca®" channel agonist activ-
ity. Although further testing will be required to evaluate Ca®”"
channel agonists as viable treatment options for patients with
LEMS, our work suggests that directly targeting presynaptic Ca**
channels represents a new therapeutic paradigm for patients with
LEMS.

GV-58 effects on transmitter release

Our novel Ca*" channel agonist GV-58 increases the amount of
Ca*" influx through channels that open during an action poten-
tial, which in turn leads to an increase in the amount of transmit-
ter released (Fig. 3). This effect is not due to inhibition of Cdks, as
the potent Cdk inhibitor olomoucine had no agonist effect on
transmitter release (Fig. 3D,E). When determining how such a
Ca*" channel agonist would increase transmitter release at the
mammalian NMJ, it is useful to consider the calcium-dependent
mechanisms that normally regulate release at this synapse. The
adult mouse NM]J has been shown to contain ~850 very small
active zones (Ruiz et al., 2011; Chen et al., 2012), each of which
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contains approximately two docked synaptic vesicles (Nagwaney
etal., 2009). Because the entire adult mouse ETA neuromuscular
synapse releases ~100 vesicles normally following each action
potential stimulus (Fig. 2), the probability of release from each
active zone is ~12% (assuming a homogeneous release probabil-
ity across all active zones during low-frequency stimulation; Gaf-
field et al., 2009, although a heterogeneous distribution is also
possible; Wyatt and Balice-Gordon, 2008). There are an un-
known number of Ca** channels positioned with mouse NM]
active zones, but if there are relatively few present, and if they
have a low probability of opening as has been shown at the frog
NMJ (Luo et al., 2011), this may contribute significantly to the
low probability of release from each active zone. Furthermore,
the coupling between calcium channel opening and vesicle fusion
in these active zones may also be very low (similar mechanisms
appear to control release at the frog NMJ; Wachman et al., 2004;
Luo et al., 2011; Tarr et al., 2013). Under these conditions, a
calcium channel agonist like GV-58 would be expected to in-
crease the flux through a subset of open channels, increasing the
probability of vesicle fusion at these sites.

Interestingly, some NMJs show more than a threefold increase
in transmitter release after exposure to GV-58, whereas others
show a very small effect (Fig. 3 D, E, scatter plots). There are sev-
eral potential sources of variability in GV-58 effects on quantal
content. First, during our relatively short (30—60 min) exposure,
there may have been variable connective tissue barriers to diffu-
sion, which may have resulted in different concentrations of
GV-58 affecting particular NM]Js within the muscle. It is also
possible that the mix of calcium channels at LEMS model syn-
apses is variable when compared between NMJs (even in the same
muscle). Compensatory changes in Ca’>* channel expression
have been reported to include an upregulation of L-type Ca**
channel expression at the NMJ that might contribute to the trig-
gering of release at these disease model synapses (Flink and Atchi-
son, 2002), but L-type channels would not be sensitive to
modulation by GV-58 (see Table 1).

We have also shown that GV-58 partially restores normal
short-term plasticity characteristics in LEMS model mouse NMJs
(Fig. 4). One interesting observation is the lack of facilitation in
the 50 Hz train in control serum NMJs compared with the large
facilitation present in the 50 Hz train in LEMS serum-treated
NMJs. If many Ca”* channels contribute to the release of a single
vesicle within each active zone, as has been shown in multiple
CNS synapses (Eggermann et al., 2012; Tarr et al., 2013), then the
large facilitation in the LEMS serum-treated NMJs would be
caused by a smaller total intracellular Ca®" flux through fewer
calcium channels at each active zone. GV-58 would then com-
pensate by increasing the Ca®" influx through the remaining
Ca?" channels at the active zone. If, however, the mouse NM]
functions as has been reported at the frog NM]J, there may be an
approximately one-to-one relationship between Ca** channel
opening and vesicle fusion (Luo et al., 2011; Tarr et al., 2013).
Under these conditions at the small, isolated active zones present
at the mouse NMJ, an explanation for the increase in facilitation
observed in the LEMS serum-treated NM]Js is less straightforward. In
this scenario, if the opening of one Ca*" channel normally contrib-
utes to the release of one vesicle (Ca*" channel — release site coop-
erativity = 1), then simply removing Ca*" channels (as a result of
LEMS) should only reduce quantal content without affecting short-
term plasticity because each release site that lost a calcium channel
would simply drop out, with no change in the calcium flux at release
sites that had a calcium channel opening. On the other hand, if there
is a compensatory expression of other types of Ca>* channels in
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LEMS NMJs (Flink and Atchison, 2002), this may result in the inser-
tion of Ca>™ channels into sites further away from the vesicle and its
release machinery (Urbano et al., 2003). This could lead to a Ca**
channel-release site coupling such that it might be required that
more than one open Ca*>* channel provide the flux that is necessary
for the release of a single vesicle. Under these conditions, one would
predict an increased facilitation during a 50 Hz train compared with
control. GV-58 would then reverse this by increasing the Ca** influx
through each channel, thus increasing the likelihood that the flux
through a single channel could trigger the release of a synaptic vesi-
cle. Last, itis also possible that active zone structure and organization
is disrupted in the LEMS passive transfer NMJ (Fukunaga et al.,
1983). Disruption of active zone structure and organization could
alter the normally one-to-one Ca®" channel-to-vesicle coupling,
thus accounting for both the facilitation seen in the LEMS serum-
treated NMJs and the partial restoration of short-term plasticity
characteristics by GV-58 as described above. LEMS could induce
active zone disorganization in this scenario by disrupting the inter-
actions between Ca>" channels and active zone proteins following
the autoimmune-mediated removal of Ca>* channels. For example,
previous work has shown that preventing the interaction between
Ca** channels and the active zone protein laminin 82 induces active
zone disorganization similar to that seen in LEMS NMJs (Fukunaga
et al., 1983; Nishimune et al., 2004; Chen et al., 2011).

