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Editor's Summary

To Soothe a Seizure

Although the root cause of such seizures is not known, they are associated with abnormal, highly synchronous
neuronal activity in certain brain regions. Voltage-gated ion channels, which have crucial functions in generating and
propagating neuronal signals, likely play a key role. Several lines of evidence link one type of ion channel, low voltage
−activated T-type calcium channels, to absence seizures. Using the structure of an N-type calcium channel blocker as
a starting point, the researchers designed and screened small, focused libraries of compounds in a high-throughput
assay that monitored calcium influx via a recombinant T-type channel. Two high-affinity T-type calcium channel
blockers, termed Z941 and Z944, were identified; Z944 was highly selective for T-type channels and exhibited a
preference for inactivated channels (the likely configuration in hyperexcited neurons). In a rat model of absence
epilepsy, both compounds markedly reduced the time spent in seizures and the number of seizures per hour. In
contrast to current first-line drugs for treating absence seizures, Z941 and Z944 also reduced the average seizure
duration and cycle frequency. Both compounds were well tolerated in rats.
Given its in vitro and in vivo activities, Z944 will progress to phase 1 clinical studies to test its safety in humans.
Further studies will be needed to determine whether its marked effects in the rat model of absence epilepsy translate
to the more complicated human condition.
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Some epileptic children and adolescents experience ''absence'' seizures hundreds of times a day. Although
apparently mild, these seizures −−so named because they involve a sudden, brief absence of consciousness−−can be
dangerous if they occur during swimming or driving, for example. Unfortunately, the drugs available for treating such
seizures are not completely effective. Tringham et al. sought to address this problem by rational drug design.
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T-Type Calcium Channel Blockers That Attenuate
Thalamic Burst Firing and Suppress Absence Seizures

Absence seizures are a common seizure type in children with genetic generalized epilepsy and are characterized by
a temporary loss of awareness, arrest of physical activity, and accompanying spike-and-wave discharges on an
electroencephalogram. They arise from abnormal, hypersynchronous neuronal firing in brain thalamocortical
circuits. Currently available therapeutic agents are only partially effective and act on multiple molecular targets,
including g-aminobutyric acid (GABA) transaminase, sodium channels, and calcium (Ca2+) channels. We sought to
develop high-affinity T-type specific Ca2+ channel antagonists and to assess their efficacy against absence seizures
in the Genetic Absence Epilepsy Rats from Strasbourg (GAERS) model. Using a rational drug design strategy that
used knowledge from a previous N-type Ca2+ channel pharmacophore and a high-throughput fluorometric Ca2+
influx assay, we identified the T-type Ca2+ channel blockers Z941 and Z944 as candidate agents and showed in
thalamic slices that they attenuated burst firing of thalamic reticular nucleus neurons in GAERS. Upon administration
to GAERS animals, Z941 and Z944 potently suppressed absence seizures by 85 to 90% via a mechanism distinct from
the effects of ethosuximide and valproate, two first-line clinical drugs for absence seizures. The ability of the T-type
Ca2+ channel antagonists to inhibit absence seizures and to reduce the duration and cycle frequency of spike-andwave discharges suggests that these agents have a unique mechanism of action on pathological thalamocortical
oscillatory activity distinct from current drugs used in clinical practice.

INTRODUCTION
Absence seizures are a common seizure type in children with genetic
generalized epilepsies (GGEs). Affected patients experience spontaneous, recurrent nonconvulsive seizures that are associated with
hypersynchronous oscillatory burst firing in both the thalamus and
the cortex. Although the molecular mechanisms underlying the development of epilepsy are poorly understood, voltage-gated ion channels
are likely to be critically involved because they are essential for the
initiation and propagation of neuronal firing and hence for seizure
generation and maintenance (1). A number of currently available drugs
for treating epilepsy are thought to act by affecting voltage-gated sodium
channels, but certain types of voltage-gated calcium (Ca2+) channels are
also involved in the generation of seizure activity (2, 3). In particular, low
voltage–activated (LVA) T-type Ca2+ channels have been implicated in
the pathophysiology of absence seizures (4, 5). Absence seizures are
generalized, nonconvulsive seizures characterized by temporary behavioral immobility and unresponsiveness that is accompanied by a distinct
pattern of bilateral spike-and-wave discharges (SWDs) on an
electroencephalogram (EEG) recording. Absence seizures most commonly affect children and adolescents; these individuals can experience hundreds of seizures per day, which can disrupt learning and
affect behavior and motor skills (6).
Although multiple Ca2+ channel subtypes exist that underlie distinct
physiological and pathophysiological functions (7), the fine control of
transmembrane Ca2+ influx in response to membrane depolarization
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is mediated primarily by the pore-forming a1 subunit (CaV) channel,
encoded by a family of 10 CaV genes (8). These channels can be categorized by the voltages at which they typically activate. The high voltage–
activated (HVA) Ca2+ channels are CaV1.1 to CaV1.4 (L types), CaV2.1
(P/Q type), CaV2.2 (N type), and CaV2.3 (R type); the LVA T-type Ca2+
channels are CaV3.1, CaV3.2, and CaV3.3. All three T-type isoforms
are expressed in the thalamocortical pathway, albeit differentially in the
thalamus and neocortex (9). A fundamental feature of absence epilepsy is the abnormal and inappropriate switching of the thalamocortical
circuitry from a tonic to oscillatory mode of firing, even during wakefulness (10). Although the causes of this pathological switching are uncertain, T-type Ca2+ channels in the thalamus and cortex are crucial
contributing factors (11, 12). These channels generate low-threshold
spikes, leading to both burst firing and oscillatory behaviors (13).
In addition, T-type Ca2+ channels are implicated in the action of certain anti-absence seizure drugs (14–16).
Several lines of evidence have implicated the CaV3.1 T-type channel in absence seizures and thalamocortical SWDs (17–19), as has the
CaV3.2 T-type isoform. In the Genetic Absence Epilepsy Rats from
Strasbourg (GAERS) model of absence epilepsy, CaV3.2 mRNA expression and T-type Ca2+ currents are elevated in reticular thalamic
nucleus (nRT) neurons (10, 20). Further, a missense mutation in the
GAERS CaV3.2 gene (R1584P) results in a gain of function of CaV3.2
biophysical properties in a splice variant–specific manner and correlates with seizures in F2 progeny rats produced from double-crossed
GAERS and NEC (nonepileptic control) animals (21).
In humans, point mutations and/or polymorphisms in both CaV3.1
and CaV3.2 channel genes occur in patients with GGEs, including absence seizures (22–26). In vitro studies on some of these alterations
show gain-of-function phenotypes of a more depolarized steady-state
inactivation, hyperpolarized voltage dependence of channel activation,
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of T-type channel blocker (Fig. 1B). Many compounds in this piperazine series containing bis(trifluoromethyl)phenyl-acetamide moieties
displayed high affinity for the T-type Ca2+ channel, although moderate affinity for the hERG potassium channel was also apparent. Further series of piperidine-based analogs were prepared by replacing the
benzhydryl moiety with open-chain secondary alcohols (Z2) as well as
tertiary amines (Z3). After several iterations of structure-activity relationships based on Z3, three series were identified in the amino methyl
piperidine class with the state-dependent fluorescence assay: (i) analogs
of Z6 (acidic sulfonamides), (ii) analogs of Z7 (aminoethyl amides),
and (iii) analogs of Z941/Z944 (glycinamides). This strategy allowed
for the construction of a putative pharmacophore containing a structural moiety that maximized hCaV3.2 inhibition and minimized hERG
activity. Testing the new chemical entities in the hCaV3.2 fluorometric
imaging plate reader (FLIPR) assay identified Z941 and Z944, and
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and/or increased channel plasma membrane expression, all of which
would be predicted to lead to neuronal hyperexcitability (27–31).
Together, the available evidence from animals and humans suggests that both the CaV3.1 and the CaV3.2 T-type Ca2+ channels play
prominent roles in absence epilepsy. Ethosuximide, a first-line drug
used to treat patients with absence epilepsy, is widely believed to act
by the pan-blockade of T-type Ca2+ channels in the millimolar plasma
concentration range (16). However, ethosuximide also affects other
ionic conductances and exhibits side effects in humans, such as drowsiness, ataxia, and blurred vision. Its precise mechanism of action remains
unclear with respect to T-type Ca2+ channels and to its anti-seizure effects (14, 16). In addition, a recent blinded randomized comparative
trial demonstrated that more than 40% of patients continue to have
absence seizures despite treatment with ethosuximide (32). Here, we
therefore aimed to identify small organic, orally available, high-affinity
T-type Ca2+ channel blockers for treatment of absence seizures.

