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Development/Plasticity/Repair

Sodium Channel Activation Augments NMDA Receptor
Function and Promotes Neurite Outgrowth in Immature
Cerebrocortical Neurons
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A range of extrinsic signals, including afferent activity, affect neuronal growth and plasticity. Neuronal activity regulates intracellular
Ca”", and activity-dependent calcium signaling has been shown to regulate dendritic growth and branching (Konur and Ghosh, 2005).
NMDA receptor (NMDAR) stimulation of Ca>*/calmodulin-dependent protein kinase signaling cascades has, moreover, been demon-
strated to regulate neurite/axonal outgrowth (Wayman et al., 2004). We used a sodium channel activator, brevetoxin (PbTx-2), to explore
the relationship between intracellular [Na *] and NMDAR-dependent development. PbTx-2 alone, at a concentration of 30 nu, did not
affect Ca>* dynamics in 2 d in vitro cerebrocortical neurons; however, this treatment robustly potentiated NMDA-induced Ca** influx.
The 30 nm PbTx-2 treatment produced a maximum [Na " |; of 16.9 = 1.5 mu, representing an increment of 8.8 == 1.8 mm over basal. The
corresponding membrane potential change produced by 30 nm PbTx-2 was modest and, therefore, insufficient to relieve the voltage-
dependent Mg block of NMDARs. To unambiguously demonstrate the enhancement of NMDA receptor function by PbTx-2, we
recorded single-channel currents from cell-attached patches. PbTx-2 treatment was found to increase both the mean open time and open
probability of NMDA receptors. These effects of PbTx-2 on NMDA receptor function were dependent on extracellular Na " and activation
of Src kinase. The functional consequences of PbTx-2-induced enhancement of NMDAR function were evaluated in immature cerebro-
cortical neurons. PbTx-2 concentrations between 3 and 300 nm enhanced neurite outgrowth. Voltage-gated sodium channel activators
may accordingly represent a novel pharmacologic strategy to regulate neuronal plasticity through an NMDA receptor and Src family

kinase-dependent mechanism.

Introduction

Neuronal activity plays a key role in the regulation of dendritic
development (McAllister, 2000; Cline, 2001; Chen and Ghosh,
2005). Neuronal activity regulates intracellular Ca**, and
activity-dependent calcium signaling has been shown to regulate
dendritic growth and branching (Konur and Ghosh, 2005).
Ca*"/calmodulin-dependent protein kinases (CaMKs) and
mitogen-activated protein kinase (MAPKSs) appear to be key me-
diators of calcium-dependent neurite outgrowth (Redmond et
al., 2002). CaMK kinase (CaMKK) has been demonstrated to be
an upstream regulator of both CaMK- and MAPK-signaling
pathways. NMDA receptor (NMDAR)-dependent CaMKK/cal-
modulin kinase I-signaling cascades have, moreover, been shown
to regulate neurite/axonal outgrowth (Wayman et al., 2004),
activity-dependent synaptogenesis (Saneyoshi et al., 2008), and
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Ca**-dependent extracellular regulated kinase activation and
dendritic outgrowth (Schmitt et al., 2004; Wayman et al., 2006).
NMDARSs, therefore, play a critical role in activity-dependent
development and plasticity, dendritic arborization, spine mor-
phogenesis, and synapse formation by stimulating these calcium-
dependent signaling pathways (Rajan and Cline, 1998; Sin et al.,
2002; West et al.,, 2002; Wong and Ghosh, 2002; Miller and
Kaplan, 2003; Tolias et al., 2005; Ultanir et al., 2007).

Recent studies have indicated that changes in intracellular so-
dium concentration ([Na *];) produced in the soma and den-
drites as a result of neuronal activity may act as a signaling mol-
ecule and play a role in activity-dependent synaptic plasticity. It
has been shown that synaptic stimulation causes [Na *]; incre-
ments of 10 mM in dendrites and of up to 35-40 mMm in dendritic
spines (Rose et al., 1999; Rose and Konnerth, 2001). In hip-
pocampal neurons, intracellular [Na™] increments have been
demonstrated to increase NMDAR-mediated whole-cell currents
and NMDAR single-channel activity by increasing both channel
open probability and mean open time. This [Na ];-mediated
upregulation of NMDAR function has been shown to require Src
kinase activation (Yu and Salter, 1998). Src family kinases act as a
crucial point of convergence for signaling pathways that enhance
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NMDAR activity, and, by upregulating the function of NMDARs,
Src gates the production of NMDAR-dependent synaptic poten-
tiation and plasticity (Salter and Kalia, 2004).

We reasoned that [Na *]; may act as a positive regulator of
developmental plasticity in immature cerebrocortical neurons.
In the present study, we used brevetoxin (PbTx-2), a voltage-
gated sodium channel (VGSC) activator, to manipulate [Na *];in
immature murine cerebrocortical neurons. Brevetoxins interact
with neurotoxin site 5 on the a-subunit of VGSCs (Catterall and
Gainer, 1985; Poli et al.,, 1986) and augment sodium influx
through VGSCs by shifting the activation potential to more neg-
ative values, increasing the mean open time of the channel and
inhibiting channel inactivation (Jeglitsch et al., 1998). Using im-
mature cerebrocortical neurons, we now demonstrate that a
VGSC activator elevates [Na "], levels, enhances NMDA-induced
Ca** influx, increases both NMDAR channel open probability
and mean open time, and augments neurite outgrowth. These
results provide direct evidence to support the hypothesis that
NMDA receptor function is upregulated by elevated [Na™];,
which, in turn, promotes neurite outgrowth.

Materials and Methods

Materials

Trypsin, penicillin, streptomycin, heat-inactivated fetal bovine serum,
horse serum, and soybean trypsin inhibitor were obtained from Atlanta
Biologicals. Minimum essential medium, deoxyribonuclease, poly-L-
lysine, poly-p-lysine hydrobromide, cytosine arabinoside, NMDA, pro-
tease inhibitor mixture, MK-801, D(-)-2-amino-5-phosphono-
pentanoic acid (APV), and nifedipine were purchased from Sigma.
Pluronic acid, fluo-3 acetoxymethyl ester (AM), and sodium-binding
benzofuran isophthalate (SBFI)-AM were purchased from Invitrogen.
4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3, 4-d] pyrimidine
(PP2), 4-amino-7-phenylpyrazol [3, 4-d] pyrimidine (PP3), and STO-
609 were purchased from Calbiochem. ECL Plus kits were purchased
from GE Healthcare. Neurobasal and B-27 supplement were purchased
from Invitrogen. FLIPR (fluorometric imaging plate reader) membrane
potential assay kit was purchased from Molecular Devices. Anti-phospho
Src (416) and anti-Src antibodies were purchased from Cell Signaling
Technology, rabbit anti-human protein gene product 9.5 (PGP 9.5) from
ADbD SeroTec, and fluorescein (FITC) affiniPure goat anti-rabbit IgG
from Jackson ImmunoResearch Laboratories. Brevetoxin-2 (PbTx-2)
was isolated and purified from Karinia breve cultures at the Center for
Marine Sciences at the University of North Carolina (Wilmington, NC).

Methods

Cerebrocortical neuron culture. Primary cultures of cerebrocortical neu-
rons were harvested from embryos of Swiss—Webster mice on embryonic
day 16 and cultured as described previously (Cao et al., 2008). Cells were
plated onto poly-1-lysine-coated 96-well (9 mm), clear-bottomed, black-
well culture plates (Costar) ata density of 1.5 X 10° cells per well, 24-well
(15.6 mm) culture plates at a density of 0.05 X 10° cells per well, 12-well
(22 mm) culture plate (TPP-Midscience) at a density of 1.8 X 10° cells
per well or 6-well (35 mm) culture dishes at a density of 4.5 X 10° cell per
well, respectively, and incubated at 37°C in a 5% CO, and 95% humidity
atmosphere. Cytosine arabinoside (10 um) was added to the culture me-
dium on day 2 after plating to prevent proliferation of non-neuronal
cells. The culture media was changed on days 4 and 7 using a serum-free
growth medium containing neurobasal medium supplemented with
B-27, 100 1.U./ml penicillin, 0.10 mg/ml streptomycin, and 0.2 mm
L-glutamine. All animal use protocols were approved by the Institutional
Animal Care and Use Committee.