New calcium channel agonists as potential therapeutics for
LEMS patients

There are few symptomatic treatment options for LEMS, and
those that are available can sometimes be associated with un-
wanted side effects (Verschuuren et al., 2006; Oh et al., 2009;
Titulaer et al., 2011a). The currently reccommended symptomatic
treatment option (DAP) works to increase transmitter release by
broadening the action potential waveform to increase Ca** in-
flux (Verschuuren et al., 2006). Directly targeting the Ca*>* chan-
nels involved in transmitter release at the NMJ could represent an
alternative treatment option for LEMS patients. Additionally, a
Ca** channel agonist might be used in combination with DAP to
exert synergistic effects on transmitter release when both are ap-
plied at concentrations that are lower than what is required for
effects when either is given alone.

Before this study, the only known compound with agonist
effects on the Ca** channel subtypes involved with transmitter
release at the NMJ was (R)-roscovitine (Yan et al., 2002; Buraei et
al., 2005; Cho and Meriney, 2006). Our chemical modifications
of (R)-roscovitine have led to the generation of GV-58, which
represents a promising lead structure in the development of se-
lective calcium channel agonists. Additional chemical modifica-
tions to further reduce Cdk activity would be useful, but given
that these compounds compete with ATP for binding to Cdks
(De Azevedo et al., 1997), the high cellular ATP concentrations
(in the 1-10 mM range; Maechler et al., 1998; Kennedy et al,,
1999) are expected to outcompete compounds that bind with
affinities in the uM range.

In addition to the possibility of treating the muscle weakness
associated with LEMS, a direct Ca?" channel agonist could also
serve as a treatment option for other neuromuscular diseases
characterized by muscle weakness. In particular, a Ca>" channel
agonist would be expected to provide symptomatic relief for
some of the congenital myasthenic syndromes (Schara et al,,
2012), and perhaps myasthenia gravis caused by muscle-specific
kinase autoantibodies (Mori et al., 2012; Morsch et al.,2013). The
effects of GV-58 on animal models of other neuromuscular dis-
eases remain to be examined. Of course, before treatment options
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can be considered further, off-target effects, toxicity, and blood—
brain barrier penetrance will also need to be examined.

New calcium channel agonists as experimental tools

Independent of its therapeutic potential for treatment of diseases
characterized by neuromuscular weakness, a selective and potent
Ca*" channel agonist of the P/Q- and N-type Ca** channels
would serve as an important experimental tool for studying the
basic properties of these Ca>* channel subtypes. Just as the
L-type Ca®" channel agonists BayK 8644 and FPL64176 were
important in studies of L-type channel gating, conductance, and
kinetics (Hess et al., 1984; Zheng et al., 1991; Church and Stanley,
1996; Tavalin et al., 2004), an agonist of the P/Q- and N-type
channels would be equally useful in the study of their properties.
Furthermore, GV-58 may serve as a useful probe molecule in
studies of the calcium control of chemical transmitter release.
Even though (R)-roscovitine is an agonist of the P/Q- and N-type
channel subtypes, our novel compound GV-58 is more selective
and potent than (R)-roscovitine, and thus likely to be more effec-
tive for studies on basic P/Q- and N-type Ca** channel function.
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