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Abstract

Astrogliosis is a prominent feature of many, if not all, pathologies of the brain and spinal cord, yet

a detailed understanding of the underlying molecular pathways involved in the transformation

from quiescent to reactive astrocyte remains elusive. We investigated the contribution of voltage-

gated sodium channels to astrogliosis in an in vitro model of mechanical injury to astrocytes.

Previous studies have shown that a scratch injury to astrocytes invokes dual mechanisms of

migration and proliferation in these cells. Our results demonstrate that wound closure after

mechanical injury, involving both migration and proliferation, is attenuated by pharmacological

treatment with tetrodotoxin (TTX) and KB-R7943, at a dose that blocks reverse mode of the

Na+/Ca2+ exchanger (NCX), and by knockdown of Nav1.5 mRNA. We also show that astrocytes

display a robust [Ca2+]i transient after mechanical injury and demonstrate that this [Ca2+]i

response is also attenuated by TTX, KB-R7943, and Nav1.5 mRNA knockdown. Our results

suggest that Nav1.5 and NCX are potential targets for modulation of astrogliosis after injury via

their effect on [Ca2+]i.
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Introduction

Astrocytes outnumber neurons in the brain and spinal cord and respond to insult in the CNS

through the incompletely understood process of reactive astrogliosis, which is a hallmark of

the response to injury in many CNS pathologies. While the functional ramifications of

astrogliosis are controversial, recent studies suggest that astrocytes can exert both beneficial

and detrimental effects, the outcome of which is determined by specific signaling cascades
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involved (Sofroniew, 2009), temporal sequence (Rolls et al., 2009), and extent and type of

injury, which determine reactive astrocyte phenotype (Zamanian et al., 2012). Astrogliosis

can be regarded as a continuum; however, once the process approaches the severe end of the

spectrum, the formation of a scar is long-lasting and can inhibit the regeneration of injured

neurons (Silver and Miller, 2004; Sofroniew, 2009).

Along with increasing recognition of the importance of astrocytes in CNS pathology, the

past 20 years have seen a paradigm shift from the view of astrocytes as traditionally non-

excitable cells to the recognition that astrocytes exhibit excitability by way of ionic fluxes,

and particularly in the form of [Ca2+]i oscillations. Astroglial [Ca2+]i fluxes lead to

activation of secretory machinery and exocytosis of neurotransmitters, which can modulate

neuronal synapses, a phenomenon that has been termed “gliotransmission” (Agulhon et al.,

2008). Aside from modulation of synaptic transmission, levels of intracellular Ca2+ are

critical for numerous homeostatic cellular functions in astrocytes, including migration and

proliferation (Stanimirovic et al., 1995; Wang et al., 2010; Parnis et al., 2013). Cytoplasmic

Ca2+ levels in astrocytes are derived from multiple compartments, including endoplasmic

reticulum (Kastritsis et al., 1992), mitochondrial sodium-calcium exchange (Parnis et al.,

2013), and the extracellular space (Gao et al., 2013). One important mechanism by which

[Ca2+]i can be regulated in astrocytes is by reverse (Ca2+-importing) activity of sodium-

calcium exchangers (NCX) (Paluzzi et al., 2007; Reyes et al., 2012), the three isoforms of

which are expressed in astrocytes (Minelli et al., 2007).

Recent work has also indicted the importance of [Na+]i fluctuations in contributing to

astroglial excitability and cellular homeostasis, with a prominent mechanism involving the

linkage of transmembrane movements of Na+ and Ca2+ (Parpura and Verkhratsky, 2012;

Rose and Krase, 2013, Kirischuk et al., 2012). Glutamate receptors and purinoceptors, as

well as voltage-gated sodium channels (VGSCs), are known to play a role in astrocytic Na+

influx, but the molecular mechanisms controlling cytosolic Na+ concentrations remain

poorly understood (Parpura and Verkhratsky, 2012). Evidence supporting reverse NCX

activity as a Ca2+ source for astrocytes suggests a potential functional role for astrocytic

sodium channels as they relate to [Ca2+]i fluctuations (Kirischuk et al., 2012). Astrocytes

express VGSCs (Sontheimer et al., 1996), and in particular the cardiac isotype Nav1.5

(Black et al., 1998; MacFarlane and Sontheimer, 1998; Black et al., 2010). The functions of

VGSCs in astrocytes, which are traditionally considered to be non-excitable, have remained

elusive, although Sontheimer et al. (1994) have suggested that these channels provide a

pathway for Na+ to enter the cell to maintain [Na+]i at levels necessary for Na+/K+-ATPase

activity.

We present here evidence supporting a contribution of sodium channel Nav1.5 to astrogliosis

in an in vitro model of glial mechanical injury. We further implicate fluctuations in [Ca2+]i

due to reverse operation of NCX, triggered by VGSC activity, as the mechanism by which

Nav1.5 contributes to the response of astrocytes to mechanical injury. Our results establish a

link between the activity of VGSCs and astrogliosis, in particular, by way of alterations in

[Ca2+]i.
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Materials and Methods

Cell Culture

Cells used in all experiments were purified rat primary cortical astrocytes from E19

Sprague-Dawley rats (Invitrogen, Grand Island, NY), which were thawed and maintained

per manufacturer's recommendations. The cells were plated on either glass coverslips in 24-

well plates (Corning, Tewksbury, MA) or 35 mm glass bottom dishes (MatTek, Ashland,

MA) at a seeding density of ∼2×104 cells. Cells were grown until confluent in astrocyte

medium [Dulbecco's modified Eagle's medium +4.5 g/L D-glucose, +L-glutamine, +110

mg/L sodium pyruvate (Invitrogen) supplemented with 15% fetal bovine serum (Hyclone,

Rockford, IL), penicillin (100 U/ml) and streptomycin (100 μg/ml) (Invitrogen)]. Greater

than 90% of cells in these cultures were GFAP-positive.