Excitotoxicity assays. The growth medium of neurons grown on 12 well
plates was collected and saved, and the neurons washed thrice in 1 ml of
sterile filtered Locke’s incubation buffer (154 mm NaCl, 5.6 mm KCl, 1.0
mwm MgCl,, 2.3 mm CaCl,, 8.6 mm HEPES, 5.6 mm glucose, 0.1 mm
glycine, pH 7.4). The neurons were then exposed to varying concentra-
tions of NMDA in 1 ml of Locke’s buffer for 2 h at 37°Cin a 5% CO, and
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95% humidity atmosphere. At the termination of NMDA exposure, the
incubation medium was collected for later analysis of lactate dehydroge-
nase (LDH) activity, and the neurons were washed thrice in 1 ml of fresh
Locke’s buffer followed by replacement with previously collected growth
medium that had been filtered and supplemented with 1.25 mg/ml
p-glucose. The cell cultures were then incubated at 37°C ina 5% CO, and
95% humidity atmosphere. At 24 h after treatment exposure, the growth
medium was collected and saved for analysis of LDH activity. The LDH
activity was assayed according to a previously described method (Koh
and Choi, 1987).

Neuronal injury was also assessed morphologically by exposing cere-
brocortical neurons for 5 min to the vital dye fluorescein diacetate (5
pg/ml). After 5 min incubation in dye, the neurons were washed three
times in fresh Locke’s buffer. Three random 20X field images were taken
per well. Uniform sector areas (n = 6) were counted for viable neurons
on each 20X field image and were normalized to the number of viable
neurons per area of the well.

Immunocytochemistry. To assess the influence of PbTx-2 on neuronal
morphogenesis, cells grown on poly-lysine coated cover glass placed in-
side 24-well culture plates were used. PbTx-2 at concentrations ranging
from 0.1 to 1000 nm were added to the culture medium at 3 h after
plating. In some experiments, these concentrations of PbTx-2 were co-
incubated with tetrodotoxin (TTX) (1 um), MK-801 (1 uM), nifedipine
(1 um), or STO-609 (2.6 um). Cultures were fixed for 20 min at room
temperature at 15, 24, 40, or 108 h after plating using 4% paraformalde-
hyde in PBS. After fixation, neurons were blocked and permeabilized by
incubation for 30 min with PBS containing 2% fetal bovine serum and
0.15% Triton X-100. The coverslips were then inverted onto 100 ul
droplets of blocking buffer containing the protein gene product 9.5 (anti-
PGP 9.5) primary antibody for 60 min at room temperature or overnight
at 4°C. After three successive washes in blocking buffer, coverslips were
incubated with a secondary antibody [FITC (anti-rabbit IgG)] for 60 min
at room temperature. Coverslips were washed and mounted on micro-
scope slides and analyzed by fluorescence microscopy on an Olympus IX
71 inverted microscope with a Nikon camera. Digital images of individ-
ual neurons were captured and total neurite length quantified using IP
Lab 3.6.5 software (Scanalytics). At least 30 randomly chosen neurons
from different cultures were evaluated for each treatment group.

Intracellular Ca®* monitoring. Cerebrocortical neurons grown in 96-
well plates were used for intracellular Ca** concentration ([Ca®"];)
measurements as described previously (Dravid et al., 2005). Briefly, the
growth medium was removed and replaced with dye-loading medium
(100 ul per well) containing 4 um fluo-3 AM and 0.04% pluronic acid in
Locke’s buffer. After 1 h of incubation in dye-loading medium, the neu-
rons were washed four times in fresh Locke’s buffer (200 ul per well,
22°C) using an automated microplate washer (Bio-Tek Instruments) and
transferred to a FLEX Station IT (Molecular Devices) benchtop scanning
fluorometer chamber. The final volume of Locke’s buffer in each well was
150 wl. Fluorescence measurements were performed at 37°C. The neu-
rons were excited at 488 nm and Ca*"-bound fluo-3 emission was re-
corded at 538 nm at 1.2 s intervals. After recording baseline fluorescence
for 60 s, 50 ul of a 4X concentration of NMDA, PbTx-2, or both were
added to the cells at a rate of 26 ul/s, yielding a final volume of 200
wl/well; the fluorescence was monitored for an additional 140-240s. The
fluo-3 fluorescence was expressed as (F,,,x — Frin)/Fmin Wwhere F, .. was
the maximum, F,_;, the minimum fluorescence measured in each well.

Intracellular sodium concentration ([Na™],) measurement. [Na™],
measurement and full in situ calibration of SBFI fluorescence ratio was
performed as described previously (Cao et al., 2008). Cells grown in
96-well plates were washed four times with Locke’s buffer (in mm: 8.6
HEPES, 5.6 KCl, 154 NaCl, 5.6 glucose, 1.0 MgCl,, 2.3 CaCl,, 0.1 glycine,
pH 7.4) using an automated microplate washer (Bio-Tek Instruments).
The background fluorescence of each well was measured and averaged
before dye loading. Cells were then incubated for 1 h at 37°C with dye-
loading buffer (100 ul/well) containing 10 um SBFI-AM and 0.02% plu-
ronic F-127. After 1 h incubation in dye-loading medium, cells were
washed five times with Locke’s buffer, leaving a final volume of 150 ulin
each well. The plate was then transferred to the chamber of a FLEXstation
II (Molecular Devices). Cells were excited at 340 and 380 nm, and Na " -
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bound SBFI emission was detected at 505 nm. Fluorescence readings
were taken once every 4 s for 60 s to establish the baseline, and then 50 ul
PbTx-2 at final concentrations ranging from 5 to 1000 nm were added to
each well from the compound plate at a rate of 26 ul/s, yielding a final
volume of 200 wl/well. The raw emission data at each excitation wave-
length were exported to an Excel work sheet and corrected for back-
ground fluorescence. The SBFI fluorescence ratios (340 of 380) versus
time were then analyzed, and time-response and concentration—re-
sponse graphs were generated using GraphPad Prism (GraphPad
Software).

Full in situ calibration of the SBFI fluorescence ratio was done using
calibration media containing the following (in mm): 0.6 MgCl,, 0.5
CaCl,, 10 HEPES, Na " and K * such that [Na *] plus [K*] = 130, 100
gluconate, and 30 Cl ™~ (titrated with 10 mol/l KOH to pH 7.4). Grami-
cidin D (5 um) (Na * ionophore), monensin (10 um) (Na */H ¥ carrier),
and ouabain (100 um) (Na ©/K *-ATPase inhibitor) were added to equil-
ibrate the intracellular and extracellular sodium concentration. After five
washes, the Locke’s buffer was replaced by 150 ul sodium-containing
calibration solution (0-130 mm). The plate was then loaded onto the
FLEXstation chamber for recording of emitted fluorescence during exci-
tation at 340 and 380 nm. Fluorescence data were converted to a ratio
(340 of 380) after background correction. To convert the fluorescence
ratio of emitted SBFI signals into a [Na *] value, the following equation
was used: [Na ] = BK4 [(R — R ;)/ (Rax — R)1 (1), where B1is the ratio
of the fluorescence of the free (unbound) dye to bound dye at the second
excitation wavelength (380 nm), K, is the apparent dissociation constant
of SBFI for Na ¥, Ris the background-subtracted SBFI fluorescence ratio,
and R, ;, and R, are, respectively, the minimum and maximum fluo-
rescence values. The data relating [Na *]; to R were fitted by a three-
parameter hyperbolic equation having the following form: R=R_;, + [a
([Na™])/(b+ [Na™])] (2), where aand b are constants and equal to R
— R,,;n and BKj, respectively (Diarra et al., 2001; Cao et al., 2008). These
data relating [Na *]; to R (see Fig. 5B) were well described (r?=0.98) by
Equation 2. The derived parameters were R_;, = 1.45 = 0.03, a =
2.073 = 0.06, and b = 30.75 * 1.9. The value for R, ;, obtained by this
method was identical to the value of R, derived experimentally at
[Na ] = 0 mm. The corresponding values for R and BK were, there-
fore, R, = 3.52 £ 0.09 and BK, = 30.75 £ 1.9 mm. We compared the
values of R, and BK, obtained from a Hanes plot (Cao et al., 2008) to
those derived from the three-parameter hyperbolic fit. The equation was
rearranged to generate a Hanes plot such that [Na*]/(R — R
{INa TRy — Ronin)} + [BKo/ (Ropase =~ Rii)] (3).

