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Abstract
The novel anti-epileptic drug lacosamide targets two proteins – voltage-gated sodium channels and
collapsin response mediator protein 2 (CRMP-2) – suggesting dual modes of action for
lacosamide. We recently identified the neurite outgrowth and axonal guidance protein CRMP-2 as
a novel partner and regulator of the presynaptic N-type voltage-gated Ca2+ channel (CaV2.2)
[Brittain et al., J. Biol. Chem. 284: 31375–31390 (2009)]. Here we examined the effects of
lacosamide on voltage-gated Ba2+ channels. Lacosamide did not affect Ba2+ currents via N- and P/
Q- channels in rat hippocampal neurons or L-type Ca2+ channels in a mouse CNS neuronal cell
line, respectively. N-type Ba2+ currents, augmented by CRMP-2 expression, were also unaffected
by acute or chronic lacosamide exposure. These results establish that the anti-epileptic mode of
action of lacosamide does not involve these voltage-gated Ca2+ channels.
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1. Introduction
Epilepsy is a serious medical condition characterized by seizures that result from
spontaneous disturbances of the brain’s normal electrical activity [1]. To combat two
hallmarks of seizure generation – hyperexcitability of neurons and hypersynchrony of neural
circuits – an arsenal of antiepileptic drugs (AEDs) have been developed. These AEDs act by
potentiating inhibitory pathways within the central nervous system, inhibiting excitatory
glutamatergic pathways, or inhibiting excessive neuronal firing [2]. Approximately 20–30%
of people with epilepsy continue to have seizures despite the use of existing AEDs and an
even larger percentage suffers from treatment side-effects of AEDs. Thus, there is an urgent
need for more effective and better-tolerated drug treatments. Lacosamide (LCM, Vimpat®)
is a new anticonvulsive drug in use as adjunctive therapy for partial-onset seizures and
diabetic neuropathic pain [3,4].

Preclinical studies have identified two targets of LCM’s actions. Lacosamide exerts a unique
action on its presumed pharmacotherapeutic target, the voltage-gated sodium channels
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(VGSCs), by selectively enhancing the transition to a slow-inactivated state of the channel
[3,5,6]. This ability to preferentially block the electrical activity of neurons that are
chronically depolarized compared with those at more normal resting potentials sets LCM
apart from classical VGSC-targeted AEDs such as carbamazepine, phenytoin, and
lamotrigine [6]. Lacosamide’s second target, as identified in proteomic and radioligand
binding studies [3], is the collapsin response mediator protein 2 (CRMP-2). Using a
combined chemical and proteomics approach, Kohn and colleagues showed enantioselective
LCM labeling of expressed as well as endogenous brain CRMP-2 [7]. Neither of these
reports, however, addressed the mechanism of this interaction, nor did it address any
additional pathways that could be affected by LCM’s interaction with CRMPs.

CRMPs (also known as UNC-33-like proteins (Ulip), dyhropyriminidase-related protein
(DRP), TOAD (turned on after division) and TUC (TOAD/Ulip/DRP)), are a family of five
intracellular phosphoproteins implicated in neurite outgrowth and axonal guidance [8–10].
While highest during development, in the adult, CRMPs are expressed in brain regions
capable of axonal outgrowth, neurogenesis, and synaptic rearrangements [10]. Such
rearrangements of synaptic connectivity and aberrant neuronal growth have been observed
in epilepsy [11]. At least two studies have reported altered CRMP-2 levels in epilepsy. The
first showed a decrease in CRMP-2 levels in brains from patients with mesial temporal lobe
epilepsy that was refractory to treatment [12]. The second reported decreased CRMP-2
levels in thalamuses of mice with absence seizures [13]. However, the mechanism by which
CRMPs contribute to the pathophysiology of epilepsy is unclear. We hypothesize that LCM,
by binding to CRMP-2, may prevent the aberrant synaptic connectivity and/or
rearrangements seen in epilepsy. Lacosamide’s interaction with CRMP-2 associated proteins
can influence the development/progression of epilepsy.

