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Abstract Acute injury of central nervous system (CNS)

starts a cascade of morphological, molecular, and func-

tional changes including formation of a fibrotic scar,

expression of transforming growth factor beta 1 (TGF-b1),
and expression of extracellular matrix proteins leading to

arrested neurite outgrowth and failed regeneration. We

assessed alteration of electrophysiological properties of

cerebellar granule cells (CGCs) in two in vitro models of

neuronal injury: (i) model of fibrotic scar created from

coculture of meningeal fibroblasts and cerebral astrocytes

with addition of TGF-b1; (ii) a simplified model based on

administration of TGF-b1 to CGCs culture. Both models

reproduced suppression of neurite outgrowth caused by

neuronal injury, which was equally restored by chon-

droitinase ABC (ChABC), a key disruptor of fibrotic scar

formation. Voltage-dependent calcium current was not

affected in either injury model. However, intracellular

calcium concentration could be altered as an expression of

inositol trisphosphate receptor type 1 was suppressed by

TGF-b1 and restored by ChABC. Voltage-dependent

sodium current was significantly suppressed in CGCs cul-

tured on a model of fibrotic scar and was only partly

restored by ChABC. Administration of TGF-b1 signifi-

cantly shifted current–voltage relation of sodium current

toward more positive membrane potential without change

to maximal current amplitude. Both transient and sustained

potassium currents were significantly suppressed on a

fibrotic scar and restored by ChABC to their control

amplitudes. In contrast, TGF-b1 itself significantly upreg-

ulated transient and did not change sustained potassium

current. Observed changes of voltage-dependent ion cur-

rents may contribute to known morphological and func-

tional changes in injured CNS.
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Introduction

Traumatic injury of central nervous system (CNS) is

accompanied by a formation of scarring tissue in the lesion

site, either glial scar or a fibrotic scar (Berry et al. 1983;

Carbonell and Boya 1988; Fawcett and Asher 1999).

Fibrotic scar both protects surrounding tissue from further

infection and hinders axonal regeneration on the site of

damage (Shearer and Fawcett 2001; Shearer et al. 2003).

Creation of a fibrotic scar is a complex process including

aggregation of fibroblasts, formation of glia limitans,

deposition of extracellular matrix molecules (ECMs), as

well as enhanced expression of molecules inhibiting axonal

growth like chondroitin sulfate proteoglycans (CSPGs),

phosphacan, ephrin-B2, NG2 proteoglycan, Versican, and

Semaphorin 3A and 3B (Kawano et al. 2012). Elimination

of the fibrotic scar is necessary for axonal regeneration in

the CNS lesion site. Lesion site develops not only after

traumatic injury but also after disruption of the blood–brain

barrier or inflammation in various neuronal disorders such

as a stroke, spinal cord injury, and multiple sclerosis

(Fernandez-Klett and Priller 2014). Therefore,
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understanding the process of scar formation and its elimi-

nation is a prerequisite for a design of efficient therapeutic

strategies. Accordingly, in vitro fibrotic scar models can

offer a unique experimental and practical approach for

investigation of underlying mechanisms on the single cell

level.

In the past, several research groups have tried to employ

different in vitro models of CNS injury or fibrotic scar.

Initially, coculture of cerebral astrocytes and meningeal

fibroblasts was used as an in vitro model of CNS lesion

(Struckhoff 1995; Shearer et al. 2003; Wanner et al. 2008).

More recently, Kimura-Kuroda and coauthors have devel-

oped more advanced model of the fibrotic scar by admin-

istration of transforming growth factor beta 1 (TGF-b1) to
the coculture of cerebral astrocytes and meningeal fibrob-

lasts (Kimura-Kuroda et al. 2010). In contrast to simple

coculture model, this model more accurately reproduced

morphological, molecular, and functional characteristics of

injured CNS, including aggregation of fibroblasts, deposi-

tion of ECMs, enhanced expression of chondroitin sulfate,

NG2, semaphorin 3A and tenascin-C, formation of glia

limitans, and inhibition of axon growth (Kimura-Kuroda

et al. 2010).

CNS injury upregulates the expression of anti-inflam-

matory cytokine TGF-b1 around the lesion site (Komuta

et al. 2010). TGF-b1 is one of the most important factors

involved in formation of the fibrotic scar. In rat brain, this

process was promoted by TGF-b1 administration and

prevented by its neutralization with TGF-b1 antibody

(Logan et al. 1994).