The plotting of [Na " ]/(R — R,;,,) versus [Na *]; as a Hanes function
yielded a straight line (r*> = 0.997) (data not shown). The slope {1/(R,,,,.
— R,;n)} provides a means to estimate of R, whereas the intercept on
the abscissa is equal to — BKj. The value for R, ;, was obtained from the
experimental data. The values of R .. and BK, calculated from Hanes
plot were 3.55 * 0.09 and 32.96 * 1.9 mwm, respectively, and were not
significantly different from the values derived from the three-parameter
hyperbolic fit which were 3.52 = 0.09 (R,,,,) and 30.75 = 1.9 mm (BKy).

Western blotting. Western blot analysis was performed in cells grown in
12-well plates as described previously (Cao et al., 2007). Cells were
washed three times with Locke’s buffer and then allowed to equilibrate in
Locke’s buffer for 30 min. Cultures were then treated with the indicated
drugs at 37°C for specified times. Cultures were then transferred to ice
slurry to terminate drug exposure. After washing with ice-cold PBS, cells
were harvested in ice-cold lysis buffer containing 50 mwm Tris, 50 mm
NaCl, 2 mm EDTA, 2 mm EGTA, 1% NP-40, 0.1% SDS, 2.5 mum sodium
pyrophosphate, and 1 mM sodium orthovanadate. Phenylmethylsulfonyl
fluoride (1 mMm) and 1X protease inhibitor mixture were then added and
the lysate incubated for 20 min at 4°C. Cell lysates then underwent son-
ication and were centrifuged at 13,000 X g for 15 min at 4°C. The super-
natant was assayed by Bradford method to determine protein content.
Equal amounts of protein were mixed with the Laemmli sample buffer
and boiled for 5 min. The samples were loaded onto a 10% SDS-PAGE gel
and transferred to a nitrocellulose membrane by electroblotting. The
membranes were blocked in TBST (20 mm Tris, 150 mm NaCl, 0.1%
Tween 20) with 5% skim milk for 1 h at room temperature. After block-
ing, membranes were incubated overnight at 4°C in primary antibody

min)
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diluted in TBST containing 5% skim milk. The blots were washed and
incubated with the secondary antibody conjugated with horseradish per-
oxidase for 1 h, washed four times in TBST, and exposed with ECL Plus
for 4 min. Blots were exposed to Kodak hyperfilm and developed. Blots
were subsequently stripped (63 mm Tris base, 70 mm SDS, 0.0007%
2-mercaptoethanol, pH 6.8) and reprobed for further use. Western blot
densitometry data were obtained using MCID Basic 7.0 software (Imag-
ing Research). ANOVA and graphing were completed using GraphPad
Prism (GraphPad Software).

Membrane potential assay fluorescence monitoring. Membrane poten-
tial in the cerebrocortical neuron cultures was determined using the
FLIPR membrane potential (FMP) assay (Molecular Devices). In this
method, we used the FMP blue dye to assess the membrane potential of
neurons in culture. Quantification of the changes in membrane potential
was derived using KCl as a reference. The FMP blue dye is a lipophilic,
anionic, bis-oxonol-based dye that distributes across the cell membrane
as a function of membrane potential and displays enhanced fluorescence
emission after binding to intracellular proteins (Whiteaker et al., 2001;
Baxter et al., 2002). This kit also contains a proprietary extracellular
fluorescence quencher that eliminates the need to wash neurons after the
dye-loading incubation. In preliminary experiments, we determined
that, with cerebrocortical neurons in culture, an optimum dye concen-
tration was one-eighth of the suggested manufacturer concentration.
The dye stock solution (1X) was prepared by dissolving 10 ml Locke’s
buffer to the content of each vial. For loading the cells, eightfold diluted
stock solutions were used. After removing the culture medium, 180 ul of
assay buffer was added to the neurons, and the plate was incubated at
37°Cin a 5% CO, and 95% humidity atmosphere for 30 min. For KCI
calibration measurements, varying concentrations of 10X KCl standard
solutions in assay buffer were prepared. After 30 min equilibration incu-
bation, the plate was transferred to a Flex Station II chamber, and the
fluorescence measurements were performed at 37°C. Neurons were ex-
cited at 530 nm, and emission was recorded at 565 nm at 2 s intervals.
After recording the baseline for 60 s, either 20 ul KCl or PbTx-2 was
added to a final volume of 200 ul at a rate of 26 ul/s, and the fluorescence
was monitored for an additional 440 s. This protocol was executed by
alternate column-by-column addition of KCI and PbTx-2 in the same
96-well plate using the Flex Station II pipettor.

Alinear regression analysis of the log concentration of K * versus FMP
blue fluorescence area under the curve (AUC) was generated. Because the
membrane potential of isolated neurons is mainly the result of the K™
equilibrium potential (Hille, 1992), we used the Goldman-Hodgkin—
Katz equation to generate a standard curve for the estimation of mem-
brane potential (E,,) at various concentrations of extracellular K *:

RT [Py [Na*]oy + Pe:[K* ou + P [CL7 1,
EyKNay .l = (B [ +] o+ Py +] ot Po-l ! ] ,
F PNa*[Na ]in + PK*[K ]in + PCI’[CI ]oul

(4)

where E,,; is membrane potential, R is universal gas constant, T is tem-
perature using the Kelvin scale, and Py, Py,, and P, are permeabilities
for K*, Na™, and Cl 7, respectively. [K*] ., [Na™] ., and [Cl 7] .0
and [K"];,, [Na*],,, and [Cl"];, are the respective extracellular and
intracellular concentrations of K ¥, Na ™, and Cl ~. A 2 d in vitro (DIV-2)
neuronal [Cl ™ ];, value of 140 mm was used for these calculations (Kuner
and Augustine, 2000). The regression for the [K "], versus A fluores-
cence and E,, was used for estimating PbTx-2-induced change in mem-
brane potential.

Electrophysiology. Single-channel currents were recorded at 23°Cin the
cell-attached configuration (Hamill et al., 1981). Patch pipettes were
pulled from borosilicate glass capillaries (Warner Instruments), coated
with Sylgard 184 (Dow Corning) and fire-polished to a resistance of
10-15 M() when filled with the pipette solution. The external recording
solution consisted of Mg?*-free Locke’s buffer with 20 um EDTA to
chelate trace amounts of divalent cations. PbTx-2 was always applied in
the bath. The patch pipette solution consisted of extracellular Locke’s
buffer without MgCl, and with either 3 or 10 um NMDA and 100 um
glycine. In some experiments, 10 uM strychnine, 10 um bicuculline me-
thiodide and 10 um DNQX were included in the external solution to
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NMDA-induced excitotoxicity in immature cerebrocortical neurons. 4, B, Comparison of LDH efflux and estimation of viable neurons by using fluorescein diacetate staining in DIV-2 (4)

and DIV-9 (B) cerebrocortical neurons at 24 h after initiation of a 2 h NMDA exposure. Mean == SEM of LDH efflux values and viable cell count are represented as percentage of control. Experiment
was repeated six times each with triplicate values. C, Representative images of fluorescein diacetate staining of cerebrocortical neurons at 2 and 24 h time points.

block nonspecific components. All recordings were done from DIV-2
cerebrocortical neurons. Cell-attached patch recordings were done using
an Axopatch 200B amplifier (Molecular Devices), filtered at 8 kHz (—3
dB, 8-pole Bessel), and digitized at 40 kHz digitized with Axon pClamp
10.2 software. The pipette potential was +60 mV. Records were idealized
with a segmental k-means algorithm (Qin, 2004) using QUB software
(www.qub.buffalo.edu). All conductance levels were assumed to be equal
for the analysis. Dwell-time histograms were generated and fitted using
Channelab (Synaptosoft) with an imposed dead time of 100 us. The open
probability (P,), mean open time, and amplitude were compared by
paired t test. For representation in figures, the P, mean open time, and
amplitude were normalized to the average of respective control values.
The corresponding PbTx-2-treated values were normalized to their
paired control values.