Immunocytochemistry

Astrocytes were fixed for 10 min in PFA solution [4% paraformaldehyde (Sigma, St. Louis,

MO) in 0.14 M Sorensen's phosphate buffer, pH 7.4], rinsed 3 times, then incubated in

blocking solution [phosphate-buffered saline with 3% fish gelatin, 0.3% Triton X-100, and

3% normal donkey serum (all from Sigma)] for 15 min at room temperature. Astrocytes

were then incubated with primary antibodies [mouse anti-glial fibrillary acidic protein

(GFAP), 1:1000, Covance, Princeton, NJ; rabbit anti-Nav1.5, 1:100, Alomone, Jerusalem,

Israel] for 2-3 h at room temperature, rinsed 3 times with phosphate-buffered saline (PBS)

and incubated with secondary antibodies [donkey anti-mouse immunoglobulin G-Alexa

Fluor 488, 1:1000, Invitrogen; donkey anti-rabbit immunoglobulin G Cy3, 1:500, Jackson

ImmunoResearch, West Grove, PA] for 1-2 h at room temperature. Astrocytes were rinsed

with PBS and mounted with Aqua Poly mount (Polysciences, Warrington, PA). Control

experiments were performed with the omission of the primary antibodies and only

background labeling was observed. For Nav1.5/GFAP stained astrocytes, multiple images

were accrued with a Nikon C1si confocal microscope (Nikon USA, Melville, NY) operating

with frame lambda (sequential) mode and saturation indicator activated to prevent possible

bleed-through between channels.

Scratch wound

Astrocytes were plated on glass coverslips in 24-well plastic plates. When confluent,

medium was replaced with astrocyte medium (control), astrocyte medium + 10 µM TTX

(Calbiochem, San Diego, CA), or astrocyte medium + 0.5 µM KB-R7943 (Calbiochem). The

medium was then removed and saved while the astrocytes were mechanically scratched with

a pipette tip similar to previous descriptions (e.g. Yu et al., 1993; MacFarlane and

Sontheimer, 1997; Környei et al., 2000), yielding a linear cell-free wound. The saved

medium was replaced in each well and the cells were incubated under usual conditions for

24 h.

For experiments in which the scratched astrocytes were incubated with TTX for only the

initial 15 min or 2 hour time period, cells were rinsed three times with PBS after treatment

with TTX for the appropriate time period and incubated with astrocyte medium for the

duration of the 24 h experiment.
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To investigate the contribution of [Ca2+]i in response to mechanical injury, the Ca2+ chelator

Oregon-Green 488 BAPTA-AM (OGB) (Invitrogen) was employed. Cells were incubated

with 10 µM OGB with 0.125% pluronic (Invitrogen) in astrocyte medium for 1 h prior to

scratch. Twenty-four hours following the mechanical injury, the cells were fixed and

processed for detection of GFAP.

Mechanical injury quantification

To quantify the extent of wound closure in the experimental conditions, montages of the

entire coverslip were obtained with a Nikon Ti-E inverted microscope (Tokyo, Japan), using

a 10× objective. NIS-Elements AR software (Nikon USA, Melville, NY) was used for

analysis of the average wound width (µm) of each scratched coverslip by measuring the total

area of the cell-free wound and dividing by the length of the major axis. Average wound

width in experimental conditions was normalized to the untreated condition for each

experiment, to account for variability between cultures. For each experiment, the growth

into the initial injury area at t=24 h was calculated as a percentage of the mean initial width

of the wound (t=0).

To assay the consistency of the mechanical scratch, coverslips (n=31) were scratched, fixed

at t=0, processed for GFAP immunocytochemistry, and imaged; the mean ± SEM initial

scratch width was 414 ± 12 µm, indicating consistent initial injury.

Nav1.5 siRNA knockdown scratch wound

Accell siRNA molecules (pool of 4 different sequences, SMARTpool E-089494-00- 0005)

targeting rat Nav1.5, as well as non-targeting (NT) control Accell siRNA #1

(D-001910-01-05) were purchased from Thermoscientific (USA) and used at a final

concentration of 1 µM according to the manufacturer's protocol. Briefly, siRNA molecules

were re-suspended in siRNA buffer (Thermoscientific, USA) and then added to Accell

medium to a final concentration of 1 µM. Growth medium was removed from confluent

astrocytes and the delivery (two treatment conditions: NT-siRNA in Accell medium and

Nav1.5 siRNA in Accell medium) added to cells for 48 h prior to initiation of mechanical

injury as described above. Standard cell lysis techniques were then used and the RNA

extracted (Samad et al., 2010). Due to variability between cultures, we normalized the

results of the wound healing assay to NT siRNA, where there is minimal Nav1.5 knockdown

(Fig. 3a)

Quantitative real-time reverse transcription-PCR

Cultured rat primary cortical astrocytes were processed for RNA extraction using RNasy

Microkit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Three hundred

ng of total RNA was used to generate 1st strand cDNA using Superscript III (Invitrogen)

according to the manufacturer's protocol. Real-time Taman PCR assays for rat: Nav1.1

(assay id: Rn00578439_m1), Nav1.2 (Rn00680558_m1), Nav1.3 (Rn01485332_m1), Nav1.4

(Rn01461132_m1), Nav1.5 (Rn00565502_m1), Nav1.6 (Rn00570506_m1), Nav1.7

(Rn00591020_m1), Nav1.8 (Rn00568393_m1), Nav1.9 (Rn00570487_m1), NCX1

(Rn00570527_m1), NCX2 (Rn00589573_m1), NCX3 (Rn01517855_m1) and rat GAPDH

(Rn01775763_g1) were used with Universal Taqman PCR master mix (20×) (all from
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Applied Biosystems, Carlsbad, CA). One microliter of the cDNA was used as a template in

20 µl and the reaction was run in duplicates according to the manufacturer's instructions

using the Eppendorf realplex (USA). Normalization and expression analysis of gene of

interest mRNA were done using the 2–δCt method with GAPDH as the control.