RESULTS
Rational design T-type blockers identifies Z941
and Z944
The state-dependent inhibition of voltage-gated ion channels has been
proposed to be an important mechanism of action for a variety of therapeutic indications (33). Antiepileptic drugs such as phenytoin, lamotrigine, and carbamazepine all exhibit high affinity for the open and
inactivated channel states (34–36). During seizure activity, neuronal
hyperexcitability may drive channels into the open or inactivated states;
therefore, blockers targeting these states would preferentially affect
neurons undergoing high-frequency firing while sparing low-frequency
firing neurons, wherein channels are predominantly in the closed-state
configuration. We designed a fluorescence-based assay capable of rapid high-throughput identification of inactivation state–dependent T-type
Ca2+ channel blockers using human embryonic kidney (HEK) cells coexpressing the human CaV3.2 T-type channel (hCaV3.2) and the Kir2.3
inward rectifier potassium channel. The normal resting membrane potential (RMP) (Vm) of HEK cells (~−25 to −30 mV) puts T-type Ca2+
channels primarily into the inactivated state, and the presence of the
coexpressed inward rectifier allows for the manipulation of Vm by varying the extracellular potassium concentration, allowing control of the
CaV3.2 channel state.
We used the piperazine-based compound NP118809 (Z160; Fig. 1A),
a high-affinity N-type Ca2+ channel blocker efficacious in animal
models of inflammatory and neuropathic pain (37), and optimized
it for T-type blocking activity based on (i) structural novelty of the
class, (ii) demonstrated oral bioavailability and central nervous system
penetrance of the backbone, (iii) excellent off-target profile against
other ion channels such as the human ERG (hERG) potassium and
cardiac sodium NaV1.5 channels, and (iv) relative ease of synthesis.
We also sought to improve upon physiochemical properties by enhancing aqueous solubility and lipophilicity.
In vitro potency against the hCaV3.2 T-type channel was achieved
by varying regions of the piperazine scaffold designated as M1, M2,
and M3 (Fig. 1A). Several small focused libraries were designed, synthesized, and screened with the hCaV3.2 assay, resulting in compounds
with IC50 (the concentration of a substance required to inhibit the
activity of another substance by 50%) values below 500 nM for the
hCaV3.2 target. Z121912 is an example of the first generation of this class

Fig. 1. (A and B) Summary of the rational design strategy for the identification of Z941 and Z944.

www.ScienceTranslationalMedicine.org

15 February 2012

Vol 4 Issue 121 121ra19

2

these were compared to ethosuximide and valproate, two first-line antiabsence drugs (32). In this assay, both Z941 and Z944 inhibited hCaV3.2
channels with nanomolar affinities (Z941, IC50 = 120 nM; Z944, IC50 =
50 nM) and exhibited significantly improved potency (~600 to 3800
times higher) compared to ethosuximide (IC50 = 70 mM) and valproate
(IC50 = 190 mM; Fig. 2).
Z944 is highly selective for T-type channel blockade
The selectivity of Z944 was further investigated with a manual patchclamp assay against the hCaV3.1, hCaV3.2, and hCaV3.3 T-type Ca2+
channel isoforms, as well as several other voltage-gated ion channels
(see the Supplementary Material). Under conditions producing about
30% channel inactivation, the IC50 values for Z944 inhibition of the
hCaV3.1, hCaV3.2, and hCaV3.3 T types were all in the submicromolar
range (IC50 values = 50 to 160 nM; fig. S1). Similar examination of partially inactivated CaV2.2 channels showed that Z944 was about 70 times
more potent for T-type blockade than for blockade of the N-type channel (IC50 = 11 mM). Closed-state affinity was also measured, and fits of
concentration-dependent response curves yielded IC50 values of 130, 540,
and 260 nM for the recombinant hCaV3.1, hCaV3.2, and hCaV3.3 channels,
respectively (fig. S1). In this regard, the IC50 value of Z944 was 2.5- to 4-fold
lower for the inactivated state of T-type channels than for the closed state.
The blockade of CaV2.2 channels was also state-dependent (14-fold), with
an IC50 value of 150 mM for N-type channels in the closed state (fig. S1D).
We also examined the effect of Z944 on the rat CaV1.2 (rCaV1.2)
L type, the hERG potassium channel, and the human NaV1.5 sodium
channel (hNaV1.5) to assess its potential to trigger off-target cardiovascular effects (see the Supplementary Material). Z944 showed ex-

Fig. 2. Concentration-dependent inhibition of hCaV3.2 measured with an
inactivated channel state FLIPR assay. (A) Ethosuximide IC50 inactivated
state = 70 mM, slope = 2.1. (B) Valproate IC50 inactivated state = 190 mM,
slope = 4.4. (C) Z941 IC50 inactivated state = 120 nM, slope = 0.8. (D) Z944
IC50 inactivated state = 50 nM, slope = 1.5. Data are means ± SD. n = 4
wells per concentration fitted with a logistic function.