Results

Immature cerebrocortical neurons show decreased
vulnerability to NMDA-induced excitotoxicity

Because NMDA receptors have been shown to be a crucial medi-
ator of excitotoxicity (Berman and Murray, 2000; Hardingham
and Bading, 2003) and immature neurons exhibit decreased vul-
nerability to excitotoxicity both in vivo (Liu et al., 1996) and in
vitro (Choi et al., 1987; Mizuta et al., 1998; Cheng et al., 1999;
Marks et al., 2005; King et al., 2006), we examined the influence of
cerebrocortical culture age on vulnerability to NMDA-induced

excitotoxicity. We assessed NMDA-induced LDH efflux, a bio-
chemical index for neuronal injury, as a function of development
in culture. Cerebrocortical neurons were exposed to a range of
NMDA concentrations for 2 h and assayed for LDH efflux at 2
and 24 h after the initiation of exposure. At 2, 4, and 6 DIV,
cerebrocortical cultures showed little sensitivity to NMDA-
induced LDH efflux assessed immediately after either the 2 h
exposure or at 24 h after exposure; however, DIV-9 cerebrocor-
tical neurons showed sensitivity to NMDA. In DIV-9 cultures,
the assessment of NMDA toxicity at 24 h after initiation of expo-
sure resulted in substantial levels of LDH efflux as reflected in a
maximal LDH efflux value of 247 = 10.5% of control (Fig. 1). In
DIV-9 neurons, the NMDA ECs, value with 95% confidence in-
tervals (CI) for LDH efflux was 53.1 um (27.9-101 uM). The
insensitivity to NMDA-induced excitotoxicity in DIV-2, -4, and
-6 cultures agrees with previous reports. Studies with primary
cerebrocortical cultures have reported a decreased vulnerability
to excitotoxicity in 2—-7 DIV cultures compared with 11-14 DIV
cultures after challenge with glutamate or NMDA (Choi et al.,
1987; Mizuta et al., 1998; Cheng et al., 1999; King et al., 2006).
Similarly, sensitivity to excitatory amino acid-induced toxicity in
neocortical neurons has been shown to emerge at DIV-7-9 but
not in DIV-2 (Frandsen and Schousboe, 1990; Griffiths et al.,
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Figure2. PbTx-2 augments NMDA-induced Ca** influxinimmature cerebrocortical neurons as a function of culture age. A-D, Nonlinear regression analysis of the fractional increase [(F, 5, —
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with sextuplicate determinations in six independent cultures. E, EC;, and 95% Cl derived from the NMDA concentration—response (depicted in A—D) in the presence and absence of 30 nm PbTx-2.

1997). To confirm our LDH efflux data, fluorescein diacetate
staining was used to allow visualization and quantification of
viable neurons. As depicted in Figure 1, in DIV-2 and DIV-9
cerebrocortical neurons, the viable cell count data derived from
fluorescein diacetate staining was well correlated with the LDH
efflux data and provided confirmation of NMDA-induced exci-
totoxicity in DIV-9 but not DIV-2 cerebrocortical neurons. The
NMDA EC;, value for decreasing the live neuron count was 82.2
M (95% CI 38.4-176 uMm). Based on this insensitivity to NMDA-
induced excitotoxicity, DIV-2 cerebrocortical cultures were se-
lected as a model system to explore the influence of sodium on
NMDA receptor signaling.

PbTx-2 augments NMDA-induced Ca®* influx in immature
cerebrocortical neurons

Previous studies have indicated that activity-dependent neuronal
development is primarily triggered through Ca**-dependent sig-
naling pathways (Chen and Ghosh, 2005; Konur and Ghosh,
2005). Although NMDA receptors represent a key source of Ca*™
entry, the underlying mechanisms responsible for NMDAR reg-
ulation of activity-dependent development remain to be fully
delineated. Because synaptic activity has been shown to elevate
[Na *]; (Rose and Konnerth, 2001) and sodium acts as a positive
regulator of NMDAR function (Yu and Salter, 1998), we used the
sodium channel activator, PbTx-2, as a probe to further explore
the influence of sodium on NMDAR signaling. A quantitative
assessment of the increments in neuronal sodium concentration
produced by an array of VGSC activators has demonstrated that
brevetoxins such as PbTx-2 elevate [Na*]; to concentrations as
high as 50 mmM (Cao et al., 2008). Before the investigation of the
influence of PbTx-2 on NMDA-induced Ca** influx, we first
assessed the effect of PbTx-2 alone on Ca*" dynamics in DIV-2
cerebrocortical neurons. The concentration dependence of the
increase in [Ca®"]; stimulated by PbTx-2 was examined in fluo-

3-loaded DIV-2 cerebrocortical neurons. PbTx-2 produced a
rapid and concentration-dependent increase in [Ca*"]; (supple-
mental Fig. S1A, available at www.jneurosci.org as supplemental
material). Nonlinear regression analysis of the concentration de-
pendence of the PbTx-2-induced integrated fluo-3 response in-
dicated that the EC5, for PbTx-2-stimulated increase in [Ca*™];
was 244 nM (119-498 nM, 95% CI). A concentration of 30 nM
PbTx-2 was found to be subthreshold in DIV-2 neurons in that
this concentration did not increase fluo-3 fluorescence (supple-
mental Fig. S1 A, available at www.jneurosci.org as supplemental
material). This PbTx-2 concentration response profile general-
ized to DIV-4, -6, and -9 neurons in that a 30 nM concentration of
PbTx-2 did not alter [Ca*"]; (data not shown).

Given that 30 nm PbTx-2 was without effect on Ca** dynam-
ics in cerebrocortical neurons, we investigated NMDA-induced
Ca** influx in the presence and absence of this concentration of
PbTx-2 in DIV-2, -4, -6, and -9 cerebrocortical cultures. NMDA
produced a concentration-dependent elevation of [Ca*"]; in all
four ages of cerebrocortical neuron cultures. Analysis of the
NMDA-concentration response data, in the absence of 30 nm
PbTx-2, for DIV-2, -4, -6, and -9 revealed a leftward shift in these
concentration—response curves as a function of development
(Fig. 2). The EC5, value for NMDA-induced Ca*™ influx ranged
from 19.2 uM in DIV-4 neurons to 11.1 uM in DIV-9 neurons.
The presence of 30 nm PbTx-2 produced a robust potentiation of
NMDA-induced Ca?" influx in cultures of all ages (Figs. 2, 3;
supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material). The NMDA concentration—response curves for
Ca** influx were significantly leftward shifted by 30 nm PbTx-2.
Nonlinear regression analysis of these data indicated that NMDA
ECs, values were significantly lower in the presence of PbTx-2
(Fig. 2E). These data suggest that PbTx-2 sensitizes cerebrocor-
tical neurons to NMDA-induced Ca*" influx. The PbTx-2 po-
tentiation of NMDA-induced Ca** influx was most prominent
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Figure3.  Effect of 30 nm PhTx-2 on NMDA-induced Ca 2™ influx in immature cerebrocortical neurons. Representative time—response data using DIV-2 cerebrocortical neurons. Cerebrocortical

neurons were treated with a range of NMDA concentrations in the presence and absence of 30 nm PhTx-2. The presence of 30 nm PhTx-2 produced a robust augmentation of NMDA-induced Ca™*

influxin DIV-2 neurons.
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Figure4. Pharmacological evaluation of PbTx-2-induced potentiation of NMDA-induced Ca

0.01, paired t test.

atan NMDA concentration of 3 uM in DIV-2 neurons as depicted
in Figure 3. NMDA at a concentration of 3 um alone did not affect
[Ca*"]; but in the presence of 30 nM PbTx-2 elicited a robust
increment in [Ca*"];. Although not as strong as the effect in
DIV-2 cultures, 30 nm PbTx-2 augments NMDA-induced Ca?t
influx in all ages of cerebrocortical cultures (the response of
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* influxin DIV-2 cerebrocortical
neurons. A, Time—response data are from representative experiment performed in sextuplicate and repeated four times. Cere-
brocortical neurons were treated with either 1 um TTX or 100 um APV before the addition of 3 um NMDA and 30 nm PhTx-2. B, Each
bar represents mean == SEM (n = 4). Both 1 um TTX and 100 um APV completely blocked PbTx-2 potentiation of NMDA-induced
Ca®" influx. *p < 0.01 (ANOVA followed by Dunnett's multiple comparison test). C, Effect of PP2, a specific Src-family kinase
inhibitor, on PhTx-2-induced potentiation of NMDA-induced Ca2* influx in DIV-2 cerebrocortical neurons. Time—response data
are from representative experiment performed in sextuplicate and repeated six times. Cerebrocortical neurons were exposed to 10
M PP2 or PP3 15 min before the addition of 3 .um NMDA and 30 nm PbTx-2. D, Each bar represents mean == SEM (n = 6). *p <

DIV-9 neurons is shown in supplemental
Fig. S2, available at www.jneurosci.org as
supplemental material). Based on these re-
sults, a concentration of 30 nm PbTx-2 was
selected to further probe the potential in-
fluence of sodium on NMDAR signaling.