Astrocyte migration assay

Astrocytes were plated in 24-well glass bottom dishes and incubated with astrocyte medium,

astrocyte medium + 10 µM TTX, or astrocyte medium + 0.5 µM KB-R7943 prior to

performing a scrape injury with a cell scraper. After injury, cells were transferred to an

incubation chamber on a Nikon Ti-E inverted microscope (Tokyo, Japan). Phase-contrast

images of the entire coverslip were obtained at multiple time points over a 24 h period, using

a 10× objective. NIS-Elements AR software (Nikon USA, Melville, NY) was used for

analysis of the average process extension of each coverslip (µm) by measuring process

extension of individual astrocytes from original site of injury. Migration in experimental

conditions was normalized to the untreated condition for each experiment, to account for

variability between cultures.

Nav1.5 siRNA knockdown migration assay

ON-TARGET plus siRNA molecules (pool of 4 different sequences, SMARTpool

L-089491-02) targeting rat Nav1.5 as well as non-targeting control #1 (D-001810-01-05)

were purchased from Thermoscientific (USA) and used at a final concentration of 25 nM

according to the manufacturer's protocol. Briefly, siRNA molecules were re-suspended in

siRNA buffer (Thermoscientific, USA) and then added to Opti-MEM I Reduced Serum

Medium (Invitrogen). Separately, Lipofectamine 2000 (Invitrogen) was added to Opti-MEM

I Reduced Serum Medium and allowed to incubate for 5 min at RT. The siRNA mixture was

then added to the Lipofectamine 2000 mixture and incubated for 20 min at RT. Astrocyte

media was removed and delivery media (NT-siRNA/Lipofectamine 2000/Opti-MEM I

medium or Nav1.5 siRNA/Lipofectamine 2000/Opti-MEM I medium) was added to the cells

overnight. The cells were washed and the delivery media was replaced with astrocyte media

and cells incubated for an additional 24 h prior to initiation of the scrape injury.

Astrocyte proliferation assay

BrdU assays were performed to assess cell proliferation per manufacturer's instructions

(Sigma). Briefly, control (no mechanical injury) and mechanically scratched astrocytes were

incubated with 10 µM BrdU in astrocyte medium. After 24 h, astrocytes were fixed with

PFA solution for 15 min, washed three times with PBS, permeabilized with 0.3% Triton

X-100 at RT for 15 min, incubated with 2M HCL at 37° C for 30 min, neutralized with

0.1M borate buffer (pH=8.5) three times, and washed three times with PBS. The cells were

then incubated in 500 µl PBS/3% normal donkey serum/2% fish gelatin/0.1% Triton X-100

at 37° C for 30 min, incubated with mouse anti-BrdU (1:200, Serotec) and rabbit anti-GFAP

(1:1000, Chemicon, Billerica, MA) at 37° C for 30 min, washed three times with PBS, and

incubated with donkey anti-mouse immunoglobulin G Cy3 (1:500, Jackson) and donkey

anti-rabbit immunoglobulin G Alexa Fluor 488 (Invitrogen) at 37° C for 30 min. The cells

were washed five times with PBS and mounted on slides with Aqua Poly mount.
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To test the effect of TTX and KB-R7943 on proliferation, the entire procedure was repeated

in the presence of these reagents for 24 h. We attempted to assess proliferation following

knockdown of Nav1.5 with siRNA, but the astrocytes were not viable following transfection

with siRNA plus exposure to BrdU (24 h), and thus proliferation could not be assessed.

To count BrdU-positive cells, NIS-Elements AR software was employed. A 3-5 mm2 area

was assayed for each coverslip, with the analyzed area for scratched coverslips <500 µm

from the edge of the wound. The cell-free wound area was subtracted from the total area

assayed and data converted to BrdU-positive cells per mm2, both along the margin of the

wound and in unscratched conditions. Each experimental condition was expressed as %

proliferation compared to the value for a paired control (unscratched) at 24 h for each

experiment to account for variability between cultures.

Measurement of [Ca2+]i after injury

Astrocytes were maintained in 35 mm glass bottom dishes. Once confluent, cells were

loaded with 5 µM Fura-2 AM (Invitrogen) in standard bath solution (SBS; 140 mM NaCl, 3

mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, pH 7.3, 320 mOsm) with 0.05%

pluronic (Invitrogen) at room temperature for 90 min. For cells in TTX or KB-R7943

treatment conditions, the pharmacologic agents were included in the Fura-2 AM SBS

solution. After incubation, cells were rinsed twice with SBS and 2 ml SBS was placed in the

dish for the remainder of the experiment. For cells in TTX or KB-R7943 treatment

conditions, the pharmacologic agents were included in the 2 ml SBS placed for the duration

of the experiment. Cells from a single field per dish were initially imaged with bright-field

optics with a Nikon Ti-E inverted microscope. Subsequently, using a NIKON UV-2E/Cfilter

cube with the excitation filter removed, cells were illuminated at 340 and 380 nm using

filters installed in a fast wavelength switching light source (Lambda DG-4, Sutter

Instruments, Novato, CA). The dichroic mirror used was 400 nm LP with a 460/50 bandpass

emission filter. Images were captured with a QuantEM CCD camera (Princeton Instruments,

Trenton, NJ), and digitized with NIS- Elements AR software (Nikon). 340/380 ratio images

were collected every 2 s during the experiments.

To induce mechanical injury in the cultures, cells were scratched in place with a custom

quartz injury device. Astrocytes within 50 µm of the scratch edge (∼3-4 cells deep) were

analyzed using NIS-Elements AR software. Cells were grouped in 50 µm wide laminae due

to the synchronous nature of the [Ca2+]i wave traveling through the syncytium. For each

experiment, 10 cells were randomly picked in each laminae as regions of interest (ROI)

utilizing bright-field optics and data for emission following 340 nm and 380 nm excitation

were extracted for each ROI. Data were background corrected based on levels in the cell-

free area at the end of each experiment, after the wound had been initiated. A 340/380 ratio

was manually computed for each cell along every time point during the experiment. To

normalize all experiments performed on different days, the control basal level for each set of

experiments was adjusted to a ratio of 0 and the treated conditions were adjusted by the

same value.
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Nav1.5 siRNA knockdown [Ca2+]i measurement after injury

ON-TARGET plus siRNA molecules (pool of 4 different sequences, SMARTpool

L-089491-02) targeting rat Nav1.5 mRNA as well as non-targeting control #1

(D-001810-01-05) were purchased from Thermoscientific (USA) and used at a final

concentration of 25 nM according to the manufacturer's protocol and as described earlier.