We recently identified a direct interaction between CRMP-2 and N-type voltage-gated Ca2+

channels (CaV2.2) that led to increased Ca2+ current density via increased surface CaV2.2
expression which, together with CRMP-2-mediated increase in synaptic vesicle recycling,
translated into an increased neurotransmitter release [14]. These results positioned CRMP-2
as a novel modulator of presynaptic release. While the roles of Ca2+ in transmitter release
[15–18] and Ca2+ dysregulation in epilepsy [19,20] have been unequivocally demonstrated,
it is not known if LCM can modulate Ca2+ channels via its action on CRMPs to prevent
seizure activity. Therefore, in this study, we tested the effects of LCM on voltage-gated
Ca2+ channels in cells with (1) endogenous and (2) over-expressed levels of CRMP-2. Our
results provide definitive evidence that the full mode of action of the anti-epileptic effect of
lacosamide does not involve voltage-gated Ca2+ channels.

2. Methods
2.1 Primary Hippocampal Neuronal Cultures

Procedures involving animals and their care were in accordance with the Guide for the Care
and Use of Laboratory Animals (National Institutes of Health publication 85–23, Bethesda,
MD, USA) and approved by the Institutional Animal Care and Use Committee of the
Indiana University School of Medicine (Approval # 3181). Pregnant Sprague-Dawley rats
were purchased from Harlan Laboratories (Indianapolis, IN). Rat hippocampal neuron
cultures were prepared from hippocampi dissected from postnatal day 1 (PN1) rats as
described previously [21–23]. Briefly, rat hippocampi were dissected out of PN1 rats, and
cells were dissociated enzymatically and mechanically (trituration through Pasteur pipette)
in a Papain solution (12 U/ml; Worthington, Freehold, NJ) containing Leibovitz’s L-15
medium (Invitrogen), 0.42 mg/ml cysteine (Sigma), 250U/ml DNase 1 (type IV; Sigma), 25
mM NaHCO3, penicillin (50 U/ml)/streptomycin (50 μg/ml), 1 mM sodium pyruvate, and 1
mg/ml glucose (Invitrogen). After dissociation, the cells were gently washed by sequential
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centrifugation in Neurobasal medium containing either 2 mg/ml or 20 mg/ml BSA and Pen/
Strep, glucose, pyruvate, and DNase1 (as above) and then plated on poly-D-lysine-coated
Aclar coverslips at high density (~2000 cells/mm2). Growth media (1 ml/well) consisted of
Neurobasal medium containing 2% NuSerum, 2% B27 (or 5% NS21 [24]), supplemented
with penicillin/streptomycin (100 U/ml; 50 μg/ml), 0.1 mM L-Glutamine and 0.4 mM L-
glutamax (Invitrogen). Cytosine β-D-arabinofuranoside (5 μM; Sigma) was added 48 h after
plating to reduce the number of non-neuronal cells. After 4 d in culture and 2′ each week
thereon, half of the growth medium was replaced with medium without cytosine β-D-
arabinofuranoside.

2.2 Catecholamine A differentiated (CAD) cells
CAD cells were grown at 37°C and in 5% CO2 (Sarstedt, Newton, NC) in Ham’s F12/
EMEM medium (GIBCO, Grand Island, NY), supplemented with 8% fetal bovine serum
(FBS; Sigma, St. Louis, MO) and 1% penicillin/streptomycin (100% stocks, 10,000U/ml
penicillin G sodium and 10,000 μg/ml streptomycin sulfate). Cells were passaged every 6–7
days at a 1:25 dilution as described [25].

2.3 Transfection
Adherent hippocampal cultures or CAD cells were transfected with cDNAs using
Lipofectamine 2000 (Invitrogen) as per the manufacturer’s instructions. We routinely
achieved about 5% transfection efficiencies in hippocampal neurons transfected with this
method. Typically, cultured neurons were transfected with equal amounts of different cDNA
constructs at 7–10 days in vitro (DIV), and electrophysiology experiments performed two
days later.

2.4 Whole-Cell Patch-Clamp Recordings
Whole-cell voltage recordings were performed at room temperature on primary cultured
hippocampal neurons or CAD cells using an EPC 10 Amplifier (HEKA Electronics,
Germany). Electrodes were pulled from thin-walled borosilicate glass capillaries (Warner
Instruments, Hamden, CT) with a P-97 electrode puller (Sutter Instrument, Novato, CA)
such that final electrode resistances were 2–3 MΩ when filled with internal solutions. The
compositions of the internal and external recording solutions are listed in Table 1. Ba2+ was
used as the charge carrier as (i) it exhibits greater permeability through voltage-gated Ca2+

channels resulting in larger current amplitudes (this is advantageous in neurons from
neonatal animals which typically have small currents); (ii) does not elicit as much Ca2+-
dependent Ca2+ channel inactivation as Ca2+; and (iii) blocks K+ channels. Ba2+ has been
reported to shift the current-voltage curve towards more hyperpolarized potentials [26].