PbTx-2 potentiation of NMDA-induced
* influx requires VGSCs and

activation of a Src family kinase

To confirm the involvement of VGSCs and
NMDARSs in the PbTx-2 enhancement of
NMDA-induced [Ca?*],, we conducted a
pharmacological evaluation of the re-
sponse to a fixed concentration of 3 um
NMDA in DIV-2 cerebrocortical neurons.
The role of NMDARs and VGSCs in the
response to NMDA in the presence and
absence of PbTx-2 was assessed by pre-
treating cerebrocortical neurons with 100
uM D-APV, a competitive NMDA receptor
antagonist or 1 uM TTX, a VGSC pore
blocker. These compounds both abro-
gated (p < 0.01) NMDA-induced Ca**
influx in the presence of PbTx-2 (Fig.
4A,B). These results, therefore, confirm
the requirement for activation of
NMDARs and VGSCs in this response. Be-
cause the upregulation of NMDAR func-
tion by [Na *]; has been shown to involve
Src kinase activation, we next examined
the role of Src family kinases in the PbTx-2
potentiation of NMDA-induced Ca*" in-
flux using the specific Src family kinase in-
hibitor, PP2 (10 um) (Fig. 4C,D). PP2 dra-
matically reduced (p < 0.01) the PbTx-2-induced potentiation
of NMDA-induced Ca*” influx in cerebrocortical neurons. In
contrast, PP3 (10 uM), the inactive congener of PP2, did not
affect the PbTx-2 potentiation of NMDA-induced Ca*" influx,
supporting the involvement of a Src family kinase in this re-
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sponse. The activation of Src family ki- 4 B
nases are tightly and dynamically con- 89 ac 5
trolled by autophosphorylation and g_3o % L e g 30
dephosphorylation of specific tyrosineres- 88 55 "« <+ T 4500 28 25
idues. The phosphorylation of a tyrosine §3& 20 s - 20mi §3 20
residue (Y416) within the activation loop £§ | o T T gmm =F
of Src kinase has been identified as impor- ~ # 18] =————————————= ~ 130mM G 18
tant for its activation (Salter and Kalia, 1.0 — 1.04 y y . r T
2004). We therefore assessed tyrosine o 100 11 ¢ [Na,j?: [Naﬁo(m:vgo 1%
phosphorylation of Src using an anti- b
phospho-Y416 Src antibody. Western blot
analysis revealed that the combination of [PBTx-2] 26
30 nM PbTx-2 and 3 um NMDA produced 26 -37.4 basal L3
an activation of Src kinase as reflected by a 24 26 10nM 24
-17.4

significant increase in the phosphorylation
of tyrosine 416 (supplemental Fig. S3,
available at www.jneurosci.org as supple-
mental material).
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cerebrocortical neurons

Given the role of [Na *]; as a putative reg-
ulator of NMDAR-mediated signaling, it
was important to quantify the magnitude
of PbTx-2-induced elevation of [Na *]; in
immature cerebrocortical neurons. We
therefore assessed PbTx-2-induced eleva-
tion of [Na™]; in DIV-2 cerebrocortical
neurons loaded with SBFI. As described
previously for the assay of [Na *]; in mature cerebrocortical neu-
rons, we performed a full in situ calibration of the relationship
between the ratiometric SBFI signal and [Na*]; in DIV-2 neu-
rons (Cao et al., 2008). The emitted fluorescence intensities were
recorded during excitation at 340 and 380 nm and were con-
verted to a ratio (340 of 380) after background correction (Fig.
5A). These calibration data relating SBFI fluorescence ratio to
[Na *]; were adequately described by a three-parameter hyper-
bolic curve fit as described in Materials and Methods (Fig. 5B).
PbTx-2 treatment of DIV-2 cerebrocortical neurons produced a
concentration-dependent decrease in SBFI fluorescence emitted
by excitation at 380 nm, whereas emitted fluorescence during
excitation at 340 nm was unaffected, indicating no significant cell
swelling after PbTx-2 exposure in DIV-2 neurons (data not
shown). As shown in Figure 5C, PbTx-2 produced
concentration-dependent increments in [Na *]; The in situ SBFI
calibration showed that the basal [Na *]; in DIV-2 cerebrocorti-
cal neurons was 8.1 = 0.32 mMm. This value is in reasonable agree-
ment with those determined previously in more mature neuronal
cultures: a basal level [Na *]; of 8.9 mm in cultured hippocampal
neurons (Rose and Ransom, 1997), 9 = 2 mM in either cultured
spinal dorsal horn or hippocampal neurons (Yu and Salter,
1998), and 10.3 = 0.22 mM in DIV-9 cerebrocortical neurons
(Cao etal., 2008). Further analysis of the concentration—response
profile for PbTx-2-induced elevation of [Na " |; indicated that the
EC, value for PbTx-2 was 43.3 nm (23.5-79.9 nm, 95% CI), and
the maximum elevation of [Na *]; was 36.6 = 0.9 mm (Fig. 5D).
Because a 30 nM concentration of PbTx-2 was sufficient to aug-
ment NMDA-induced Ca*" influx, it was important to quantify
the [Na "], increment associated with this treatment. The 30 nm
PbTx-2 treatment produced a maximum [Na ¥]; of 16.9 + 1.5
mM, representing an increment of 8.8 = 1.8 mM over basal. Pre-
vious reports in hippocampal neurons suggested that an incre-

cence ratio (340 of 380). Time—response data show stepwise changes in SBFI fluorescence ratio values evoked by successive
increments in extracellular sodium ion concentration. B, Three parameter hyperbolic curve fit adequately describes calibration
data. SE bars are contained within each data point. C, Time—response profile for PbTx-2-induced [Na *]; elevation as represented
by the SBFI fluorescence ratio. Data represent the mean == SEM of three separate experiments, each with six to eight replicates.
The scale on the right ordinate depicts the calibrated [Na *J; corresponding to SBFI fluorescence ratio values. The basal [Na
was found to be 8.1 == 0.32 mm. A maximum elevation of [Na +]ito 16.9 = 1.5 mm was determined after addition of PbTx-2 (30
nw) corresponding to a [Na ], increment of 8.8 == 1.8 mw. (*p << 0.001, unpaired t test). D, Nonlinear regression analysis of the
PbTx-2 concentration—response data (EC, = 43.3 nm; 23.5-79.9 nm, 95% Cl).

+]i

ment of [Na™]; of 10 mm was sufficient to produce significant
increases in NMDAR channel activity (Yu and Salter, 1998; Yu,
2006). It has, moreover, been reported that increments of [Na "]
of >5 mM may represent a critical threshold required to regulate
NMDAR-mediated Ca®" influx in primary cultures of hip-
pocampal neurons (Xin et al., 2005). Consistent with these find-
ings, the increment of [Na *]; detected in immature cerebrocor-
tical neurons appears sufficient to upregulate NMDAR signaling.

PbTx-2 augmentation of NMDA receptor signaling does not
involve depolarization-induced relief of Mg>* blockade

The ability of PbTx-2 to potentiate NMDA-induced Ca** influx
could be a consequence of either the elevation of [Na *]; or neu-
ronal depolarization with attendant relief of the Mg>* block of
NMDAR. To ascertain the magnitude of PbTx-2-induced mem-
brane depolarization, we assessed PbTx-2-induced membrane
potential changes in DIV-2 cerebrocortical neurons using a
membrane-potential sensitive fluorescence dye, FMP blue. The
changes in membrane potential measured with FMP blue are well
correlated with those determined by patch-clamp analysis (Bax-
ter et al., 2002). To document that FMP blue behaved as a Nern-
stian fluorescent indicator of membrane potential in cerebrocor-
tical neurons, we determined the relationship between
extracellular K™ concentration and fluorescence intensity. To
equate changes in membrane potential to alteration in FMP blue
fluorescence, a KCl concentration—response calibration curve
was generated to establish that fluorescent intensity was directly
proportional to the extracellular K* concentration (Fig. 6A).
Extracellular K™ produced a concentration-dependent increase
in maximum FMP blue fluorescence consistent with a
depolarization-induced redistribution of the lipophilic anion dye
and attendant increase in fluorescence quantum efficiency. As
depicted in Figure 6B, the regression analysis of the K™
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Figure 6. PbTx-2-evoked change in membrane potential in DIV-2 cerebrocortical neurons. A, Concentration—response vasive single-channel recordings (Tyzio