cellent in vitro selectivity against these targets, exhibiting about 50 to
600 times higher affinity for the neuronal T-type channels than these
cardiovascular-related channels (rCaV1.2 IC50 = 32 mM; hERG IC50 =
7.8 mM; hNaV1.5 IC50 = 100 mM; fig. S2).
Z944 was further tested for its potential to affect cardiovascular properties under more physiological conditions. Prolongation of action potential duration (APD) has been associated with ventricular arrhythmia,
including torsades de pointes, and therefore, we examined the effects of
Z944 on APD on isolated rabbit heart Purkinje fibers (see the Supplementary Material). At a concentration of 0.9 mM (~5- to 18-fold above
the IC50 values for T-type blockade) (fig. S1), Z944 did not affect APD,
action potential amplitude (APA), the maximum rate of depolarization
(dV/dtmax), or RMP (table S1). At a concentration (9.2 mM) about 58- to
180-fold above the IC50 values for inactivated-state T-type blockade, Z944
did not alter RMP, APA, or dV/dtmax but shortened the APD (table S1).
At the highest concentration tested (27.5 mM; ~170- to 550-fold above the
T-type IC50 values), Z944 did not alter Purkinje fiber APA or RMP, although it significantly shortened the APD and decreased dV/dtmax (table S1).
In another analysis, an in vivo cardiovascular safety pharmacology
study was conducted in telemetry-instrumented cynomolgus monkeys receiving, in a Latin four-way crossover design, single oral gavage doses of
Z944 (up to 45 mg/kg) (see the Supplementary Material). Z944 was well
tolerated at all doses, with no significant changes up to 4 hours after treatment in heart rate, mean arterial pressure, RR intervals, or QTc intervals
compared to vehicle-treated animals (table S2). Together, the results of
these studies demonstrated that Z944 did not induce prolongation of
APD in an in vitro preparation (table S1) and further revealed no adverse
effects on quantitative electrocardiogram parameters or arterial pressure
in vivo (table S2).
Z941 and Z944 potently suppress seizure activity in GAERS
We evaluated Z941 and Z944 in vivo for efficacy against absence seizures
in the GAERS model of absence epilepsy (38). The anti-absence seizure
effects of Z941, Z944, and the two standard-of-care drugs, valproate and
ethosuximide, were tested in GAERS by assessing time spent in seizure
activity, number of seizures per hour, and average seizure duration. Example EEG traces from GAERS after vehicle, Z944 (10 mg/kg), and
ethosuximide (100 mg/kg) treatment are shown in Fig. 3.
After intraperitoneal administration of drugs, significant differences
were seen between treatments for the primary endpoint and percent of
time spent in seizure activity [F1,7 = 13.74; P < 0.0001, one-way repeatedmeasures analysis of variance (ANOVA); Fig. 4A]. Post hoc analysis
showed that compared to vehicle treatment, all test compounds significantly reduced the time spent in seizure (P < 0.05). At both doses tested,
Z941 and Z944 significantly reduced the time spent in seizure and, at
the highest dose (30 mg/kg), almost completely suppressed seizure expression (85 to 90%). Similar results were observed concerning the number of seizures (F1,7 = 13.10; P < 0.0001, one-way repeated-measures
ANOVA; Fig. 4B), with both compounds significantly reducing this
outcome compared with vehicle (P < 0.05). We also observed significant differences in individual seizure duration at both doses of Z941
and Z944 compared to ethosuximide (F1,7 = 5.81; P = 0.0002, one-way
repeated-measures ANOVA; Fig. 4C). In contrast, even at 10 to 20
times higher doses than Z941 and Z944, ethosuximide and valproate
did not influence seizure duration compared to treatment with vehicle.
The effect on seizure duration by Z944 and Z941 was unexpected because previous studies of antiepileptic drugs that suppress seizures in
GAERS have all failed to show alterations in seizure duration (39–41).

www.ScienceTranslationalMedicine.org

15 February 2012

Vol 4 Issue 121 121ra19

3

Downloaded from stm.sciencemag.org on February 15, 2012

RESEARCH ARTICLE

RESEARCH ARTICLE

Z941 and Z944 have differential effects on the cycle
frequency of SWDs compared to ethosuximide
To further investigate the electrophysiological effects of Z941, Z944,
and ethosuximide, we assessed their ability to influence the characteristics of SWDs by examining the cycle frequency of SWDs in GAERS
during the seizures. A fast Fourier transform (FFT) of Z944 (30 mg/kg),
ethosuximide (100 mg/kg), and vehicle during both seizure activity
and interictal activity is shown in Fig. 5A. ANOVA analysis revealed

significant differences between the treatments in their effects on the cycle frequency of SWDs (P < 0.0001; Fig. 5B). Post hoc analysis revealed
that both Z941 and Z944 at 30 mg/kg reduced cycle frequency compared with vehicle treatment (P < 0.001), an effect that was not observed
after ethosuximide treatment at 100 mg/kg (P > 0.05). Given that Z941,
Z944, and ethosuximide all suppressed seizures, this differential effect,
coupled with the differing abilities of these compounds to reduce seizure duration, suggests that Z941 and Z944 blockers act via a different
mechanism in the thalamocortical circuitry than does ethosuximide.
Slow (delta) wave activity is not increased by Z944
Delta brainwaves are the largest, slowest waves (<4 Hz) in the EEG
and progressively increase during drowsiness and the sleep state. To
investigate whether our T-type blockers affected slow wave activity, we
quantitated the power of interictal delta wave activity for a 45-min period in freely moving GAERS after drug or vehicle administration. Delta
wave activity in GAERS after Z944 (10 mg/kg) (218.3 ± 25.8 mV2; n = 8) or
ethosuximide (100 mg/kg) (216.5 ± 25.1 mV2; n = 8) was not significantly different from that in rats after vehicle treatment (248.7 ± 22.6 mV2;
n = 8; P > 0.05, one-way repeated-measures ANOVA; Fig. 5C). These
data indicate that at efficacious doses, Z944 does not suppress seizures in
GAERS by increasing delta wave activity or inducing drowsiness.
Z941 and Z944 are well tolerated with minimal
neurotoxic effects in GAERS
Behavior was assessed in GAERS animals every 15 min to detect any
adverse effects of Z941 and Z944 (measurements were made for 60 min
before and 120 min after drug administration). A score of 0 indicated
normal movement, and a score of 4 indicated major motor abnormalities. The eight scores (one experiment per rat) were averaged,

Fig. 3. Effect of Z944 and ethosuximide on EEG. (A to C) Example EEG
traces from GAERS after intraperitoneal treatment with (A) vehicle, (B)
Z944 (10 mg/kg), and (C) ethosuximide (100 mg/kg).
www.ScienceTranslationalMedicine.org

Fig. 4. Effect of drugs on seizures
in GAERS. (A to C) Data represent
(A) the effect of drug treatment
on the percentage of time spent
in seizure activity, (B) the average
number of seizures per hour, and
(C) the average seizure duration
during the 120-min post–drug
test period. Eight animals were
used with a repeated-measures
design. ***P < 0.001 compared
to vehicle; †P < 0.05 or ††P < 0.01
compared to ethosuximide (ETX).
VPA, valproate.
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Fig. 5. Effect of drugs on cycle frequency of SWDs. (A) FFT of Z944, ethosuximide (ETX), and vehicle during both seizure (S) activity and interictal (I)
activity. The graph shows a shift in peak cycle frequency power from 8 to 6.5
Hz during seizure activity in Z944 (30 mg/kg)–treated animals when compared to ethosuximide (100 mg/kg) and vehicle. FFTs were averaged over
five interictal or seizure periods for each treatment. (B) Mean cycle frequency
of the SWDs (cycles per second) for the highest dose of the two Ca2+ channel
blockers Z941 (30 mg/kg) and Z944 (30 mg/kg) compared to ethosuximide
(100 mg/kg) and the vehicle. The cycle frequency of SWDs was obtained by
measuring the average cycle frequency of the first 10 clean seizures during the
120-min target period. (C) Quantification of the power of delta frequency activity (0
to 3.75 Hz.) on the EEG recordings during interictal periods in GAERS acquired for a
45-min period after intraperitoneal administration of Z944 (10 mg/kg), ethosuximide (100 mg/kg), or vehicle while the animals were awake and freely moving. The frequency power is plotted as mean ± SEM, n = 8 animals.
***P < 0.001 compared to vehicle; †††P < 0.001 compared to ethosuximide.