Whole-cell capacitance and series resistance were compensated with the amplifier. Series
resistances compensation (70–80%) was routinely applied. Cells were considered only when
the seal resistance was more than 1 GΩ and the series resistance was less than 10 MΩ.
Linear leak currents were digitally subtracted by P/4.

2.5 Data Acquisition and Analysis
Signals were filtered at 10 kHz and digitized at 10–20 kHz. Analysis was performed using
Fitmaster and origin8.1 (OriginLab Corporation, MA, USA). For activation curves,
conductance (G) through ion (Na+ and Ca2+) channels was calculated using the equation G =
I/(Vm –Vrev), where Vrev is the reversal potential, Vm is the membrane potential at which the
current was recorded, and I is the peak current. Activation and inactivation curves were
fitted to a Boltzmann function G/Gmax = 1/{1+exp[(V–Vm)/k]}, where G is the peak
conductance, Gmax is the fitted maximal G, V50 is the half-activation voltage, and k is the
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slope factor. Activation time constant (t) for Ca2+ channels was measured by Fitmaster at
each command voltage from −40 mV to +30 mV. Additional details of specific pulse
protocols are described in the results text or figure legends. For clarity of presentation CAD
cell Ba2+ currents (see Figure 3A) were filtered with a Savitzky-Golay smoothing method
with second order polynomial regression (Origin 8.0 software) while preserving peak
current and biophysical properties.

2.6 Chemicals and Solutions
All reagents were purchased from Sigma (St. Louis, MO) unless otherwise indicated.
Lacosamide (R-2-acetamido-N-benzyl-3-methoxypropionamide) was purchased from
Cayman Chemicals (Ann Arbor, MI). A 100 mM solution was made up in N-
Methylpyrrolidone (MPL) and stored in small aliquots at −20°C. Lidocaine hydrochloride
was purchased from Sigma-Aldrich (St. Louis, MO). The final concentration of MPL in
physiological solutions was less than 0.3% (v/v). Lacosamide was applied onto the cells
through a custom made Y-tube micro-perfusion system. A concentration of 300 μM was
used because this represents about 3 times the value at which LCM shows anti-convulsant
effects in in vitro studies [27] and approximately 5-fold the reported value for half-maximal
inhibition of spontaneous excitatory postsynaptic currents and inhibitory postsynaptic
currents [28]. The N-type calcium channel blocker omega-conotoxin GVIA (ω-CTX) and
the P/Q-type calcium channel blocker omega-agatoxin IVA (ω-Aga) were purchased from
Alomone Labs (Jerusalem, Israel).

3. Results
3.1 Lacosamide does not affect N- or P/Q-type voltage-gated Ca2+ currents in primary
hippocampal neurons

There is only one previous report on the effects of LCM on voltage-gated Ca2+ currents
which found no effects on Ca2+ channel inhibition following acute administration of 100 μM
LCM in cortical neurons [28]. No biophysical characterization of the Ca2+ currents or
chronic administrations of LCM were tested in this study. We recently reported a novel
interaction between N-type voltage-gated Ca2+ channels and CRMP-2 which lead to an
increase in Ca2+ currents in hippocampal neurons [14] and dorsal root ganglion sensory
neurons [29]. To test if LCM (at 300 μM) can affect properties of N-type voltage-gated Ca2+