profile for KCl-evoked FMP blue fluorescence change as a function of time. Each point represents mean = SEM of 12 values.
Experiment was repeated three times on independent cultures. B, The integrated time—response data for the increment in
FMP blue fluorescence (AUC) was plotted as a function of K * concentration. The displayed regression and correlation
coefficient (r? = 0.998) were derived from linear regression analysis. The right ordinate scale shows membrane potential
for each [K "] which was calculated using Goldman—Hodgkin—Katz equation as described in Materials and Methods. The
restingmembrane potential was —29.5 = 0.01 mV. (, Concentration—response of PbTx-2-induced changes in membrane
potential as determined by changes in FMP blue fluorescence. Each point represents the mean = SEM of 12 values. This
experiment was repeated three times on independent cultures. D, Nonlinear regression analysis of the integrated time—
response data for the increment in FMP blue fluorescence (AUC) as a function of PbTx-2 concentration. The membrane

et al., 2003). Measurement of single-
channel NMDA receptor currents in
cell-attached mode indicated that the
membrane potential was —28 mV (19—
38, 95% CI), and 30 nm PbTx-2 did not
affect this measure in DIV-2 neurons
(supplemental Fig. S4, available at www.
jneurosci.org as supplemental material).

potential values were determined by performing K ™ calibration regressions in the same culture plate. The membrane

potential change evoked by 30 nm PbTx-2 was 0.2 = 0.02 mV.

concentration-dependent changes FMP blue fluorescence
showed marked linear correlation (r> = 0.99). For a Nernstian
fluorescent indicator of membrane potential, the ratio of fluores-
cence inside to the outside of the cell should be related to
the membrane potential as described by the Nernst equation
(Ehrenberg et al., 1988). This prediction is based on the principal
that the membrane potential of isolated neurons is mainly the
result of the K™ diffusion potential (Hille, 1992). We, therefore,
used the Goldman-Hodgkin—Katz equation to generate a stan-
dard curve for the estimation of membrane potential (E,,) at
various concentrations of extracellular K. The membrane po-
tential of cerebrocortical neurons was dependent on the external
concentration of K* (Hille, 1992). The concordance of the
[K ], versus membrane fluorescence and [K ], versus Ey,
regressions indicates that changes in cerebrocortical neuron FMP
blue fluorescence can be used to estimate membrane potential.
Therefore, the relationship between fluorescence change and E,,
depicted in Figure 6B was generated to determine PbTx-2-
induced changes in membrane potential of cerebrocortical neu-
rons. The resting membrane potential of DIV-2 cerebrocortical
neurons was found to be —29.5 = 0.01 mV. This is consistent
with previous demonstrations of relatively depolarized resting
membrane potentials of immature neurons that later become
more hyperpolarized as neurons mature (Ramoa and McCor-
mick, 1994; Kim et al., 1995). As shown in Figure 6C, PbTx-2
produced a rapid and concentration-dependent increment in
FMP blue fluorescence in DIV-2 cerebrocortical neurons.
Nonlinear regression analysis of the PbTx-2 concentration—
response relationship yielded an ECs,, value of 96.7 nm (71.2—
131.5 nM, 95% CI) (Fig. 6 D). Because the 30 nM concentration
of PbTx-2 was sufficient to augment NMDA-induced Ca**
influx and to elevate [Na™],, it was important to assess the

PbTx-2 increases NMDA single-channel

open probability and mean open time

To gain insight into the effect of PbTx-2 on
single-channel properties of NMDA receptors, unitary currents
were recorded from DIV-2 cerebrocortical neurons. Cell-
attached patch recording was performed with 3 um NMDA and
100 uM glycine in the patch pipette at a patch potential of +60
mV. Experiments were performed in the nominal absence of ex-
tracellular Mg®™" in the recording buffer supplemented with 20
uM EDTA to chelate trace amounts of divalent ions. In the ma-
jority of patches, we observed only single openings with no ap-
parent simultaneous double openings. The absence of double
openings was presumably attributable to the submaximal con-
centration of NMDA used in the patch pipette and the low ex-
pression of NMDA receptors in immature cerebrocortical neu-
rons. Patches in which we observed simultaneous double
openings were not further analyzed. Single-channel recordings
were idealized using the QUB and analyzed using ChanneLab
with an imposed resolution of 100 ws. Bath application of 30 nm
PbTx-2 significantly increased the open probability (P,) of
NMDA receptors from 0.0054 = 0.002 under control conditions
to 0.031 = 0.008 (443 = 102% of control) after 30 nm PbTx-2
(n =5,p <0.05, paired ¢ test) (Fig. 7A, B). The mean open time
was also increased by PbTx-2 application from 1.99 * 0.26 ms
without PbTx-2 to 2.95 * 0.34 ms (153 % 20% of control) after
PbTx-2 (n =5, p < 0.05, paired ¢ test) (Fig. 7B). PbTx-2 did not
modulate the amplitude of single-channel currents (control,
6.4 = 0.3 pA; PbTx-2, 6.8 = 0.4 pA; n = 5) (Fig. 7B). The com-
posite open and shut dwell-time histograms were generated and
fitted using Channelab. The open time histogram could be fitted
by the sum of two exponential components with time constants
of 1.2 (81%) and 3.1 (19%). The time constants after PbTx-2
application were 1.6 (65%) and 4.1 (35%). Thus, PbTx-2 in-
creased the area of the longer time constant. The composite shut
time histograms could be fitted by sum of four exponential com-
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Increase in NMDA receptor channel open probability by PbTx-2. 4, Cell-attached patch recording from DIV-2 cerebrocortical neurons. NMDA receptor unitary currents were evoked by
+60 mV, filtered at 5 kHz for representation, digitized at 40 kHz). Enhancement of NMDA receptor activity by bath

application of 30 nm PbTx-2. B, Bath application of 30 nm PbTx-2 increased the NMDA receptor channel open probability (P,) and mean open time (MOT) (n = 5, *p << 0.05, paired t test) but not the
mean amplitude (Amp) (n = 5). C, Pooled dwell-time histograms were fitted using Channelab. The open time histogram was fitted by the sum of two Gaussian components, and the shut time
histogram was fitted by the sum of four Gaussian components. The time constants and area are described in Results.

ponents with time constants of 0.63 (47%), 7.4 (12%), 211
(22%),and 1410 (19%). The time constants were essentially same
after PbTx-2 application 0.63 (45%), 10.0 (16%), 180 (28%), and
1361 (11%), except that the area of the slowest time constant was
lowered by PbTx-2, which may underlie the increase in P, by
PbTx-2 (Fig. 70C).

To address the requirement for Na ™ influx in the PbTx-2-
mediated enhancement of NMDA receptor function, PbTx-2 was
applied when external Na™ was substituted by equimolar con-
centrations of the impermeant cation N-methyl D-glucamine
(NMDG). PbTx-2 failed to enhance NMDA receptor function
under these conditions (Fig. 8A). The P, before and after PbTx-2
application were 0.004 = 0.002 and 0.005 * 0.002, respectively
(n = 4). The mean open time was also unaltered (before: 1.21 =
0.14 ms; after: PbTx-2, 1.28 * 0.22 ms; n = 4). Resubstitution
with a Na *-containing extracellular solution with PbTx-2 lead to
a significant increase in both P, and mean open time compared
with control condition [P,, 0.011 = 0.003 (275 % 36% of con-
trol); mean open time, 1.97 = 0.22 ms (166 £ 20% of control);
p < 0.05, paired ¢ test)]. These results suggest that PbTx-2 (30
nM)-induced influx of Na ™ is crucial for augmentation of NMDA
receptor function.

We further addressed the role of a Src family kinase in PbTx-
2-induced augmentation of NMDA receptor function. Record-
ings were performed after 15 min preincubation with PP2 (Fig.
8B,C). PbTx-2 failed to increase P, [control (PP2), 0.0047 =+
0.0005; PbTx-2 (PP2), 0.0045 £ 0.0005; n = 4)] (Fig. 8B) or

mean open time [control (PP2), 1.95 £ 0.32 ms; PbTx-2 (PP2),
1.89 = 0.29; n = 4)] (Fig. 8C) when Src kinase was inhibited by
PP2. To address any nonspecific effects of PP2, single-channel
recordings were performed using PP3. PbTx-2-mediated en-
hancement of NMDA receptor function persisted in the presence
of PP3 with both the P, [control (PP3), 0.0032 = 0.0005; PbTx-2
(PP3),0.013 = 0.003; n = 4; p < 0.05, paired t test)] (Fig. 8 B) and
mean open time [control (PP3), 1.39 = 0.09 ms; PbTx-2 (PP3),
3.87 = 0.15; n = 4; p < 0.05, paired ¢ test)] (Fig. 8C) showing
significant increases compared with PP3 controls. These results
suggest a critical role for a Src family kinase in the Na *-mediated
regulation of NMDA receptor activity.