Z944 T-type Ca2+ channel blocker inhibits burst firing
in nRT neurons
In GAERS, CaV3.2 mRNA and T-type Ca2+ currents are both
elevated in nRT neurons (12, 42), and associate with an underlying
missense mutation (R1584P) in the CaV 3.2 channel; thus, we
examined the effects on Z944 in both nRT neurons and the cloned
rCaV3.2 containing the R1584P mutation. Specifically, the R1584P
GAERS mutation induces a splice variant–specific enhanced rate of
recovery from inactivation in CaV3.2 channels containing exon 25
(21). Application of 1 mM Z941 or 0.4 mM Z944 did not significantly
alter the rate of recovery of rCaV3.2 (+25, R1584P) mutant channels
from inactivation (Fig. 6). However, the fractional recovery from inactivation was significantly (P < 0.05) reduced at recovery interpulse
intervals greater than 1280 ms for Z941 and 2560 ms for Z944 compared to control currents recorded in 0.02% dimethyl sulfoxide
(DMSO) (solvent used to prepare compounds), which were slightly
facilitated (P2/P1 current = 1.10). On average, recovery was 89% for
Z941 and 93% for Z944 at a 5120-ms interpulse interval compared to
the DMSO control. Z944, in particular, was further examined for possible effects on fast inactivation (fig. S3) and on the kinetics of activation
and deactivation (table S3). With the exception of a slight alteration in
the slope of the fast inactivation curve, no significant effects were observed on these parameters. Given the observed state-dependent effects by Z944 on the T-type channels (fig. S1), we further tested
whether hCaV3.2 inhibition varied with the frequency of stimulation.
Three 5-s trains of action potentials at a frequency of either 1 or 20 Hz
were applied to cells expressing hCaV3.2 during perfusion of control
solution and solution containing 100 nM Z944. The degree of block
was measured by comparing the peak amplitude of a test pulse applied immediately after the trains of action potentials under control
conditions with the peak amplitude of a similar test pulse applied during perfusion of 100 nM Z944 (fig. S4). Z944 inhibited a significantly
greater percentage of hCaV3.2 channels during 20-Hz stimulation than
during 1-Hz stimulation (42 and 33% inhibition, respectively; P < 0.05;
table S4).
Neurons of the nRT normally express a combination of CaV3.2/CaV3.3
currents, and in both humans and GAERS, T-type channels in nRT
neurons are thought to be critically involved in absence seizures by
generating depolarizing bursts that in turn hyperpolarize thalamocortical neurons and thereby cause recovery of inactivated T-type Ca2+ channels, leading to increased membrane excitability (43–46). This excitability
can then lead to increased burst firing in thalamocortical neurons and
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and then group means were calculated for each dose. All treatments
were well tolerated by the animals, and the maximum toxicity score
recorded after any of the treatments was 1 over the 4-week crossover
period of treatment. The median sedation score on the five-point scale
(with 0 being no sedation and 4 being major sedation) for Z944 was
0.19 (10 mg/kg) and 0.14 (30 mg/kg) and for Z941 was 0.08 (10 mg/kg)
and 0.13 (30 mg/kg). These were not significantly different from the
median score for valproate (0.25), ethosuximide (0.19), or vehicle (0.05)
treatments (P = 0.060, Friedman ANOVA). Animal weight and also
behavior when handled were monitored for the duration of the experimental period. Additionally, animals were assessed by observation for
any adverse effects of drugs on grooming, fur appearance, gait, and
excretion. No significant long-term adverse effects were observed for
any of these parameters over the 4-week experimental period during
which drugs were administered.

the propagation of SWDs in the thalamocortical system (10). In this
regard, we examined the ensemble CaV3.2/CaV3.3 T-type Ca2+ currents
(Fig. 7) and burst-firing properties (Fig. 8) of nRT neurons for sensitivity
to Z944 in thalamic slice preparations from both GAERS and NEC

animals (Tables 1 and 2). Under voltage-clamp conditions, Z944 potently and completely inhibited the isolated T-type Ca2+ currents, induced by a −90- to −50-mV voltage step, in both NEC and GAERS
animals (IC50 values of 122 and 110 nM, respectively; Fig. 7A). Current density analysis revealed that T-type Ca2+ currents were blocked
in both NEC and GAERS (Fig. 7B) in a similar manner by Z944 (10
mM). The small residual current present between −30 and 0 mV after
Z944 application (Fig. 7B) is likely a result of a low level of contamination from HVA currents at these more depolarized test potentials.
The inhibition by Z944 was largely nonreversible in nRT neurons of
both strains after 30-min washout (Fig. 7C).
T-type Ca2+ currents underlie the low-threshold spike that induces
burst firing in neurons. Thus, we assessed the effects of Z944 on the
burst-firing properties of GAERS and NEC nRT neurons. Burst firing
was induced by applying depolarizing steps of increasing magnitude
(10-pA increments) until burst or tonic action potential firing was elicited. Z944 was applied at 1 mM, which blocks ~95% of the T-type Ca2+
channel current for up to 20 min. Z944 completely abolished burst
firing in GAERS nRT neurons without inhibiting their ability to fire
action potentials upon injection of an increased magnitude depolarizing current (Table 1 and Fig. 8, A and B). The charge required to induce action potential firing (calculated by current injected × time to first
action potential) was significantly increased by Z944, and the burst
inflection point (where the neuron depolarizes exponentially immediately before firing an action potential) was significantly depolarized
compared to before application and to DMSO controls in both strains,
consistent with a loss of LVA current. Furthermore, the number of action potentials fired during the burst time scale of 500 ms was significantly reduced, without alteration in the mean action potential maximum
membrane potential (Table 1). In addition, Z944 had no effect on the
RMP or input resistance, confirming that the effects were not due to
modulation of passive neuronal properties. The overall effect of Z944
was to effectively prevent nRT neurons from burst firing without affecting their ability to fire tonically, although Z944 did increase the
threshold level of the injected charge required for firing. To confirm
that the observed reduction in excitability was due to a direct effect of
Z944 on T-type Ca2+ currents and therefore the low-threshold spike,
we examined neuronal activity in the presence of 600 nM tetrodotoxin
(TTX) to block sodium currents and therefore action potentials. In
the presence of 1 mM Z944, we could not elicit a low-threshold
spike generated by T-type Ca2+ channels even when injecting a stimulating current that was double the amperage of those used to elicit a
low-threshold spike in the absence of Z944 (Table 2 and Fig. 8C, inset).

DISCUSSION

Fig. 6. Effect of Z941 and Z944 on rCaV3.2. (A) The kinetics of recovery
from inactivation were determined with a two-pulse protocol (P1, 400 ms
to −30 mV; P2, 50 ms to −30 mV) with a variable interpulse interval (5 to
5120 ms) applied every 20 s from a holding potential of −110 mV. Below are
representative CaV3.2 channel current traces. (B and C) The time course of
recovery from channel inactivation was fitted with a single exponent for
currents recorded in the presence or absence of Z941 and Z944. t = 354 ±
80 ms recorded in 0.02% DMSO, 312 ± 71 ms in 1 mM Z941 (B), and 354 ±
80 ms in 0.4 mM Z944 (C). Data are means ± SD. n = 5 to 11 cells per concentration. *P < 0.05, Student’s t test, compared to 0.02% DMSO control.