Similarly, upregulation of CSPGs in the injury site is

considered to be the major factor preventing axonal

regeneration (Carulli et al. 2005; Kawano et al. 2012). An

application of chondroitinase ABC (ChABC), a chon-

droitin sulfate-degrading enzyme, into the lesion site

completely suppressed the fibrotic scar formation, reduced

the glial scar, and promoted axonal regeneration of central

neurons (Li et al. 2007, 2013).

Until now, in vitro models of neural injury were pref-

erentially used for investigation and description of mor-

phological and molecular characteristics. To our best

knowledge, we have not found any data published on

voltage-dependent sodium, potassium, and calcium cur-

rents and their changes in relation to an in vitro neuronal

injury model. The expression of voltage-dependent sodium,

potassium, and calcium channels represent an important

functional feature of neurons. These channels participate

not only on electrical signaling but also contribute to reg-

ulation of neurite outgrowth. Deregulated intracellular

calcium concentration is a well-established regulator of

neuronal development and plasticity (Jaskova et al. 2012;

Mattson 2007). Stimulation of voltage-gated sodium

channels (George et al. 2009; Jabba et al. 2010) or

inhibition of voltage-dependent potassium channels (Cao

et al. 2014) facilitated neurite outgrowth in cerebrocortical

neurons.

In our experiments, we used the Kimura-Kuroda’s

model of fibrotic scar (Kimura-Kuroda et al. 2010), and we

focused on recognition and definition of electrophysiolog-

ical parameters of the employed neuronal cells. We ana-

lyzed possible alterations of voltage-dependent calcium,

sodium, and potassium currents in cerebellar granule cells

(CGCs) cultured on in vitro fibrotic scar model and con-

sequently, the effect of administration of ChABC pre-

venting these alterations. In parallel, we tested whether

individual administration of TGF-b1 to CGCs may trigger

similar changes, and whether ChABC administration may

have any effect under these conditions.

Materials and Methods

Wistar rats purchased from the Institute of Experimental

Pharmacology and Toxicology, Slovak Academy of Sci-

ences, Department of Toxicology and Animal breeding,

Dobrá voda, Slovakia were used in all experiments. Animal

handling protocols were approved by the institutional

Committee for ethical handling of animals and State

Veterinary and by the State Veterinary and Food Admin-

istration of the Slovak Republic in accordance with Euro-

pean laws and policies of animal welfare. All efforts were

made to minimize the number of animals used and their

suffering.

Primary Culture of Fibroblasts and Astrocytes

Meninges and cerebral cortices of 1- to 2-day-old Wistar

rats were extracted, transferred to sterile phosphate-buf-

fered saline, and homogenized by trituration. Meningeal

fibroblasts and cerebral astrocytes were cultivated sepa-

rately in 25 cm2 culture flasks in Basal Medium Eagle

(BME) with Earlés salts (Sigma-Aldrich, Slovakia) sup-

plemented with heat-inactivated calf fetal serum (10 %), L-

Glutamine (2 mM, Lonza, Verviers, Belgium), and gen-

tamicin sulfate (100 lg/ml, Lonza, Verviers, Belgium).

Fully confluent cells were released by trypsine, resus-

pended in a fresh media, and further cultivated over a

period of 2–12 weeks. During this period, fibroblasts and

astrocytes were used for a formation of in vitro fibrotic scar

model.

In Vitro Model of the Fibrotic Scar

An in vitro model of the fibrotic scar was adopted from

Kimura-Kuroda and coauthors (Kimura-Kuroda et al.

2010). Briefly, fibroblasts and astrocytes were seeded on

772 Cell Mol Neurobiol (2017) 37:771–782

123



opposite site of poly-L-lysine (PLL-10 lg/1 ml, Sigma-

Aldrich, Slovakia)-coated coverslips in 24-well plate at a

density of 2 9 104 cells per a 12 mm coverslip. Cells were

cultivated in BME with additives as described above and

formed separate flat colonies which rarely overlapped. Cell

clustering occurred at the astrocyte/fibroblast border within

7 days. At that time, TGF-b1 (10 ng/ml, #C63504; Pro-

moKine, Heidelberg, Germany) was added to the cell

culture media and a fibrotic scar-like formation developed

within 7 following days.

Cerebellar Granule Cells Cultured

for an Assessment of the TGF-b1 Effect

Cerebellar cortices from 6-day old Wistar rats were

minced, trypsinized, and triturated in BME with KCl

(25 mM). Cerebellar granule cells (CGC) were seeded on

PLL-coated coverslips in the density of 7 9 105 cells per

12 mm coverslip. Cells were cultivated in BME with

Earlés salts (Sigma-Aldrich, Germany) supplemented with

heat-inactivated calf fetal serum (10 %), L-Glutamine

(2 mM, Lonza, Verviers, Belgium), gentamicin sulfate

(100 lg/ml, Lonza, Verviers, Belgium), and KCl (25 mM).