PbTx-2 enhances neurite outgrowth in immature
cerebrocortical neurons

We next sought to determine the functional consequences of
PbTx-2 augmentation of NMDAR function in immature cere-
brocortical neurons. We, therefore, examined the influence of
PbTx-2 on neurite outgrowth. A range of PbTx-2 concentrations
were added to cerebrocortical cultures 3 h after plating, and the
total neurite length was assessed at 15, 24, 40, or 108 h later. The
PbTx-2 concentration—response for total neurite outgrowth at
the 15, 24, 40, and 108 h time points exhibited a bidirectional, or
hormetic, profile. The 24-h exposure data depicted in Figure 9A
reveal that PbTx-2 concentrations between 1 and 30 nM produced
a graded increase in neurite outgrowth, whereas concentrations
>30 nM had progressively smaller responses. In all experiments,
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Figure 8.  Augmentation of NMDA receptor unitary currents by PbTx-2 is dependent on

sodium influx and Src kinase. Single-channel NMDA receptor currents were recorded as de-
scribed in Figure 7. A, Replacement of extracellular Na ™ with impermeant cation NMDG pre-
vented PbTx-2-induced increase in the P, and mean open time of NMDA receptors (n = 4).
Resubstitution with Na * -containing Locke’s buffer restored PbTx-2-mediated increase in the
P, and mean open time of NMDA receptors (n = 4, *p < 0.05, paired ¢ test). B, A 15 min
preincubation with the Src kinase inhibitor PP2 (10 wm), but not the inactive analog PP3 (10
um), blocked PbTx-2-induced enhancement of NMDA receptor P, (n = 4). (, PP, but not PP3,
blocked PhTx-2-induced enhancement of NMDA receptor mean open time (n = 4, *p << 0.05,
paired ¢ test).

the 30 nm PbTx-2 concentration produced the largest effect on
neurite outgrowth (Fig. 9A—C). This dramatic effect of 30 nm
PbTx-2 on neurite length could be seen at all time points (~1.5-
fold at 15 h, p < 0.05; 2.0-fold at 24 h, p < 0.01; 1.8-fold at 40 h,
p < 0.01; 1.4-fold at 108 h, p < 0.05).

Using selective pharmacological inhibitors, we next sought to
explore the signaling mechanisms underlying the enhanced neu-
rite outgrowth produced by PbTx-2. We used the selective VGSC
antagonist TTX to document the role of sodium channels in this
response. Coincubation of TTX (1 uM) with 30 nm PbTx-2 com-
pletely blocked (control, 187.5 £ 15.5 uwm; PbTx-2, 265.8 =
20.86 wm; TTX, 185 * 13.2 um; TTX plus PbTx-2, 190.2 * 10.7
um) the influence of PbTx-2 on total neurite length (Fig. 104, B),
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indicating that the PbTx-2 response is mediated by activation of
VGSCs. The role of NMDARs in the response to PbTx-2 was
assessed using the uncompetitive NMDA receptor antagonist,
MK-801. MK-801 pretreatment similarly abrogated PbTx-2-
enhanced neurite development (control, 101.5 *= 7.51 wm;
PbTx-2, 166.5 £ 17.9 um; PbTx-2 plus MK-801, 83.1 = 5.26
um). Inhibition of Src kinase with PP2 also eliminated the effect
of PbTx-2 on neurite outgrowth (supplemental Fig. S5, available
at www.jneurosci.org as supplemental material). In contrast, ni-
fedipine, an L-type calcium channel blocker, did not affect
(156.6 = 12.5 uwm) PbTx-2-enhanced neurite length (Fig.
10C,D).

Because CaMKK represents a common upstream activator of
both calmodulin kinase I (CaMKI), CaMKIV, and MAPKs, the
major signaling mediators for Ca®"-dependent stimulation of
neurite development, we determined the influence of the selec-
tive, cell-permeable CaMKK inhibitor, STO-609 (1,8-
naphthoylene benzimidazole-3-carboxylic acid) (Tokumitsu et
al., 2002, 2003; Wayman et al., 2004) on the response to PbTx-2.
STO-609 (2.6 uMm) treatment completely blocked PbTx-2-
enhanced neurite outgrowth (Fig. 10C,D). These results suggest
that PbTx-2-induced neurite outgrowth is dependent on
NMDAR-mediated Ca®" entry with subsequent activation of a
CaMKK pathway. Together, these data indicate that PbTx-2 en-
hancement of the neurite outgrowth sequentially involves an in-
crease in Na™ influx, upregulation of NMDAR function, and
engagement of a Ca>" -dependent CaMKK pathway (supplemen-
tal Fig. S7, available at www.jneurosci.org as supplemental
material).

Discussion
Activation of NMDA receptors plays an essential role in brain
development including the control of dendritic growth (Cline,
2001; Ewald et al., 2008). NMDA receptor-mediated responses
promote dendritic arbor growth, whereas pharmacological
blockade of NMDA receptors reduce dendritic growth rate (Ra-
jan and Cline, 1998; Lee et al., 2005). Additionally, the effects of
neuronal activity on dendritic development are mediated by
calcium-dependent signaling events (Konur and Ghosh, 2005).
In the present study, we used a sodium channel activator to
mimic the influence of neuronal activity in an effort to explore
the relationship between intracellular [Na™]- and NMDAR-
dependent development. The findings of this study in immature
murine cerebrocortical cultures provide compelling evidence in
support of a role for [Na"]; in activity-dependent processes of
neuronal development.

VGSCs are vital for normal CNS functioning, and recent stud-
ies have additionally shown that intracellular sodium may actas a
signaling molecule. Based on the original work of Hodgkin and
Huxley (1952) with squid axons, a single action potential was
calculated to minimally change the Na * electrochemical gradient
(Hille, 1992). The situation in mammalian neurons with fine
axons, dendrites, and spines is, however, much different, attrib-
utable to greater surface-to-volume ratios. Thus, a single action
potential may elevate [Na *]; substantially (Hille, 1992). Using
two-photon imaging to measure Na* transients in spines and
dendrites of CA1 pyramidal neurons in hippocampal slices, Rose
et al. (1999) demonstrated action potential-induced [Na *]; in-
crements reached values of 3—4 mw after a train of just 20 action
potentials.

We have previously found that the sodium channel activator
PbTx-2 augments NMDA receptor-mediated Ca*" influx in
both spontaneously oscillating mature and nonoscillatory imma-
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Figure9. Effect of PbTx-2 on neurite outgrowth of cerebrocortical neurons. A, Concentration—response profile of PbTx-2 on neurite outgrowth at 24 h after plating. Various concentrations of
PbTx-2 were added to the culture medium at 3 h after plating. The maximum enhancement of neurite extension was seen with 30 nm PbTx-2. Each value represents mean = SEM of 120 cells. *p <
0.05—0.01 (ANOVA followed by Dunnett's multiple comparison test). PbTx-2-enhanced neurite extension displayed a hormetic concentration—response relationship with the peak response at 30
nu. B, €, Representative images (B) and quantification (C) of neurite length of cerebrocortical neurons at 15, 24, 40, and 108 h after plating.