Delivery media (NT-siRNA/Lipofectamine 2000/Opti-MEM I medium or Nav1.5 siRNA/

Lipofectamine 2000/Opti-MEM I medium) was added to the cells overnight. The cells were

washed and the delivery media was replaced with astrocyte media and cells incubated for an

additional 24 h prior to initiation of Fura-2 AM measurements as described above. After

completion of the [Ca2+]i measurements, standard cell lysis techniques were then used and

the RNA extracted (Samad et al., 2010).

Statistics

Data are presented as mean ± SEM from n determinations as indicated. Data were analyzed

with an unpaired Student t-test or a one-way ANOVA (for >2 groups) followed by Tukey's

honest significance test. Significance was reached if p <0.05. All statistics were performed

with Origin 9.0 (Origin Lab Corporation, Northampton, MA), with the exception of AUC

data for [Ca2+]i experiments, which was analyzed with GraphPad Prism (La Jolla, CA).

Results

Astrocytes express Nav1.5 and NCX1

Previous studies have reported the expression of Nav1.1, Nav1.2, Nav1.3 (Black et al.,

1994), Nav1.6 (Reese and Caldwell, 1999), and notably Nav1.5 sodium channels (Black et

al., 1998) in rodent astrocytes. Consistent with these previous studies, we found that rat

primary cortical astrocytes in vitro express sodium channel Nav1.5 as evidenced by both

immunocytochemical (Fig. 1a) and RT-PCR (Fig. 1b) assays. Nav1.5 mRNA expression in

astrocytes was robust and significantly greater than that of other VGSC subtypes.

Additionally, since it is known that sodium channel activity can drive reverse Na+/Ca2+

exchange in astrocytes (Paluzzi et al., 2007; Kirischuk et al., 2012), we assessed the

expression of NCX1, NCX2, and NCX3 in the cultured cortical astrocytes by RT-PCR and

observed strong expression of NCX1 mRNA (Fig. 1b).

TTX and KB-R7943 inhibit astroglial response to injury

In order to evaluate the contribution of Nav1.5 and NCX1 in the response of astrocytes

following a scratch injury, we first took a pharmacological approach and studied the effect

of VGSC blocker (TTX) and NCX inhibitor 2-[2-[4-(4-

Nitrobenzyloxy)phenyl]ethyl]isothiourea mesylate (KB- R7943) on the response of

astrocytes to physical injury (Fig. 2a). Since Nav1.5 is resistant to block by nanomolar levels

of TTX (Rogart et al., 1989), we used a TTX concentration of 10 µM, which is known to

block Nav1.5 (Gu et al., 1997; Catterall et al., 2005). A KB-R7943 concentration of 0.5 µM

was used, as the reverse mode of NCX is selectively affected at this low dose [IC50 = 1.1-

3.4 µmol/L for reverse mode and IC50 > 30 µmol/L for forward mode (Iwamoto et al., 1996;

Persson et al., 2013a, b)]. Twenty-four hours following mechanical injury by sterile pipette
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tip (scratch), astrocytes extended into the injury gap, resulting in 54 ± 3% (n=29) closure of

the gap compared to the original wound size (t=0) (Fig. 2b, c). Upon addition of TTX, the

degree of closure of the gap was attenuated, with blockade of sodium channels resulting in

significantly decreased closure of 28 ± 5% of the initial gap area at t=0 (n=15, p=0.00002).

Similarly, addition of KB-R7943 inhibited closure of the wound area; regrowth after 24 h

was 36 ± 6% of the original wound area (n=6, p=0.03698) (Fig. 2b, c).

To determine whether the inhibitory action of TTX and KB-R7943 was additive, the effect

of combined exposure to TTX + KB-R7943 compared to TTX alone was tested in separate

experiments. A significant difference between TTX + KB-R7943 and TTX treatments with

respect to wound closure was not detected after 24 h (data not shown), consistent with a

common pathway for the effects of TTX and KB-R7943 on the response of astrocytes to

mechanical injury.

We next determined whether there was a crucial time-frame for the treatment with TTX to

inhibit wound closure. In separate experiments, TTX was applied for 15 min (n=5) or 2 h

(n=6) after scratch and compared to TTX applied for the full 24 h time period (n=5). After

24 h, there were significant differences between the degree of wound closure for control (54

± 5%, n=7) and TTX treatment for 15 min (31 ± 5%, n=5), 2 h (31 ± 5%, n=6), and 24 h (30

± 7%, n=5)(p=0.03740, p=0.02691, and p=0.02668, respectively), compared to original

wound size at t=0, but not among the three TTX treatment groups (Fig. 2d). These findings

are consistent with an early role of VGSCs in the response of astroglia in wound closure

after injury.

Nav1.5 knockdown inhibits astrocyte response to injury

The marked inhibition by 10 µM TTX of the glial response to mechanical injury and our

finding that Nav1.5 is the predominant VGSG expressed in cultured rat cortical astrocytes

obtained at E19 strongly suggest that the Nav1.5 isotype contributes to the glial response to

injury in vitro. To demonstrate the involvement of Nav1.5, we took a loss-of- function

knockdown approach using a pool of 4 specific siRNA sequences targeting the Nav1.5

mRNA. Nav1.5 knockdown after siRNA treatment was confirmed by quantitative real-time

RT-PCR, and showed that Nav1.5 mRNA expression of cells treated with Nav1.5 siRNA

was significantly decreased by 70 ± 11% compared to non-targeting (NT) siRNA

(p=0.01252), indicating successful knockdown of Nav1.5 (Fig. 3a). To confirm the

specificity of the Nav1.5 siRNA cocktail on Nav1.5 mRNA expression, we performed real-

time RT-PCR. Minimal effects of NT siRNA or Nav1.5 siRNA treatment on the expression

of Nav1.2, Nav1.6 and Nav1.7 mRNA were observed (Fig. 3b).