To identify high-affinity T-type Ca2+ channel blockers, we developed a
CaV3.2 T-type channel fluorescence-based assay that used the Ca2+sensitive dye Fluo-4 and, when combined with a coexpressed Kir2.3
inward rectifier, reliably differentiated between test compounds on
the basis of their affinity for distinct channel states. The channel state
was controlled by varying the extracellular potassium concentration to
modulate the cell membrane potential to alter the channel occupancy
state. At a low external potassium concentration, the HEK cell membrane potential is hyperpolarized, and T-type Ca2+ channels preferentially reside in the closed-channel conformation. Progressive increases
in extracellular potassium result in a greater degree of T-type Ca2+ chan-
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Fig. 7. Effect of Z944 on thalamic nRT T-type Ca2+ currents. (A) Concentrationdependent response curve generated by inhibition of the mixed CaV3.2/CaV3.3
current expressed in NEC (filled squares; n = 8) and GAERS (empty squares;
n = 6) nRT neurons by Z944. Inset: Representative traces of a GAERS nRT
T-type Ca2+ channel currents in the absence (black trace) or presence of
500 nM Z944 (dark gray trace) and 10 mM Z944 (light gray trace). Currents
were elicited by a step to −50 mV from a holding of −90 mV for a duration of
150 ms every 10 s until a stable baseline was achieved, then various concentrations of Z944 were applied. (B) Current density plot demonstrating GAERS
nRT currents in the absence (filled circles; n = 7) and presence (open circles;
n = 3) of 10 mM Z944. Inset: Currents were elicited at various potentials
beginning at −70 mV (duration, 200 ms) and then in increasing increments
of 5 mV from a holding potential of −90 mV every 10 s. (C) Representative
time course demonstrating nonreversible inhibition of GAERS nRT T-type
Ca2+ channel currents under voltage clamp in response to 1 mM Z944 and
wash off. Inset: Currents were elicited by a step to −50 mV from a holding of
−90 mV for a duration of 150 ms every 10 s. Data are means ± SEM.

Fig. 8. Effect of Z944 on burst firing in thalamic nRT neurons. (A) Representative traces from a GAERS nRT neuron in current clamp, showing voltage responses to a depolarizing current (+80 pA; inset), which is the threshold for
burst firing in control (black trace) but the subthreshold for firing after application of 1 mM Z944 (gray trace). (B) Representative traces from the same
GAERS nRT neuron as in (A), showing voltage responses to a depolarizing
current of greater magnitude (+120 pA; inset), which is suprathreshold for
burst firing in control (black trace) but threshold for tonic firing after
application of 1 mM Z944 (gray trace). (C) Representative traces from a GAERS
nRT neuron in the presence of 600 nM TTX, showing voltage responses to a
depolarizing current (+100 pA; lower inset), which is threshold for lowthreshold spiking in control (black trace) but subthreshold for low-threshold
spiking after application of 1 mM Z944 (gray trace). Upper inset: Representative traces from the same GAERS nRT neuron, showing voltage responses to
a depolarizing current of greater magnitude (+190 pA; inset), which is suprathreshold for low-threshold spiking in control (black trace) and still subthreshold after application of 1 mM Z944 (gray trace).
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Table 1. Burst properties of thalamic nRT neurons. Rin , input resistance.

Threshold current for firing (pA)
Time to first action potential (ms)

Control
(n = 5)

Z944 (1 mM)
(n = 5)

DMSO
(1:10,000)
(n = 3)

70.0 ± 14.8

154 ± 23.4*

80.0 ± 15.3

86 ± 12.1

85.9 ± 24.4

99.5 ± 12.3

157.2 ± 54.2

100.0 ± 12.7

8.2 ± 1.1

19.7 ± 2.7*

10.14 ± 1.2‡

−64.5 ± 1.8

†

−64.9 ± 4.6‡

†

5.3 ± 1.5‡

118.9 ± 3.5

Charge to first action potential (nC)
Burst inflection point (mV)

GAERS

114.8 ± 27.4

8.4 ± 1.8

15.4 ± 1.3*

−66.0 ± 1.9

†

Threshold number action potentials

−52.3 ± 3.5

4.8 ± 0.8

Mean action potential peak Vm (mV)

1.0 ± 0.0

7.2 ± 2.9

‡

−62.9 ± 1.7

§

5.3 ± 1.9

Control
(n = 5)

‡

‡

Z944 (1 mM)
(n = 5)

DMSO
(1:10,000)
(n = 3)

150 ± 19.5†

102.5 ± 7.5

−52.7 ± 3.1

4.4 ± 0.7

9.1 ± 4.0

12.6 ± 2.8

8.7 ± 3.7

8.3 ± 5.8

1.2 ± 3.7

RMP (mV)

−82.1 ± 2.0

−82.4 ± 2.1

−81.2 ± 1.0

−79.9 ± 2.4

−80.1 ± 2.3

−81.4 ± 4.2

Rin (megohm)

188.2 ± 28.8

163.0 ± 14.11

183.8 ± 36.5

148.7 ± 12.7

162.3 ± 18.3

161.8 ± 22.3

*P < 0.05, paired t test, control versus 1 mM Z944.
control versus 1 mM Z944.

†P < 0.005, paired t test, control versus 1 mM Z944.

Table 2. Low-threshold spike (LTS) properties of nRT neurons.
NEC
Control
(n = 5)
LTS magnitude (mV) 19.5 ± 5.2

3.7 ± 10.3

1.2 ± 0.2

Z944 (1 mM)
(n = 5)
0.4 ± 0.6*

GAERS
Control
(n = 5)

Z944 (1 mM)
(n = 5)

19.3 ± 4.3

−0.4 ± 0.4*

RMP (mV)

−78.2 ± 1.9 −76.7 ± 1.7

−76.9 ± 2.7 −76.2 ± 3.7

Rin (megohm)

183.2 ± 31.5 175.7 ± 39.6 183.5 ± 25.4 153.2 ± 21.1

*P < 0.005 (paired t test).

nel inactivation. In epilepsy, and in particular absence epilepsy, T-type
Ca2+ channels are critical for the generation of burst firing in thalamic
neurons, which leads to generalized SWDs in cortical and thalamic structures (46–48). We predicted that this anomalous increase in neuronal activity (burst firing), which drives channels into the inactivated state, would
be inhibited by agents that target the inactivated channel state. Such agents
are predicted to reduce the activity of neurons undergoing high-frequency
firing while largely sparing low-frequency firing neurons in which channels would be predominantly in the closed-channel state.
Deriving knowledge from a previous pharmacophore that blocked
the N-type Ca2+ channel (37) and combining this with a high-throughput
fluorometric assay, we identified two high-affinity submicromolar blockers, Z941 and Z944, which had preferential affinity for T-type Ca2+
channels in their inactivated state. Z944 also inhibited CaV3.2 channels
in a frequency-dependent manner, as well as completely suppressed
burst firing of thalamic reticular nucleus neurons.
In the well-established GAERS absence epilepsy model, the two
small-molecule, organic T-type blockers Z941 and Z944 reduced seizure activity and had pronounced effects on the electrophysiological
characteristics of SWDs. Further, in thalamic slices, Z944 eliminated
the burst firing in nRT neurons by abolishing low-threshold spiking. It
is likely that the excitability of other neural substrates that contribute
to SWDs such as neocortical and thalamocortical neurons, which also
exhibit burst firing evoked by low-threshold Ca2+ potentials (43, 48–53),

‡P < 0.05, unpaired t test, 1 mM Z944 versus DMSO.