ture cerebrocortical neurons (Dravid at al., 2005). PbTx-2 also  the present study using the sodium channel activator PbTx-2 as a
enhanced the effect of bath applied NMDA on extracellular ~ probe to elevate intracellular Na ™. To unambiguously demon-
signal-regulated kinase 2 activation in cerebrocortical neurons.  strate the enhancement of NMDA receptor function by PbTx-2,
The influence of [Na *]; dynamics on NMDA receptor function  we recorded single-channel currents from cell-attached patches.
has been demonstrated in hippocampal neurons where elevation =~ The shut time histogram with slow time constants resemble
of [Na *];increased the open probability of NMDA receptors (Yu ~ NR2B-containing receptors (Erreger et al., 2005), consistent with
and Salter, 1998; Yu, 2006). Anincrement of [Na *];0f 10mmwas ~ the expression of NR1/NR2B-containing receptors in immature
sufficient to produce significant increases in NMDA receptor  neurons (Williams et al., 1993). PbTx-2 treatment increased both
single-channel activity. This Na*-dependent regulation of  the mean open time and open probability of NMDA receptors.
NMDA receptor function was, moreover, shown to be controlled ~ These effects of PbTx-2 on NMDA receptor function were depen-
by Src-induced phosphorylation of the receptor (Yu and Salter,  dent on extracellular Na™ and activation of Src kinase. An in-
1998; Yu, 2006). These results were confirmed and extended in  crease in intracellular Na™* and Src activation have previously
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Pharmacological evaluation of signaling pathways involved in PhTx-2-induced neurite outgrowth. 4, Representative images (scale bar, 10 .m) and respective quantification (B) of

neurite extension at 24 h. The cerebrocortical neurons were treated with 30 nm PbTx-2 in the presence and absence of 1 um TTX at 3 h after plating. Bars represent mean = SEM of 30 cells. *p <
0.05, unpaired t test. €, D, Representative images (scale bar, 10 um) (€) and quantification (D) of neurite extension at 24 h after plating. The 30 nm PhTx-2 exposure was examined in the presence
or absence of MK-801 (1 rum), STO-609 (2.6 um), or nifedipine (1 tum) beginning at 3 h after plating. Each bar represents the mean = SEM of 30 cells. PhTx-2-enhanced neurite extension was
significantly blocked by MK-801 and ST0-609 (*p << 0.05, ANOVA followed by Dunnett’s multiple comparison test).

been shown to increase the mean open time and open probability of
NMDA receptors in hippocampal neurons (Yu et al., 1997; Yu and
Salter, 1998). An increase in apparent mean open time may repre-
sent increased stability of the open conformation rather than a
change in agonist affinity, because the apparent mean open time
appears to be independent of agonist concentration at NR1/NR2A
receptors (Schorge et al., 2005). PbTx-2 exposure changed the area
of certain shut time constants with no apparent shift in the time
constants themselves, suggesting that the sodium channel activator
may act by reducing the probability that the channel enters a long-
lived shut state. Because the single-channel recordings were done in
the absence of extracellular Mg>™, these results additionally argue
against relief of Mg " -dependent block in the actions of PbTx-2.
These data, therefore, confirm the regulatory influence of Na* on
NMDAR channel activity in hippocampal neurons described previ-
ously (Yu and Salter, 1998) and extend this relationship between
[Na ], and NMDA receptor function to cerebrocortical neurons.
A key finding of this study is that a functional consequence of
the regulatory influence of [Na *]; on NMDAR channel activity
was established. Using immature cerebrocortical neurons, we
found that PbTx-2 concentrations between 3 and 300 nMm en-

hance neurite outgrowth. Thus, the ability of PbTx-2 to augment
NMDAR channel activity translated into an enhancement of the
trophic influence of NMDAR on developing cerebrocortical neu-
rons. Accepting the premise that the effects of neuronal activity
on the development and structural plasticity of dendritic arbors
are primarily mediated by engagement of NMDA receptors (To-
lias et al., 2005), our results suggest that PbTx-2 activation of
sodium channels with attendant enhancement of NMDA recep-
tor signaling mimics the response to neuronal activity.

An inverted-U model describes the relationship between
NMDA receptor activity and neuronal survival and outgrowth
(Lipton and Nakanishi, 1999; Hardingham and Bading, 2003).
This inverted-U concentration—response relationship has pri-
marily, but not exclusively, been regressed to intracellular Ca**
regulation. An optimal window for [Ca**]; is required for
activity-dependent neurite extension and branching, with lower
levels stabilizing growth cones and higher levels stalling them, in
both cases preventing extension (Gomez and Spitzer, 2000; Hui
et al., 2007). It is noteworthy that the concentration dependence
for KCl-induced neurite outgrowth in PC12 cells also displays an
inverted-U profile (Solem et al., 1995).



3300 - J. Neurosci., March 11, 2009 - 29(10):3288 —3301

The PbTx-2 concentration—response profile for neurite out-
growth reproducibly produced a comparable bidirectional or
hormetic relationship (Fig. 9). Although we have reported previ-
ously that the PbTx-2 concentration-response relationship for
neuronal Ca*” influx does not produce an inverted-U response
(Berman and Murray, 2000), the pathways for Ca*" influx did
differ for low (100 nMm) versus high (1000 nm) concentrations of
PbTx-2 in DIV-2 cerebrocortical neurons (supplemental Fig. S1,
available at www.jneurosci.org as supplemental material). The
Ca** influx pathway stimulated by 100 nm PbTx-2 was primarily
through NMDA receptors, whereas 1000 nm PbTx-2 stimulates
influx through both L-type calcium channels and NMDA recep-
tors (supplemental Fig. S1, available at www.jneurosci.org as sup-
plemental material). The more sustained depolarization associ-
ated with exposure to 1000 nm PbTx-2 may produce greater
activation of L-type calcium channels in these immature neurons
(Fig. 6C). NMDA receptor-dependent and L-type Ca** channel-
dependent Ca*™ influx pathways may differentially contribute to
the observed stimulation of neurite outgrowth. Ca*"-signaling
pathways resulting from L-type Ca** channels and NMDA re-
ceptors have been shown to differ (Bading et al., 1993). Wayman
et al. (2006) have shown that activity-dependent dendritic ar-
borization in DIV-9 hippocampal neurons involves a Ca*"-
signaling pathway downstream of the NMDA receptor through
activation of a CaMKK and CaMKI. These authors used 16 mm
KCl to induce neuronal activity and demonstrated that the ob-
served increase in total dendritic length and branching was elim-
inated by treatment with an NMDA receptor antagonist. In con-
trast, evidence for the involvement of L-type Ca®" channels in
dendritic growth and arborization of DIV-4 cortical neurons ex-
posed to 50 mm KCl has been reported previously (Redmond et
al., 2002). The explanation for the discordant results of these
previously published studies most likely resides in the differing
strengths of depolarizing stimuli produced by 16 versus 50 mm
KCl: only the latter would be sufficient to activate L-type Ca>"
channels in mature cultures. Similarly, only 1000 nm PbTx-2 in
the present study was capable of stimulating Ca** influx through
L-type Ca*" channels. Given that the resting membrane poten-
tial of DIV-2 cerebrocortical neurons was found to be in the —28
to —30 mV range and that L-type Ca*" channels have an activa-
tion threshold at membrane voltages positive to —30 mV (Trom-
bley and Westbrook, 1991), the small depolarization produced by
1000 nm PbTx-2 may have been sufficient to activate L-type chan-
nels in these immature cultures. Although these data collectively
do not provide an explanation for the inverted-U concentration—
response curve for neurite outgrowth, they do illustrate the im-
portance of the strength of a depolarizing stimulus as a determi-
nant of the Ca**-signaling pathways activated.

Although the exact mechanism underlying the inverted-U re-
sponse remains to be determined, high concentrations of PbTx-2
might promote slow inactivation of VGSCs with attendant re-
duction in sodium influx (Mitrovic et al., 2000; Ong et al., 2000).
Alternatively, high concentrations of PbTx-2 could increase
VGSC internalization, which has been shown to be a conse-
quence of Na™ influx in immature neuronal tissue (Dargent et
al., 1994). Consistent with these provisional explanations for the
inverted-U PbTx-2 concentration—response relationship, quan-
tification of cerebrocortical [Na™]; after 24-h exposure to
PbTx-2 also exhibited a hormetic profile (supplemental Fig. S6,
available at www.jneurosci.org as supplemental material). These
data suggest that cerebrocortical neuron [Na *]; may shape the
PbTx-2 concentration—response curve by upregulating NMDAR
signaling.

George et al. » Intracellular Sodium and NMDA Receptor Signaling

We have recently shown that an array of sodium channel-
gating modifiers produce [Na *]; increments that are of sufficient
magnitude to increase NMDA receptor channel activity (Cao et
al., 2008). Sodium channel activators, therefore, appear capable
of mimicking activity-dependent control of neuronal develop-
ment by upregulating NMDA receptor signaling pathways that
influence neuronal growth and plasticity. Voltage-gated sodium
channel activators may accordingly represent a novel pharmaco-
logic strategy to regulate neuronal plasticity through an NMDA
receptor and Src family kinase-dependent mechanism.
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