Due to variability between cultures, we normalized the results of the wound healing assay to

NT siRNA, where there is minimal Nav1.5 knockdown (Fig. 3a). Twenty-four hours after

the scratch injury, we found that exposure to Nav1.5 siRNA (n=6) reduced the amount of

wound closure to 45 ± 15% compared to NT siRNA (n=6, p=0.01346) (Fig. 3c, d).
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Astrocyte response to injury is due to migration and proliferation and both processes are
attenuated by TTX and KB-R7943

Previous studies have shown that astrogliosis in vivo involves cell proliferation and

elongation of cell processes (Faulkner et al., 2004; Wanner et al., 2013). To determine the

cellular processes contributing to scratch wound closure in our experiments, we first

assessed the presence of migrating cells after injury using live imaging microscopy. After a

scrape-induced injury (Fig. 4a, boundary of initial injury indicated by red line), cell process

extension was observed throughout the 24 h time period. After 24 h, cell processes had

migrated 136 ± 20 µm from the site of injury in control conditions. Compared to controls

(n=9), treatment with TTX decreased this migration by 21 ± 3% (n=3, p=0.04708) and

treatment with KB- R7943 decreased migration by 30 ± 6% (n=5, p=0.00256) (Fig. 4b).

Similarly, astrocytes treated with NT siRNA (n=4) migrated 143 ± 6 µm from the site of

injury. Treatment with Nav1.5 siRNA decreased this 24 h migration by 20 ± 7% (n=3, p=

0.04534) (Fig. 4c)

To determine whether cell proliferation contributed to wound closure, we used a BrdU

assay. After 24 h, there was a significant 77 ± 9% increase in proliferation amongst cells

along the edge of a scratch (n=7) compared to cells in unscratched cultures (n=8,

p=0.000006) (Fig. 5a, b). Additionally, while neither TTX nor KB-R7943 affected rates of

cell proliferation in cultures without a scratch compared to untreated cultures (data not

shown), both agents significantly decreased proliferation of cells along the edges of a

wound. Compared to untreated scratched cultures, TTX decreased proliferation by 54 ± 4%

(p=0.00596), while KB-R7943 decreased proliferation in mechanically injured cells by 46 ±

9% (p=0.01991) (Fig. 5b). The effects of TTX and KB-R7943 on attenuation of injury-

induced proliferation were of similar magnitude (p=0.96016), consistent with involvement

of VGSC and NCX activities along a common pathway. These findings suggest that

attenuation of wound closure by TTX and KB-R7943 is due to combined effects on both

migration and proliferation.

[Ca2+]i is necessary for astrocyte response to injury

There is an extensive literature regarding a contribution of [Ca2+]i fluxes for cell migration

(Schwab et al., 2012) and proliferation (Berridge, 1995) in numerous cell types, including

astrocytes (Stanimirovic et al., 1995; Wang et al., 2010; Parnis et al., 2013). Given the

similar effects of TTX and KB-R7943 on the response of astrocytes to mechanical injury

and the non-additivity of their effects, we considered a common pathway involving changes

in [Ca2+]i due to reverse operation of NCX triggered by increased [Na+]i via VGSCs,

specifically Nav1.5. To test this hypothesis, we first determined whether astroglial response

to mechanical injury was dependent on [Ca2+] levels. An intracellular Ca2+ chelator,

Oregon-Green 488 BAPTA-AM (OGB), was loaded into astrocytes before a scratch injury

was performed. After 24 h, OGB-treated cells exhibited only minimal growth into the

scratched area (mean gap width = 395 ± 65 µm, n=4), compared to the t=0 scratched area

(mean gap width = 414 ± 12 µm, n=31), thereby demonstrating a requirement for [Ca2+]i

levels in the response of astrocytes to mechanical injury.
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Astrocytes display a robust [Ca2+]i response after injury, which is attenuated by TTX and
KB- R7943

Given the effect of TTX and KB-R7943 on the response of astrocytes to scratch injury, and

the requirement for [Ca2+]i levels in astrogliosis, we examined [Ca2+]i dynamics with the

calcium indicator Fura-2 AM in astrocytes after mechanical injury. After scratch injury,

there was a robust [Ca2+]i response that propagated through the syncytium of confluent

astrocytes, and slowly resolved after 2-4 min (Fig. 6a, first panel; Fig. 6b, red line, Video 1).

To determine whether blockade of sodium channels and reverse NCX altered the injury-

induced [Ca2+]i transient in astrocytes, we treated the cells with TTX and KB-R7943 prior

to injury and assessed the [Ca2+]i response. TTX and KB-R7943 each attenuated the initial

[Ca2+]i increase after injury, particularly within the first 60 s (Fig. 6a-c; Videos 2, 3).

Compared to untreated and scratched control astrocytes (n=7 experiments, 70 cells total),

TTX decreased the initial 60 s area under curve (AUC) by 21 ± 5% (n=3 experiments, 30

cells total, p=0.01065), while KB-R7943 decreased the initial 60 s AUC by 20 ± 1% (n=3

experiments, 30 cells total, p=0.01355) (Fig. 6c). In addition, TTX decreased the peak

[Ca2+]i transient by 16 ± 3% (p=0.00395) and KB-R7943 decreased the peak [Ca2+]i by 12

± 3% (p=0.02109) compared to scratched and untreated astrocytes (Fig. 6d). There were not

significant differences between the inhibitory effects of TTX and KB-R7943 on the initial

60 s AUCs or the peak Ca2+ transients (p=0.9913 and p=0.6613, respectively), consistent

with a common pathway contributing to attenuation of [Ca2+]i response after injury.

Nav1.5 knockdown attenuates astrocytic [Ca2+]i response after injury

In light of the inhibitory effect of TTX on injury-induced [Ca2+]i response in astrocytes and

the attenuation of wound closure following Nav1.5 siRNA incubation, we determined

whether knockdown of Nav1.5 would yield similar attenuation of Ca2+ transients in

mechanically injured astrocytes. Quantitative real-time RT-PCR confirmed that Nav1.5

mRNA expression of cells treated with Nav1.5 siRNA was decreased by 68 ± 5% compared

to NT siRNA (p=0.00002), indicating successful knockdown of Nav1.5 (Fig. 7e). Compared

to NT siRNA (n=3 experiments, 30 cells total), Nav1.5 siRNA (n=5 experiments, 50 cells

total) treatment significantly attenuated the [Ca2+]i response after injury (Fig. 7a, b; Videos

4, 5). Specifically, knockdown of Nav1.5 decreased the initial 60 s AUC by 18 ± 2%

(p=0.00461, Fig. 7c) and the peak [Ca2+]i by 18 ± 3% (p=0.04395, Fig. 7d) compared to NT

siRNA. These inhibitory effects on Ca2+ transients following Nav1.5 siRNA treatment are

similar to those obtained with TTX treatment (AUC decreased 21 ± 5% and peak [Ca2+]i

decreased 16 ± 3%).