currents via CaV2.2, we measured whole-cell Ba2+ currents in cultured hippocampal
neurons. At 10 DIV, N-type Ca2+ channels account for ~50% of the total high-voltage
activated Ba2+ current with P/Q-type channels supporting ~25% [14,30] and R-type
supporting less than 3% [26]. Current-voltage (I–V) relationships were examined by the
application of 200-ms voltage steps to various test potentials from a holding potential of −80
mV. Peak inward Ba2+ currents were measured and expressed as peak current density (pA/
pF) to account for variations in cell size. A representative family of current traces is shown
in Figure 1A. Untreated neurons showed a peak density of −16.1 ± 2.2 pA/pF (n=9), which
was not different from peak density obtained in neurons treated with 300 μM LCM for 30
min (−16.5 ± 1.0 pA/pF (n=4), 3h (−15.9 ± 2.2 pA/pF (n=9)) and 24 h (−15.0 ± 2.1 pA/pF
(n=10)) (p>0.05; Student’s t-test; Figure 1B, C). A majority amount (~60%) of the Ba2+

current in these neurons was conducted via CaV2.2 as assessed from the block observed
upon perfusion of the N-type selective blocker ω-conotoxin GVIA (1 mM), while ~85–90%
could be blocked by concomitant application of w-conotoxin GVIA and the P/Q-type
blocker ω-Agatoxin IVA (500 nM: Figure 1C). We did not directly examine the role of
either R- or T-type Ca2+ channels which have been reported to be expressed in hippocampal
neurons at this stage of culture [31,32]. The relatively minor contribution (<3%) of R-type
currents to the total Ca2+ current combined with the apparent lack of selectivity of the
presumed R-type selective blocker, the spider toxin SNX-482 [33], precluded assessment of
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R-type currents in these experiments. Additionally, under our recording conditions, we did
not observe any detectable levels of T-types currents (n>50 cells). This conclusion is based
on the following observations from our recordings. First, the currents do not inactivate as
rapidly or as much (Figure 1A) as has been reported for T-type currents [31,32]. Second, no
appreciable current is present at −30 mV, a voltage at which T-type currents have reached
their peak [31,32,34]. Third, less than 20% of neurons express 2–3 pA/pF of T-type current
[35], which is at most one-fifteenth of the total peak N- and P/Q-type (i.e. non-L-type)
current observed in our experiments and within the noise to be confidently assessed as T-
type. Moreover, in a published review of LCM’s preclinical properties, it was reported that
100 mM does not affect low-voltage activated T-type calcium channels in cortical neurons
[28]. As Nifedipine has been reported to partially block T-type currents [26], we cannot
completely rule out the possibility that a small fraction of currents in our recordings could be
due to T-type. However, as there was no difference in current densities of LCM-treated
neurons in the presence or absence of Nifedipine, a contribution of T-type currents, if any, is
likely to be negligible.

We also tested the effects of LCM on steady-state activation and inactivation of Ba2+

channel gating (Figure 1D, E). The steady-state activation of Ba2+ channels in control and
LCM-treated neurons was described by the Boltzmann relation. As shown in Table 2, LCM
treatment (300 μM) for up to 3 days did not change the gating properties of Ba2+ currents as
none of the midpoints of activation, inactivation or slopes were affected by LCM treatment.

3.2 Lacosamide does not affect N- or P/Q-type voltage-gated currents in CRMP-2
overexpressing hippocampal neurons

Having established that Ca2+ currents are not affected by acute and chronic administration of
LCM, we next examined if LCM affected Ca2+ currents in CRMP-2 overexpressing
hippocampal neurons. CRMP-2 over-expression leads to an ~60% increase in peak Ca2+

current density in hippocampal neurons [22]. Consistent with these previous findings, we
observed a significant increase of ~58% in Ba2+ current in CRMP-2-overexpressing neurons
compared to untransfected neurons: CRMP-2 overexpressing neurons had a peak density of
−26.7 ± 1.4 pA/pF (n=12) compared to −16.9 ± 3.2 pA/pF (n=7) in untreated neurons
(compare Figure 2A, B to Figure 1B, C). Treatment with 300 μM LCM for 3 h did not affect
the current-voltage relationship or the peak current density (−26.4 ± 2.3 (n=12)) in CRMP-2
overexpressing neurons (Figure 2A, B). Steady-state activation parameters also were not
different between the two groups (Control: V50 −25.2 ± 1.9 mV, k 11.6 ± 1.8, n=3; 300 μM
LCM: V50 −32.2 ± 1.8 mV; k, 13.2 ± 2.0, n=4; p >0.05; Student’s t-test; Figure 2C, D).
Activation time constants, measured from single exponential fits to the activation phase of
the inward current, were not different between −40 mV and +30 mV between the two
groups of neurons (p > 0.05, Student’s t-test; Figure 2E). Peak tetrodotoxin-sensitive Na+

currents from these neurons were blocked by ~65±9% (n=4) following bath application of
LCM (Figure 2F), ruling out the possibility that the lack of observed effects on Ba2+

currents were from inactive LCM. Collectively, these results suggest that acute and chronic
treatment with LCM does not affect Ba2+ currents irrespective of the levels of CRMP-2.