§P < 0.001, paired t test,

is similarly affected by our T-type Ca2+ channel blockers. The
marked effect of Z941 and Z944 on seizures in GAERS may in part
be a result of their submicromolar affinity for all three T-type channel
isoforms; they are about 600 to 3800 times more potent than that for
ethosuximide and valproate. Direct infusion of ethosuximide into the
perioral region, but not into the thalamus, of GAERS immediately reduces SWDs (54–56). Ethosuximide similarly inhibits all three T-type
Ca2+ channel subtypes (15), and its observed effects in vivo may at
least in part result from inhibition of T-type currents in the neocortex,
a region in which the CaV3.1 and CaV3.3 isoforms are diffusely
expressed in most layers, and CaV3.2 expression is restricted to layer
5 cortical pyramidal neurons. Local oscillations originating in perioral
somatosensory neurons of layer 5/6 have been proposed to lead to
the generation of SWDs, which then propagate to other cortical and
thalamic nuclei (57–61).
Inhibition of the CaV3.1 T-type channel also likely contributes to
the anti-absence effect of Z941 and Z944; CaV3.1 channels have been
implicated in the generation of absence seizures and epilepsy by the
finding that CaV3.1 knockout mice are resistant to baclofen-induced
SWDs (17). Additionally, mice that result from cross-breeding CaV3.1
knockout mice with other mutant mice that exhibit absence seizures
show strong or complete suppression of cortical SWD paroxysmal activity (18). Conversely, overexpression of CaV3.1 channels in mice promotes frequent bilateral cortical SWDs and causes elevated T-type Ca2+
currents in thalamocortical neurons (19). Given the potency of Z941
and Z944 at the three T-type isoforms, it is probable that these compounds suppress burst firing not only in the nRT but also in the thalamocortical neurons of the sensory thalamus. For example, neurons
of the ventrobasal thalamus project to and receive projections from
the somatosensory cortex and are also intrinsically involved in absence
seizure propagation. Because these neurons predominantly express the
CaV3.1 isoform, Z941 and Z944 may have anti-absence seizure effects
on this region in addition to those observed in the nRT.
In further support of the notion that pan–T-type channel blockade
is relevant to control of absence seizures, the CaV3.2 T-type isoform has
also been implicated in the pathogenesis of absence epilepsy; CaV3.2
mRNA expression (42) and T-type currents (12) are both elevated in
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the nRT neurons of the GAERS model of absence epilepsy (10, 20).
Additionally, in a study of WAG/Rij rats, which also display cortical
EEG patterns characteristic of absence epilepsy (62), a mixed CaV3.1
and CaV3.3 blocker dose-dependently reduced the total time spent in
seizures. Elevated T-type currents have also been reported in murine
models of spontaneous absence epilepsy, in which crossbreeding with
CaV3.1 knockout mice results in animals with marked or complete
suppression of cortical SWD paroxysmal activity (18, 63, 64). Overall,
Z941 and Z944 likely target the predominant neural circuitry involved
in SWDs by inhibiting the ictogenic properties of the cortical neurons,
as well as by disrupting the resonant circuitry of the thalamocortical
and nRT neurons, all of which differentially express multiple T-type
channel isoforms.
Unlike ethosuximide, Z941 and Z944 reduce both the duration and
the cycle frequency of the SWDs in GAERS, suggesting that ethosuximide may exert its anti-absence effect through a different mechanism.
Although ethosuximide is thought to exert its anti-absence actions
through T-type channel blockade, this notion has been questioned
by recent work demonstrating its actions on other voltage-gated channels implicated in epilepsy pathophysiology (16). Indeed, ethosuximide
inhibits persistent voltage-gated Na+- and Ca2+-activated K+ currents
in thalamic and cortical pyramidal neurons in layer V (14, 16). Ethosuximide treatment has also been reported to result in an increase in
g-aminobutyric acid (GABA) levels and a decrease in glutamate levels
in the motor cortex in a genetic rat model of absence epilepsy (65). One
potential explanation for the differential effect on the cycle frequency
of Z944 compared with ethosuximide is Z944’s ability to reduce recovery from channel inactivation, possibly by stabilizing channels in the
inactivated state. During SWDs, T-type Ca2+ channels are likely driven
repeatedly into the inactivated state, which in the presence of compounds such as Z941 and Z944 would be stabilized, thereby reducing
the availability of channels and slowing the cycle frequency. Although
the clinical significance of the reduction in cycle frequency remains to
be determined, it appears that Z941 and Z944 affect SWDs in a different manner than does ethosuximide.
Low-threshold currents driven by T-type Ca2+ channels in the thalamocortical neurons are believed to play a role in sleep (52). Mice in
which the CaV3.1 gene has been deleted show impaired spindle and
delta waves that are generated and propagated by thalamic neurons
during nonrapid eye movement sleep, although slow waves originating
from the cortex are unaffected (66). In addition, deletion of CaV3.1 in
the thalamus of mice results in destabilization of sleep, with animals
experiencing frequent arousals (67). Conversely, a compound identified
as a pan–T-type Ca2+ channel blocker (TTA-A2) reduces wakefulness
and is proposed to enhance sleep in mice (68). At seizure-suppressing
doses, we noted no significant sedative effects in Z941- or Z944-treated
GAERS. Consistent with this, Z944 did not increase delta wave activity
on cortical EEG recordings in freely moving GAERS. Thus, it appears
that structurally distinct classes of T-type antagonists can affect sleep
architecture in different manners, with the piperidine glycinamides
that we report here selectively reducing absence seizure activity without enhancing sleep activity.
Epileptic seizures exhibit different properties and involve multiple
distinct brain regions. Mechanistically, we have thus far examined
Z944 action only as it relates to nRT T-type currents and excitability,
and its effects on other pathophysiological relevant cell types in the
ventrobasal thalamus and somatosensory cortex have yet to be assessed.
A large percentage of absence patients are pharmacoresistant to first-

line human agents such as ethosuximide and valproate. At this point,
we cannot predict whether Z944, as a high-affinity, pan–T-type blocking compound that also exhibits state- and frequency-dependent effects,
will be an alternative treatment for pharmacoresistant patients. Further, whether the pronounced effects of Z944 toward absence seizures
in the highly inbred GAERS model translate to the more complex underlying genetics and pathophysiology of human seizures will need to
be assessed in patients.
On the basis of its overall favorable preclinical on- and off-target
activities both in vitro and in animal models, Z944 has been selected
for progression into phase 1 human studies to assess safety and exposure. Although it is a promising clinical candidate, there remain a
number of unknowns concerning the development of Z944 as a therapeutic for absence epilepsy. These include obtaining adequate exposure
levels in human plasma and brain as well as assessment of short- and
long-term adverse effects after repeated oral administration. T-type
Ca2+ channels may play a role in seizure phenotypes other than absence
seizures (for example, partial seizures) (69, 70), and these, as well as other diseases with T-type channel involvement such as pain (71), may
also benefit from this approach.
Together, our results substantiate the pivotal role of T-type Ca2+
channels in the generation and maintenance of SWDs in absence seizures.
Our automated, high-throughput assay and rational backbone-based drug
design strategy resulted in the identification of high-affinity T-type channel blockers that both effectively attenuate thalamic burst firing and are
highly efficacious in the GAERS model of absence seizures.