Discussion

The molecular mechanisms that control astroglial scarring following CNS insult are

complex and an area of active investigation. Homeostatic functions of astrocytes by way of

Na+ and Ca2+ signaling play important roles in both physiological and pathological states

(Parpura and Verkhratsky, 2012). Here we show, in an in vitro model of mechanical injury

to astrocytes, that voltage-gated sodium channel (VGSC) Nav1.5, traditionally viewed as a

cardiac sodium channel, contributes to the astrocytic response to the insult via triggering
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reverse mode of the Na+/Ca2+ exchanger (NCX). Our study provides support for a

contribution of VGSCs in the pathway leading to astrogliosis following mechanical injury.

The present study contributes to a large body of work investigating the mechanisms that

regulate the glial response to injury, both in vitro and in vivo (for review, see Sofroniew,

2009), which has led to the identification of several critical molecules, and thus potential

targets for the modulation of astrogliosis. For example, signal transducer and activator of

transcription 3 (STAT3) regulates astrogliosis after crush spinal cord injury (SCI) by

promoting proliferation and elongation of astrocytes along glial scar borders (Herrmann et

al., 2008; Wanner et al., 2013). The transcription factor Olig2 has also been identified as an

important player in astrogliosis by regulating astrocyte proliferation after cortical contusion

injury (Chen et al., 2008), and the transcription factor NF-κβ was found to markedly affect

astrogliosis in both spinal cord injury and experimental autoimmune encephalitis (EAE)

(Brambilla et al., 2005; Brambilla et al., 2009). The implications of modulation of

astrogliosis have been explored by targeting these and other molecules in transgenic and

knockout in vivo models, and both beneficial (Herrmann et al., 2008; Wanner et al., 2013)

and deleterious (Okada et al., 2006, Brambilla et al., 2005; Brambilla et al., 2009) effects

have been identified, indicating the heterogeneity of astrogliosis and the complexity of its

effects.

Voltage-gated sodium channels contribute to regulation of motility, invasion, and

proliferation in numerous cell types (for a review of the non-canonical functions of VGSCs

see Black and Waxman, 2013), including immune cells such as macrophages (Carrithers et

al., 2009), microglia (Black and Waxman, 2012), lymphocytes (Fraser et al., 2008), and

dendritic cells (Kis-Toth et al., 2011). Nav1.6 sodium channels are expressed in association

with intracellular membranes within macrophages and appear to participate in pathways that

regulate motility of these cells by causing shifts of intracellular Na+ and Ca2+, which affect

signaling pathways, linking VGSC activation to effects on the cytoskeleton (Carrithers et al.,

2009). Consistent with a contribution of VGSC activity to cell motility, blockade of VGSCs

with TTX attenuates migration of microglia (Black and Waxman, 2012) and invasiveness of

T-lymphocytes, with Nav1.5 specifically being implicated (Fraser et al., 2008). In addition,

expression of VGSCs in dendritic cells contributes to a depolarized membrane potential that

is necessary for cell migration (Kis-Toth et al., 2011). Additionally, VGSCs and NCX have

been implicated in GABA-induced NG2 cell migration by way of fluxes in [Ca2+]i (Tong et

al., 2009), and Nav1.5 was shown to be involved in both migration (Wu et al., 2008) and

proliferation (Wu et al., 2006) of gastric epithelial cells. In addition to the importance of

VGSCs in cell motility and proliferation, it is becoming increasingly recognized that the

expression of VGSCs correlates with invasiveness and metastatic potential in many types of

cancer cells including prostate (Fraser et al., 2003), breast (Brackenbury et al., 2007; Gillet

et al., 2009), and colon (House et al., 2010). Importantly, SCN5A (encoding Nav1.5) has

been identified as a driver of human cancer cell invasion in both breast and colon cancer.

Electrophysiological analysis of breast cancer cells uncovered sustained Nav1.5 activity

(Gillet et al., 2009), and knockdown of Nav1.5 (Brackenbury et al., 2007; Gillet et al., 2009;

House et al., 2010) attenuates invasive behavior of these non-excitable cell types. Voltage-

gated sodium channels, and specifically Nav1.5, have also been directly linked to [Ca2+]i
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shifts in various non-excitable cell types. Nav1.5 in human macrophages regulates the

processing of Mycobacteria via organelle polarization and Ca2+ oscillations (Carrithers et

al., 2011), and it was recently shown that the gene encoding the pore-forming subunit of

Nav1.5 triggers a [Ca2+]i signal that is essential for the positive selection of CD4+ T cells

(Lo et al., 2012).

Our results build upon earlier work which demonstrated upregulated expression of Nav1.5

within scarring astrocytes in multiple sclerosis lesions and in other human brain pathologies

(Black et al. 2010) and showed that cultured astrocytes display TTX-resistant sodium

currents after mechanical injury-induced gliosis (MacFarlane and Sontheimer, 1998).

Voltage-gated sodium channel activation leads to increased Na+ influx, which has the

capability to increase [Ca2+]i via the reverse mode of NCX. Because the reversal potential of

NCX in astrocytes is set at levels close to the resting membrane potential (Kirischuk et al.,

1997; Reyes et al., 2012), NCX can rapidly switch into reverse mode in response to small

[Na+]i increases and/or depolarization (Paluzzi et al., 2007; Kirischuk et al., 2012).