3.3 Lacosamide does not affect L-type voltage-gated Ca2+ currents in CRMP-2
overexpressing CAD cells

We also examined if LCM affected L-type voltage-gated Ca2+ currents in a
catecholaminergic cell line (CAD) [36]. CAD cells were chosen for these studies as they are
easily amenable to genetic manipulation, are of neuronal origin, and express only L-type
Ca2+ channels [36]. Inward Ba2+ currents that typically inactivated almost completely were
observed in these cells (Figure 3A). As reported earlier [36], the threshold for activation of
these currents was around −50 mV and the maximum value occurred between −20 to −10
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mV (Figure 3B). The inward currents were blocked by >95% with the dihydropyridine
Nifedipine (10 μM), a well-known inhibitor of L-type Ca2+ channels [37]. The I–V curves of
peak Ba2+ currents showed that regardless of the transfection (EGFP or CRMP-2-EGFP) or
treatment (0.3% MPL or 300 μM LCM), the peak current density was similar (Figure 3B).
The maximum currents, measured at −20 mV and normalized to cell size, were (in pA/pF; n
= 6–8 each): 5.2 ± 0.6 (EGFP control); 5.0 ± 0.7 (EGFP + LCM 300 μM); 5.2 ± 0.8
(CRMP-2-EGFP control); and 5.5 ± 0.6 (CRMP-2-EGFP + LCM 300 μM) (Figure 3C, p
>0.05).

We also examined voltage-dependent properties of activation and inactivation of Ba2+

currents in these cells. The steady-state activation of Ba2+ channels from EGFP and
CRMP-2–EGFP over-expressing CAD cells was well described by the Boltzmann relation:
G/Gmax = 1/{1+exp[(V-V50)/kn]}, where G is the peak conductance, Gmax is the fitted
maximal G, V50 is the half-activation voltage, and kn is the slope factor. As shown in Figure
4A, for EGFP-expressing neurons, V50 was −34.2 ± 0.6 mV (n=8), which was not
significantly different from that of CRMP-2–EGFP transfected neurons (−35.1 ± 0.8 mV,
n=7; p > 0.05, Student’s t-test). The slope factors for the Boltzmann fits (mV/e-fold change
in conductance) were also similar: 6.2 ± 0.4 mV (n=6) for EGFP transfected neurons and 6.8
± 0.7 (n=7; p > 0.05, Student’s t-test) for CRMP-2–EGFP transfected neurons. Treatment
with LCM did not affect V50 or k parameters in either transfected condition (Figure 4A, B).

The voltage-dependent properties of inactivation were determined by applying 5 second
conditioning pre-pulses that ranged successively from −120 mV to +30 mV in 10 mV
voltage steps, followed by a 50 ms second step depolarization to 10 mV. The normalized test
pulse voltage-peak current amplitude relations was plotted against its corresponding holding
potential and fitted with the Boltzmann equation. The voltage dependence of inactivation
was similar for currents recorded from EGFP and CRMP-2–EGFP expressing CAD cells, as
shown by the conductance versus voltage relations (Figure 4C). For EGFP-expressing CAD
cells, V50 was −50.8 ± 3.3 mV (n=5) in the absence and −51.9 ± 0.9 mV (n=5) in the
presence of LCM, neither value being significantly different from that of CRMP-2–EGFP
transfected CAD cells in the absence (−52.6 ± 0.7 mV, n=7) or presence of LCM (−52.7 ±
0.7 mV, n=7); p > 0.05; (Figure 4C, D). The slope factors were also similar: 3.3 ± 0.5 mV
(n=5) for EGFP transfected CAD cells; 5.3 ± 0.6 (n=5) for LCM-treated EGFP transfected
CAD cells; 4.2 ± 0.5 (n=7) for CRMP-2–EGFP transfected neurons; and 4.2 ± 0.4 (n=7) for
LCM-treated CRMP-2–EGFP expressing CAD cells (p > 0.05). These results indicate that
LCM does not affect the current density or biophysical properties of L-type Ca2+ currents.