MATERIALS AND METHODS
Generation of stable cell line expressing recombinant
voltage-gated ion channels
See the Supplementary Materials.
High-throughput hCaV3.2/Kir2.3 T-type fluorescence assay
Cells were plated in 384-well, clear-bottom, black-walled, poly-Dlysine–coated plates (Becton-Dickinson) 2 days before use in the FLIPR
assay. Cells (100 ml) (1.2 × 106 cells/ml) containing doxycycline (SigmaAldrich, 1.5 mg/ml, to induce channel expression) were added to each
well with a Multidrop (Thermo Scientific) and were maintained in a 5%
CO2 incubator at 37°C. On the morning of the assay, cells were transferred to a 5% CO2 incubator at 29°C.
Cells were washed with a wash buffer containing 118 mM NaCl,
18.4 mM Hepes, 11.7 mM D-glucose, 2 mM CaCl2, 0.5 mM MgSO4,
4.7 mM KCl, and 1.2 mM KH2PO4 (pH adjusted to 7.2 with NaOH).
The fluorescent indicator dye Fluo-4 (4.4 mM) (Invitrogen), prepared
in pluronic acid (Sigma-Aldrich), was loaded into the wells and incubated for 45 min at 29°C in 5% CO2. Cells were then rinsed with a
7.6 mM KCl inactivated-state buffer (130.9 mM NaCl, 10 mM Hepes,
10 mM D-glucose, 1 mM CaCl2, and 7.6 mM KCl, pH adjusted to 7.4
with NaOH). Concentration-dependent response curves were generated from 5 mM stock solutions prepared in DMSO (Sigma-Aldrich)
and diluted in the 7.6 mM KCl buffer and incubated for 20 min at
29°C in 5% CO2. Calcium entry was evoked with the addition of 14.5 mM
KCl stimulation buffer (126 mM NaCl, 10 mM Hepes, 10 mM D-glucose,
1 mM CaCl2, and 14.5 mM KCl, pH 7.4 adjusted with NaOH). A
change in the Fluo-4 fluorescence signal was assessed with a FLIPR
instrument (Molecular Devices) for 3 min after the elevation of
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extracellular KCl using an illumination wavelength of 470 to 495 nm
with emissions recorded at 515 to 575 nm.
Concentration-dependent response curves were obtained by comparing the fluorescence signal in the presence of compound and fitted
with a logistic function (Eq. 1) to obtain the IC50 value of the relative
light unit (RLU) signal with OriginPro v.7.5 software (OriginLab).
y¼

Ln
Kd þ L n

ð1Þ

To assess the quality of the FLIPR assays, we used the Z factor (Eq. 2)
to quantify the suitability of the assay conditions using the following
equation:
Z¼1−

3 SDsample þ 3 SDcontrol
meansample − meancontrol

ð2Þ

Data are expressed as means ± SD.
CaV3.2 T-type channel voltage-clamp recordings
Before hCaV3.2 T-type Ca2+ currents were recorded, the culture medium
in 35-mm dishes was replaced with extracellular solution containing
142 mM CsCl, 10 mM D-glucose, 2 mM CaCl2, 1 mM MgCl2, and 10 mM
Hepes (pH adjusted to 7.4 with CsOH). Borosilicate glass patch pipettes pulled (2 to 6 megohms) from borosilicate glass with a P-97
puller (Sutter Instruments) and fire-polished (Narishige) were backfilled with intracellular containing 126.5 mM Cs-methanesulfonate,
2 mM MgCl2, 10 mM Hepes, 11 mM EGTA, and 2 mM Na-ATP
(adenosine triphosphate) (pH adjusted to 7.3 with CsOH), and experiments were performed in the whole-cell configuration with an Axopatch
200B patch-clamp amplifier (Molecular Devices) at room temperature (~21°C). pCLAMP 9 or 10 (Molecular Devices) was used to create,
record, and subtract leak and uncompensated capacitance currents online with a P/4 protocol. Recordings were low pass–filtered at 1 kHz
(−3-dB four-pole Bessel filter) and digitized with a Digidata 1320A,
1322A, or 1440A (Molecular Devices) at 20 kHz. Test compounds were
prepared as 10 mM stock solutions in DMSO and diluted in extracellular buffer. Solutions were applied by a gravity-driven multibarreled
array of custom microfils (World Precision Instruments) connected
by Teflon tubing (24 gauge, Scientific Commodities) to Teflon syringes
(Savillex) and controlled by solenoid valves (VC-8 valve controller, Warner
Instruments). Details of the voltage protocols are provided in the Results section and the Supplementary Material. Data were analyzed and
fitted with OriginPro v.7.5 software (OriginLab). CaV3.2 T-type Ca2+
channel currents were fitted with the applicable equations: logistic fit
to obtain IC50 values (Eq. 3) or Boltzmann function for determining
the voltage dependence of channel activation and inactivation (Eq. 4).
2

3

6 max − min
n 7
y¼4
5 þ min
½drug H
1 þ IC50

y¼

max − min
1 þ eðVm − Vh Þ=k

Data are expressed as means ± SD.

ð3Þ


þ min

ð4Þ

Thalamic slice patch-clamp recordings
P10-P20 GAERS and NEC rats (male and female; bred by the Zoology
Department at The University of British Columbia, Canada) were briefly anesthetized with halothane and killed by cervical dislocation, and
the brains were rapidly removed. Brain tissue was glued to a cutting
chamber, which was filled with ice-cold sucrose solution containing
234 mM sucrose, 24 mM NaHCO3, 1.25 mM NaH2PO4, 11 mM glucose, 2.5 mM KCl, 0.5 mM CaCl2, and 10 mM MgSO4, bubbled with
95% O2/5% CO2. Horizontal brain slices (350-mm thick) were cut from
the level of the ventral nRT and incubated for a minimum of 1 hour at
34°C in recording solution containing 126 mM NaCl, 2.5 mM KCl,
26 mM NaHCO3, 1.25 mM NaH2PO4, 2 mM CaCl2, 2 mM MgCl2,
10 mM glucose, 1 mM kynurenic acid, and 0.1 mM picrotoxin, bubbled with 95% O2/5% CO2. Slices were then transferred to the recording chamber superfused with recording solution and maintained at 33°C
to 35°C. nRT neurons were visualized with a DIC microscope (Axioskop
2-FS Plus, Carl Zeiss) and infrared camera (IR-1000, Dage-MTI) and
visually identified by their morphology and orientation.
All recordings were undertaken with a Multiclamp 700B amplifier
and pCLAMP software version 9 (Molecular Devices). The recording
chamber was grounded with an Ag/AgCl pellet. Whole-cell voltage-clamp
recordings were undertaken with fire-polished borosilicate glass pipettes
(3 to 5 megohms) filled with an intracellular of composition containing
140 mM Cs-methanesulfonate, 10 mM Hepes, 0.5 mM MgCl2, 11 mM
EGTA, 1 mM CaCl2, 5 mM tetraethylammonium-Cl, 4 mM MgATP, and
0.5 mM NaGTP (sodium guanosine triphosphate) (pH adjusted to 7.2
with CsOH and osmolarity adjusted to 290 mOsm/kg with D-mannitol).
TTX (600 nM), 4-aminopyridine (2 mM), tetraethylammonium-Cl (10 mM),
CdCl2 (50 mM), and nimodipine (1 mM) were added to the recording
solution to reduce contamination from non-LVA T-type Ca2+ channel currents. The liquid junction potential for voltage-clamp solutions was
calculated as +9.7 mV and corrected online. To construct a concentrationdependent response curve, we superfused the cells with Z944 after
stable baseline recording. Percentage block of T-type Ca2+ channel current was calculated, and pooled data were plotted on a log scale and
fitted with a Hill equation (Eq. 5), where y = fraction of binding sites
filled, Kd = dissociation constant, L = ligand concentration, and n =
Hill coefficient.