Simultaneous Ca2+ and Na+ waves have in fact been observed after mechanical and

electrical stimulation of cultured astrocytes (Bernardinelli et al., 2004). Furthermore, it has

been shown that mechanical strain injury increases intracellular sodium and leads to reversal

of NCX in cortical astrocytes (Floyd et al., 2005).

It is widely accepted that cell migration is a Ca2+-dependent process, as many components

of the migration apparatus are Ca2+-sensitive, including calcineurin, calpain, and Ca2+/

calmodulin-dependent protein kinase, among others (for review, see Schwab et al., 2012).

The initiation of cell motility following injury is dependent on an initial wound- induced

increase in [Ca2+]i, which induces the transcriptional activity of immediate early genes such

as c-fos and c-jun (Tran et al., 1999). These genes have been shown to be important for

regulating cell motility in endothelial cells through secondary genes coding molecules

involved in cellular migration (Tran et al., 1999). Intriguingly, a recent study identified a

signaling cascade that contributes to glial scarring in an in vitro mechanical injury model

similar to ours. Gao et al. (2013) showed that the [Ca2+]i increase in astrocytes after injury

activates the protein kinase JNK, which phosphorylates transcription factor c-jun to facilitate

the binding of AP-1 to the GFAP gene promoter, which in turn allows GFAP upregulation

and subsequent scar formation. It is also evident that Ca2+ signaling is crucial to the process

of cellular proliferation by activating immediate early genes that activate the cell cycle in

resting cells (for review, see Berridge, 1995). Given this literature, we suggest that the

attenuation of initial [Ca2+]i response by TTX and KB-R7943 impacts longer-term scar

formation by affecting transcriptional activity of immediate early genes (e.g. via JNK/c-jun/

AP-1 signaling cascade), which regulate secondary genes important for cell migration and

cell proliferation. In support of this proposed mechanism, we found no significant difference

between the effects of TTX treatment for 15 minutes versus 2 hours versus 24 hours,

indicating that the time-frame for blockade of VGSCs to affect wound closure is early,

which corresponds to the early [Ca2+]i response. Additionally, treatment with the Ca2+

chelator Oregon-Green 488 BAPTA-AM (OGB) at the time of cellular injury inhibited the

astrocyte response to scratch injury, again indicting the initial [Ca2+]i increase as a regulator

of astrocyte wound closure.

Pappalardo et al. Page 12

Glia. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Since astrocytes are highly coupled via gap junctions, supporting conduction of Na+, Ca2+,

and other molecules (Spray et al., 2006; Parpura and Verkhratsky, 2012) to adjacent

astrocytes (Konietzko and Miller, 1994), we propose that mechanical injury depolarizes

injured cells along the edge of the scratch, and that this depolarization spreads via gap

junctions to neighboring cells, activating Nav1.5 and further increasing [Na+]i and/or

depolarization. The increased intracellular Na+ gradient would be expected to drive NCX in

reverse, or Ca2+ importing, mode, thereby increasing [Ca2+]i, and leading to wound closure

by Ca2+-dependent migration and proliferation mechanisms, including activation of gene

transcription as detailed in Gao et al. (2013) (Fig. 8).

Reactive astrogliosis is an important aspect of most CNS pathologies and although milder

forms of astrogliosis may have beneficial effects to the healing of the CNS, it is possible that

attenuating the more severe glial scar formation could be beneficial in disease states such as

multiple sclerosis, traumatic brain injury (TBI), and spinal cord injury (SCI). Previous

studies on in vivo models of multiple sclerosis have shown improved clinical status and

reduction of axonal loss following treatment with a variety of VGSC blockers including

phenytoin (Black et al., 2007), lamotrigine (Bechtold et al., 2006), carbamazepine (Black et

al., 2007), safinamide, and flecainide (Morsali et al., 2013). Interestingly, flecainide, which

is a Class Ic cardiac anti-arrhythmic, has strong state-dependent effects on Nav1.5 (Ramos et

al., 2004). Additionally, phenytoin protects spinal cord axons, reduces gray and white matter

destruction surrounding the lesion, and improves functional recovery after contusion-

induced SCI (Hains et al., 2004) and phenytoin, riluzole, and mexilitine were all shown to

improve outcome after spinal cord injury in rodents (Ates et al., 2007). Whether an

attenuation of astrogliosis due to sodium channel blockade contributes to the improved

outcomes is not clear.

In summary, our observations in astrocytes in vitro demonstrate a molecular mechanism

involving VGSC and NCX that contributes to the glial response to injury. Specifically, our

results show that reverse Na+/Ca2+ exchange, triggered by Nav1.5 channels, plays an

important role in pathways regulating the response of astrocytes to injury.
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Figure 1.
Nav1.5 and NCX1 expression in astrocytes. (a) GFAP positive cultured rat cortical

astrocytes (green) exhibit prominent Nav1.5 immunolabelling (red), observed at low

magnification (top panel) and at increased magnification (bottom panel). Merged images of

GFAP and Nav1.5 are yellow. Scale bars, 25 µm. (b) RT-PCR showing relative mRNA

expression of VGSC and NCX. Nav1.5 is the predominant VGSC subtype expressed in

cultured rat cortical astrocytes and the NCX1 isoform is also robustly expressed.

Pappalardo et al. Page 18

Glia. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Astrocyte response to mechanical injury is inhibited by TTX and KB-R7943. (a) Schematic

of experimental design. Astrocytes were plated and allowed to grow until confluent, at

which point they were treated with either TTX or KB-R7943 and scratched. After 24 h,

wound closure was analyzed and compared to initial wound size. (b, c) Astrocytes grew

together following scratch injury, resulting in 54 ± 3% (n=29) closure of the wound

compared to the average original wound size (represented by black arrows) after a 24 h time

period. TTX treatment attenuated closure of the scratch wound to 28 ± 5% (n=15) of the

initial wound size at t=24 h. Similarly, KB-R7943 inhibited wound closure, with 36 ± 6%

regrowth (n=6) of the initial scratch size. (d) TTX, applied for 15 min or 2 h after scratch,

was compared to TTX applied for the full 24 h time period prior to assessment at 24 h. After

24 h, there were significant differences between the degree of wound closure for untreated
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scratched controls (54 ± 5%, n=7) and for TTX treatment for 15 min (31 ± 5%, n=5), 2 h (31