4. Discussion
As many antiepileptic agents (e.g., carbamazepine, topiramate) exert their functions by
interacting with multiple targets, and their efficacy is the sum of beneficial interactions [38],
it is important to address any potential actions of newly discovered antiepileptics such as
LCM on novel targets. With this rationale, in this study we investigated how LCM affected
endogenous neuronal voltage-gated calcium currents as well as channels augmented by
overexpression of CRMP-2, a second target of LCM’s action. Barium currents via N-type
voltage-gated calcium (CaV2.2), a recently identified target CRMP-2 [14], were not affected
by LCM even in CRMP-2 overexpressing neurons, establishing that the mechanism of
action of lacosamide does not involve these Ca2+ channels.

4.1 CRMP-2, Ca2+ channels, and transmitter release
In addition to its classically defined roles in neuronal differentiation and axonal outgrowth
[10], our laboratory has recently shown that CRMP-2 plays a role in neurotransmitter release
via interaction with N-type (and likely P/Q-type) Ca2+ channels [14]: (1) CRMP-2 increased
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cell surface trafficking of CaV2.2, (2) increased rate and extent of synaptic vesicle
recycling, and (3) increased K+-stimulated glutamate release – all of which were blocked by
w-conotoxin, an inhibitor of CaV2.2 [14]. CRMP-2 has been shown to be present at synaptic
sites in both developing as well as in adult neurons [14, 39]. Consistent with data inferred
from one review [28], we observed that LCM did not affect density, activation or
inactivation of native hippocampal Ba2+ currents. Neither a short-term nor a long-term
treatment with LCM affected Ba2+ currents via the presynaptic CaV2.2. Additionally, L-
type Ca2+ currents were also not affected by LCM treatment. Interestingly, in contrast to the
CRMP-2 mediated augmentation of N-type Ca2+ current density [22, 29], no change was
observed in the peak L-type Ca2+ current density following CRMP-2 over-expression. While
these findings suggest that CRMP-2 couples selectively to N-, antiepileptic treatments but
not L-type, Ca2+ channels, it is also possible that these differences are due to the cell type
itself. For example, CAD cells may already express saturating amounts of CRMP-2 such
that further over-expression of CRMP-2 does not elicit any further regulation of the Ca2+

currents. Overall, these results are consistent with our preliminary findings showing that
multiple LCM does not affect the direct binding between CRMP-2 and intracellular regions
of the Ca2+ channel (J.M. and R.K., unpublished observations).

CRMP-2-mediated increase in intracellular Ca2+ may directly impact transmitter release.
CRMP-2 expression and CRMP-2 mediated neuritogenesis are upregulated upon application
of the neurotrophic factor glial cell line-derived neurotrophic factor (GDNF) [40] which has
been shown to suppress seizures in animal models of epilepsy [41], suggesting a link
between CRMP-2 expression and epilepsy. Interestingly, application of GDNF augments
Ca2+ currents, presumably via N-type Ca2+ channels [42]. While the mechanism underlying
GDNF’s suppression of seizure activity and augmentation of CaV2.2 activity are presently
unclear, an increase in CRMP-2 expression may explain both findings. Although N- and P/
Q-type account for a large portion of the Ca2+ influx required for triggering fast transmitter
release [15], L- and R-type channels have also shown to be involved at a variety of central
synapses [43–46]. We found that L-type channels, studied in the model CAD cell line, were
not affected by lacosamide treatment. Additional Ca2+ imaging with Fura2-AM
demonstrated that, in the absence of any calcium channel blockers present, LCM does not
affect depolarizatrion-evoked calcium release in neurons (J.M. and R.K., unpublished
observations), likely ruling out Ca2+ influx via R- or T-type channels.