y¼

Ln
Kd þ Ln


ð5Þ

Current density for the HVA and LVA current was measured by
applying 200-ms depolarizing test steps at 5-mV increments from −85
to 0 mV, from a holding potential of −90 mV. This protocol was repeated with a 50-ms depolarizing step to −20 mV preceding the test
step, which removed the fast-inactivating LVA component, isolating
the HVA component. The isolated HVA component was then subtracted
from the HVA + LVA current recorded previously to isolate only the
T-type Ca2+ current. This was then normalized to whole-cell capacitance to yield the current density. Currents recorded under voltageclamp conditions were sampled at 20 kHz and filtered at 2.4 kHz,
and leak current was subtracted with online P/5 subtraction.
Whole-cell current-clamp recordings were undertaken with firepolished borosilicate glass pipettes (4 to 6 megohms) filled with
the following solution containing 120 mM K-gluconate, 10 mM
Hepes, 1 mM MgCl2, 1 mM CaCl2, 11 mM KCl, 11 mM EGTA,
4 mM MgATP, and 0.5 mM NaGTP (pH adjusted to 7.2 with KOH
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and osmolarity adjusted to 290 mOsm/kg with D-mannitol). The liquid
junction potential for current-clamp solutions was calculated as +13.3 mV
and corrected off-line. To evaluate cell response to hyperpolarization and
depolarization, we injected the current from −110 to +190 pA in 10-pA
increments for a duration of 1.2 s at the cell’s intrinsic RMP. Neurons that
did not exhibit burst firing (as determined by a minimum of three action
potentials within 150 ms of the current step) in response to depolarizing
current steps were discarded. Voltage responses under current-clamp
conditions were sampled at 50 kHz and filtered at 10 kHz.
Data analysis was performed with Clampfit 9 software and Origin version 7.5. Data followed a normal distribution, and statistical significance
was calculated with one-way ANOVA with Tukey’s post hoc test considering a P value of <0.05 as significant. Data were plotted as means ± SEM.
Evaluation of anti-seizure activity of Z941
and Z944 in GAERS
GAERS are a well-validated genetic rat model of GGE with absence
seizures (72). The GAERS line was derived from a Wistar outbred rat
strain and selected for spontaneous spike-and-wave activity. The strain
used is fully inbred, and by 4 months of age, 100% of the animals express spontaneous absence seizures. The EEG brain wave recordings
during the seizures in GAERS show generalized SWDs that have an
abrupt onset and offset on a normal EEG background, closely resembling those seen during human absence seizures. During the seizures,
which usually last from 5 to 30 s, behaviorally, the rats show arrest of
activity and repetitive head nodding. The therapeutic profile of the seizures in GAERS is similar to that of human absences, being inhibited or
exacerbated by similar antiepileptic drugs (73, 74).
In vivo anti-seizure activity of Z941 and Z944 was assessed in eight
female epileptic GAERS (180 to 250 g and 18 to 26 weeks) bred in the
Ludwig Institute for Cancer Research, Melbourne, Australia. Rats were
housed in separate cages in a temperature- and humidity-controlled
room and allowed free access to rodent chow (WA stock feeders)
and water under 12:12 light/dark conditions in the Biological Research
Facility, Department of Medicine (Royal Melbourne Hospital), University of Melbourne. All experiments were approved by the Animal
Ethics Committee of the University of Melbourne.
Rats were implanted with extradural recording electrodes, as previously described (39, 74, 75). Briefly, rats were anesthetized either by
isoflurane (5% induction, 2.5 to 1.5% maintenance) in equal parts of
medical air and oxygen or by intraperitoneal injection of a mixture of
xylazine (10 mg/kg) and ketamine (75 mg/kg). Six burr holes were
drilled into the skull, and gold-plated electrodes were implanted without breaching the dura. The electrodes were then held in place with
dental cement (Vertex), and the rats were allowed to recover for 7 days
before commencement of the experimental procedures.
Experiments were performed in a quiet, well-lit room in home
cages. Wires were attached to the skull electrodes and connected to
a computer running Compumedics ProFusion digital EEG acquisition
software. EEG data were acquired at a sampling rate of 256 Hz without application of filters. After 60-min habituation, rats received intraperitoneal injections of drug, and after a further 15 min, the EEG was
acquired for 120 min—the test period. Drug treatments were randomized, with at least 48 hours between treatments, and consisted of Z941
(10 or 30 mg/kg), Z944 (10 or 30 mg/kg), ethosuximide (100 mg/kg
in 0.9% saline; Sigma), sodium valproate (200 mg/kg in 0.9% saline;
Sigma), or the vehicle for Z941 and Z944 (10% DMSO in 0.5% carboxymethylcellulose). Over a 5-week period, each rat received all

treatments (crossover design) in a randomized manner with a
48-hour washout period between dosing of test compound, control
vehicle, and positive control articles. Each drug was coded such that
the experimenter was blinded to the drug being administered.
Clinical observations of neurotoxic adverse effects were assessed
every 15 min throughout the 120-min test period. These were quantified according to an ordinal scale of 0 to 4: 0, no sedation, normal
movement; 1, slight sedation, slow movement but alert when startled;
2, mildly sedate, reduced struggle to restraint; 3, sedate, not moving in
cage, but does respond to provocation; 4, very sedate, catatonic and unable to stand when provoked. The eight scores (taken for one experiment per rat) were then averaged, and group means were calculated for
each treatment. Animals were also monitored daily for general health
throughout the study period (that is, weight gain and fur condition).
SWDs were detected automatically with the Mighty EDF1 EEG
viewing software (version 1.3.3), custom-designed to quantify seizures
in GAERS, and subsequently manually checked by an investigator
blinded to the treatment group of the animals. The following criteria
were used: SWD burst of amplitude of more than three times baseline,
a frequency of 6 to 12 Hz, and duration of longer than 0.5 s (76).The
total percentage time spent in seizure activity, the average seizure duration, and the number of seizures were calculated for each experiment.
The cycle frequency of the SWDs (Hz) was analyzed for the highest dose of the Z941 (30 mg/kg) and Z944 (30 mg/kg) compared to
the vehicle DMSO and ethosuximide treatments. The analysis was
performed with Clampfit 10.2 software (Molecular Devices). For each
rat for each of the four treatments, the frequency of SWD was measured by obtaining the average cycle frequency of the first 10 seizures
during the 120-min target period. Note that for some traces, there were
no seizures or fewer than 10 seizures during the entire 120-min period,
so the average was obtained from a lesser number of seizures.
Evaluation of delta wave activity of Z944 in GAERS
Interictal EEG traces from GAERS receiving Z944 (10 mg/kg), ethosuximide (100 mg/kg), or vehicle intraperitoneally were analyzed for
delta wave power with NeuroScan software (Compumedics). For this,
the EEG recording for the first 45 min after the drug administration
was selected. The 45-min block was then broken into 1-min intervals,
which were analyzed with 2-s epochs. The epochs were manually reviewed, and any containing seizure activity or contaminated by artifact
was excluded from the analysis. An FFT was applied to the remaining
epochs, and the power for the delta activity (0 to 3.75 Hz) in each
window was calculated. Any outliers, which were determined as points
in which an individual value was greater than or less than twice the SD
for the relevant band power, were removed from analysis.
Statistical analysis
Statistical analyses were performed with GraphPad Prism version 4.00
for Windows (GraphPad Software) using repeated-measures ANOVA
and, if appropriate, Bonferroni post hoc tests with planned comparisons
to compare between individual treatments. All data are expressed as
means ± SEM, and differences were considered significant when P < 0.05.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/4/121/121ra19/DC1
Materials and Methods
Fig. S1. Concentration-dependent inhibition of recombinant T- and N-type CaV channel currents by Z944.
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Fig. S2. Concentration-dependent inhibition of recombinant cardiac channel currents by Z944.
Fig. S3. Z944 does not affect the voltage dependence of hCaV3.2 fast inactivation.
Fig. S4. Protocol used to measure the frequency dependence of Z944 inhibition of hCaV3.2
currents.
Table S1. Effect of Z944 on action potentials in isolated rabbit cardiac Purkinje fibers.
Table S2. Evaluation of cardiovascular effects of Z944.
Table S3. Z994 does not alter the activation and deactivation kinetics of hCaV3.2 channels.
Table S4. Z944 inhibition of hCaV3.2 varied with frequency of stimulation.
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