± 5%, n=6), and 24 h (30 ± 8%, n=5). There was no significant difference between the

effects of TTX for 15 min, 2 h, and 24 h. Scale bar, 400 µm. *p<0.05; n.s., not significant.
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Figure 3.
Astrocyte response to injury is inhibited by Nav1.5 mRNA knockdown. (a) To confirm

Nav1.5 knockdown after siRNA treatment, quantitative real-time RT-PCR was performed,

and showed that Nav1.5 mRNA expression of cells treated with Nav1.5 siRNA was

decreased by 70 ± 11% compared to NT siRNA, indicating successful knockdown of

Nav1.5. (b) Specificity of the Nav1.5 siRNA cocktail on Nav1.5 mRNA expression was

confirmed with real-time RT-PCR analysis. Compared to control (white columns), minimal

effects of NT siRNA (gray columns) or Nav1.5 siRNA (black columns) on the expression of

Nav1.2, Nav1.6, and Nav1.7 mRNA were observed. (c, d) Twenty-four hours after the

scratch injury, exposure to Nav1.5 siRNA (n=6) reduced the amount of wound closure to 45

± 15% compared to NT siRNA (n=6). Scale bar, 400 µm. *p<0.05; n.s., not significant.
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Figure 4.
Astrocyte response to injury involves migration which is attenuated by TTX, KB-R7943,

and Nav1.5 mRNA knockdown. (a) After a scrape-induced injury (original site of injury

marked by red line), astrocytic processes are seen extending. After 24 h, cell processes had

migrated 136 ± 20 µm from the site of injury in control conditions. Scale bar, 150 µm. (b)
Compared to untreated cells (n=9), TTX decreased migration by 21 ± 3% (n=3) and KB-

R7943 decreased migration by 30 ± 6% (n=5). (c) Compared to treated with NT siRNA

(n=4), astrocytes treated with Nav1.5 siRNA exhibited a 20 ± 7% decrease in migration

(n=3). *p<0.05; n.s., not significant.
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Figure 5.
Astrocyte response to injury involves proliferation which is attenuated by TTX and KB-

R7943. (a) GFAP positive cultured rat cortical astrocytes (green) exhibit BrdU

immunolabelling (red), seen in resting cells (top row) and scratched cells (second row).

There is an increase in BrdU-positive cells along the edge of a scratch, which is attenuated

with TTX and KB-R7943 treatment (third and fourth rows, respectively). Scale bar 200 µm.

(b) After 24 h, there was a significant 77 ± 9% increase in proliferation amongst cells along

the edge of a wound (n=7) compared to cells in unscratched cultures (n=8), as measured by
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BrdU staining. Compared to untreated cells, TTX decreased proliferation by 54 ± 4%, while

KB-R7943 decreased proliferation by 46 ± 9%. *p<0.05; n.s., not significant.
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Figure 6.
Astrocytes display robust [Ca2+]i response after mechanical injury that is attenuated by TTX

and KB-R7943. (a) After a scratch injury, there was a robust [Ca2+]i response, which was

propagated through the syncytium of confluent astrocytes and slowly resolved after 2-4 min

(first column; see also (b) and Video 1). Application of TTX and KB- R7943 attenuated this

[Ca2+]i response (second and third columns, respectively, see also (b) and Videos 2, 3).

Color scale represents the ratio of fluorescent signals induced by 340 and 380 nm excitation

in cells loaded with Fura-2 AM. Scale bar, 50 µm. (b) TTX and KB-R7943 both attenuated

the initial [Ca2+]i increase after injury, particularly within the first 60 s. (c) Compared to

untreated scratched astrocytes (n=7 experiments, 70 cells total), TTX decreased the 60 s

AUC by 21 ± 5% (n=3 experiments, 30 cells total), while KB-R7943 decreased the 60 s

AUC by 20 ± 1% (n=3 experiments, 30 cells total). (d) TTX decreased the peak [Ca2+]i by

16 ± 3%, while KB-R7943 decreased the peak [Ca2+]i by 12 ± 3%. All data was taken from

cells within the first 50 µm (3-4 cells deep) from the scratch. *p<0.05; n.s., not significant.
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Figure 7.
Nav1.5 mRNA knockdown attenuates astrocytic [Ca2+]i response after injury. (a) After

scratch, there was a robust [Ca2+]i response in cells treated with NT siRNA, which was

propagated through the syncytium of astrocytes and slowly resolved after 2-4 min (first

column; see also (b) and Video 4). Knockdown with Nav1.5 siRNA attenuated the [Ca2+]i

response (second column, see also Video 5) compared to NT siRNA. Color scale represents

the ratio of fluorescent signals induced by 340 and 380 nm excitation in cells loaded with

Fura-2 AM. Scale bar 50 µm. (b) Nav1.5 siRNA attenuated the initial [Ca2+]i increase after

injury, particularly within the first 60 s. (c) Compared to NT siRNA control (n=5

experiments, 50 cells total), Nav1.5 siRNA treatment (n=3 experiments, 30 cells total)

decreased the 60 s AUC by 18 ± 2%, and (d) decreased the peak [Ca2+]i by 18 ± 3%. (e)
Quantitative real-time RT-PCR confirmed that Nav1.5 mRNA expression of cells treated

with Nav1.5 siRNA was decreased by 68 ± 5% compared to NT siRNA, indicating

successful knockdown of Nav1.5. All data was taken from cells within the first 50 µm (3-4

cells deep) from the scratch. *p<0.05.
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Figure 8.
Schematic of contribution of Nav1.5 and NCX to astrocyte response following scratch

injury. Injury-induced depolarization (i) activates Nav1.5, which causes an increased [Na+]i

and further depolarization (ii). Increased [Na+]i activates the reverse operation of NCX

(Ca2+-importing mode) (iii), which causes increased [Ca2+]i (iv) that likely acts through

multiple pathways (including migration and proliferation) to affect astroglial wound closure

(v). TTX (vi) and KB-R7943 (vii) inhibit Nav1.5 and NCX, respectively, thereby attenuating

closure of the wound.
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