While our studies did not address the effects of LCM on T-type channels, there is one
previous review which suggests that low-voltage activated T-type calcium channels are not
affected by acute LCM application [28]. Nevertheless, modulation of T-type calcium
channels has been reported for other antiepileptics such as ethosuximide and gabapentin
[47–49], which have been primarily effective as antiepileptic treatments for absence
seizures. However, because of their unique gating properties (i.e., activation at potentials
more positive than −60 mV, peak current achieved at −30 mV, rapid inactivation, slow
deactivation, contribution to ‘window currents’ which can engender membrane bistability),
they can support rthymic, high-frequency activity thus making them useful targets in chronic
pain [50]. It is under these pain conditions where LCM may become relevant to T-type
channel activity. LCM has already been shown to be useful in muscle pain [51], tumor- and
chemotherapy-induced cancer pain [52], and animal models of chronic inflammatory pain
[53].

4.2 CRMP-2 expression in epilepsy and other pathophysiologies
CRMP proteins have been implicated in both developmental and adult neurological diseases
[10]. Protein levels of CRMP-2 are significantly reduced in an animal model of epilepsy
[13] and in human patients with mesial temporal lobe epilepsy [12]. Decreased levels of
CRMP-2 have also been found in patients with Down’s Syndrome, Alzheimer’s disease,
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psychiatric disorders (schizophrenic, bipolar disorder or major depression disorder) [10],
and neuronal ceroid lipofuscinosis – a childhood neurodegenerative disorder [54]. In
contrast, increased CRMP-2 levels have been reported in an animal model of chronic mild
stress [55], hyperalgesia [56], traumatic brain injury and cerebral ischemia, and in nerve
regeneration [57]. The overexpression of CRMP-2 in our hippocampal culture system results
in at most a three-fold change in CRMP-2 protein (not shown) which is well within the
range of changes reported in these pathophysiological conditions. This change in CRMP-2
elicited increases hippocampal axonal length (not shown) but does not affect Ca2+ channels.

In conclusion, our results support the contention that LCM does not affect N-, P/Q- and L-
type calcium channels. This is an important conclusion in light of the findings of more than
one target of action of LCM (i.e., Na+ channels and CRMP-2), one of which has been linked
to regulation of calcium channel activity [22, 29]. Our results, for the first time, shown that
despite an up-regulation of Ca2+ currents by CRMP-2, LCM does not affect calcium channel
activity, ruling out these important channels as potential considerations in polypharmacy of
LCM in epilepsy.
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Figure 1.
Voltage-gated Ba2+ current density and gating are not affected by acute and chronic
treatment with lacosamide. (A) Exemplar current traces obtained from a hippocampal
neuron treated with 300 μM LCM for 24 h in response to 200 ms steps in 10 mV increments
applied from a holding potential of −80 mV as shown in the voltage protocol on the right.
Current traces are shown for every 10 mV step between −70 and +50 mV. Bath solutions
contained 1 μM TTX, 10 mM TEA, and 10 μM nifedipine to block Na+, K+, and L-type
voltage-gated Ca2+ channels, respectively. Line labeled 0 indicates the zero-current level.
(B) Summary of current-versus-voltage (I–V) relations for neurons treated with MPL
(control, filled squares), and 300 μM LCM for 30 min (black filled triangles), 3 h (open
circles) or 24 h (grey triangles). Peak currents were normalized to cell capacitance. There
were no differences in Ba2+ current density in any of the conditions at all voltages tested (p
> 0.05, Student’s t-test). (C) Peak current density (pA/pF) measured at 0 mV was similar
among the four conditions tested (n=9–10). Omega-conotoxin GVIA (ω-CTX; 1 μM)
significantly reduced the current density of control neurons (n=9). A combination of ω-CTX
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and the P/Q-blocker ω-Agatoxin (ω-Aga, 500 nM) blocked almost 85–90% of the current.
(D) Summary of normalized conductance versus voltage relations for activation of Ba2+

current gating in neurons treated with LCM or control (MPL). (E) Summary of normalized
current versus voltage relations for inactivation gating of Ca2+ currents in neurons treated
with LCM or control (MPL). Currents were evoked by 1 sec long voltage steps from −80
mV to +10 mV in 10 mV increments prior to delivering a test pulse to +10 for 200 ms.
Values for midpoint of activation and inactivation (V50) and slopes (k) are presented in
Table 2.
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Figure 2.
Voltage-gated Ba2+ current density and gating in CRMP-2 overexpressing neurons are not
affected by lacosamide. (A) Summary of I–V relations for CRMP-2 overexpressing neurons
treated with MPL (control, black circles) or 300 μM LCM (gray circles). Peak currents were
normalized to cell capacitance. There were no differences in Ba2+ current density between
the two conditions at all voltages tested (p > 0.05, Student’s t-test). (B) Peak current density
(pA/pF) measured at 0 mV was similar between CRMP-2 overexpressing neurons treated
with 0.01% MPL (blackbar) or 300 μM LCM (white bar)(n=7 each). As a reference, the
peak current density of EGFP-expressing neurons (from Figure 1) is shown as a dotted line.
(C) Summary of normalized current versus voltage relations for activation of Ba2+ current
gating in neurons treated with LCM or control (MPL). (D) Summary of normalized current
versus voltage relations for inactivation gating of Ba2+ currents in neurons treated with
LCM or control (MPL). Neither V50 of activation/inactivation nor the slope values derived
from the Boltzmann fits of the data revealed any significant differences between the two
conditions. (E) Plots of activation time constants were calculated from single exponential
fits to the falling phase of the voltage-activated inward Ba2+ current. The mean activation
time constants for Ca2+ currents were not affected by LCM treatment compared with
controls (p > 0.05, Student’s t-test). (F) Representative inward sodium currents from a
hippocampal neuron elicited in response to a 20 ms step to −5 mV in the absence (black
trace) and presence of 300 μM LCM (gray trace). Robust inhibition of Na+ currents was
observed.
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Figure 3.
L-type Ca2+ channels are not affected by lacosamide treatment in CAD cells. (A) Voltage
protocol used to evoke Ba2+ currents (top). Representative family of current responses in a
CAD cell transfected with CRMP-2-EGFP (bottom) elicited by voltage steps from 70 to +70
mV from a holding potential of 80 mV. These inward currents were almost completely
eliminated by 10 μM nifedipine (right). Current traces were filtered with the Savitzky-Golay
smoothing filter for presentation (see Methods for details). (B) Summary of current-voltage
(I–V) relationships for EGFP and CRMP-2-EGFP-expressing CAD cells in the absence
(0.3% MPL) or presence of LCM (300 μM). (C) Peak current density (pA/pF) measured at
−10 mV was similar among the four conditions tested (n= 6–8 each). Unless otherwise
indicated, values are mean ± S.E.M. and some error bars are smaller than the symbols.
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Figure 4.
Activation and inactivation properties of L-type Ca2+ channels are not affected by
lacosamide treatment in CAD cells. (A, B) Summary of normalized conductance versus
voltage relations for activation of L-type Ba2+ current gating in EGFP and CRMP-2-EGFP
overexpressing CAD cells treated with LCM (300 μM) or control (0.3% MPL). (C, D)
Summary of normalized current versus voltage relations for inactivation gating of Ba2+

currents in EGFP and CRMP-2-EGFP overexpressing CAD cells treated with LCM or
control (MPL). Values for midpoint of activation and inactivation (V50) and slopes (k) are
presented in the Results section.
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Table 2

Effects of LCM treatment on gating properties of voltage-gated Ca2+ channels in hippocampal neurons.

Treatment

Steady-state activation Steady-state inactivation

V50 k V50 k

mV

Control (0.1–0.3% MPL) −12.9 ± 2.4 (9) 11.8 ± 1.9 (9) −26.8 ± 2.0 (9) 12.9 ± 1.9 (9)

LCM 300 μM, 30 min −13.5 ± 2.9 (4) 11.1 ± 2.5 (4) −25.8 ± 3.9 (4) 12.2 ± 2.8 (4)

LCM 300 μM, 3 h −15.2 ± 1.5 (9) 10.1 ± 1.5 (9) −27.8 ± 1.9 (9) 12.5 ± 1.8 (9)

LCM 300 μM, 24 h −14.5 ± 2.9 (10) 9.5 ± 2.9 (10) −26.5 ± 2.4 (10) 12.1 ± 2.8 (10)

LCM 300 μM, 72 ha −16.3 ± 1.1 (7) 8.1 ± 0.9 (7) −28.8 ± 2.5 (4) 15.8 ± 2.9 (4)

a
Fresh LCM was added every 24 h.

Numbers in parentheses represent numbers of cells. There were no statistical differences between control and any of the LCM time points for both
activation and inactivation gating parameters of midpoint (V50) or slope (k)
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