24 h after plating cells were supplemented with cytosine

b-D-arabinofuranoside (10 lM; Sigma-Aldrich, Germany)

to inhibit proliferation of non-neuronal cells. After 6 days

of cultivation in vitro (DIV6) cells were divided into three

groups: (i) control cells; (ii) cells cultured in the presence

of TGF-b1 (10 ng/ml); and (iii) cells cultured in the pres-

ence of TGF-b1 (10 ng/ml) and ChABC (0.5 U/ml) and

corresponding substances were added to the culture med-

ium. On DIV9 morphological and electrophysiological

analyses were initiated. In all cases, cells were incubated at

37 �C in a humidified 5 % CO2, 20 % O2, and 75 % N2

atmosphere.

Primary Culture of Cerebellar Granule Cells

on an In Vitro Fibrotic Scar Model

CGCs were prepared as described above. Three hours

before seeding of CGCs, in one half of wells containing

prepared fibrotic scar model growing in media with TGF-

b1, culture medium was exchanged for TGF-b1-free
medium supplemented with ChABC (0.5 U/ml; #C3667;

Sigma-Aldrich, Germany) (Li et al. 2013). In the other half

of the wells containing fibrotic scar model, the medium

was left unchanged. After 3 hours of incubation, just before

seeding of CGCs, culture medium was removed from all

wells. Dissociated cerebellar granule cells (CGCs) in BME

medium with KCl (25 mM) (TGF-b1-free) were divided

into three groups and seeded (i) on a model of fibrotic scar,

(ii) on a model of fibrotic scar with ChABC (0.5 U/ml)

added, and (iii) on PLL-coated coverslips. CGCs were

seeded equally at density of 7 9 105 cells per 12 mm

coverslip. All three groups were cultivated in BME with

additives as described above. After 3 days of cultivation,

morphological and electrophysiological analyses were

performed. Plates containing partly damaged cells were

excluded from further analyses.

Expression of IP3 Receptor Type 1

Total RNA was isolated from CGCs homogenized in TRI

reagent (#K1622; Thermo Scientific, Waltham, Mas-

sachusetts, USA). Reverse transcription was performed

with 1.5 mg of total RNA using the RevertAid First Strand

cDNA Synthesis Kit (#K1622,Thermo Scientific) with

pd(N6) primer. Afterwards, conventional PCR was per-

formed using specific oligonucleotides for IP3R1 (Jurkovi-

cova et al. 2007). The expression of housekeeper gene

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was

evaluated for relative comparison. PCR program, primers,

and methods of evaluation of individual bands are described

in detail in (Jurkovicova et al. 2007). Approximately

15 9 106 pelleted cells were used for each analysis.

Electrophysiological Recordings

Current through sodium (INa), calcium (ICa), and potassium

(IK) channels were measured in the whole-cell patch clamp

configuration using the HEKA EPC10 amplifier (HEKA

Electronics, Lambrecht, Germany). The extracellular

solution for IK contained (in mM): 115 NaCl; 4 KCl; 10

HEPES; 2 CaCl2; 1 MgCl2; 30 D-glucose at a pH 7.4 (with

NaOH). 1 lM Tetrodotoxine (TTX; Abcam, Cambridge,

UK) was added to the extracellular solution to block INa.

The intracellular solution contained (in mM): 120 K-glu-

conate; 20 KCl; 2 MgCl2; 2 Na2ATP; 0.25 Na2GTP; 10

HEPES at a pH 7.3 (with KOH). Currents through sodium

and calcium channels were measured using an intracellular

solution containing (in mM): 135 CsCl; 3 Na2-ATP; 20

TEA-Cl; 3 EGTA; 10 HEPES; 0.4 Na2-GTP; 2 MgCl2 at a

pH 7.4 (with CsOH). Barium was used as a charge carrier

for measurements of the current through the calcium

channels. The extracellular solution contained (in mM):

115 NaCl, 10 BaCl2, 3 CsCl, 10 HEPES, 2 CaCl2, 0.5 mM

MgCl2 at a pH 7.4 (with NaOH). Bath solution for mea-

surement of ICa additionally contained 1 lM TTX to block

INa. Osmolarity of an intracellular solution was approxi-

mately 290–300 mOsmol/l (measured by Osmomat

030-Gonotec, Germany). Osmolarity of an extracellular

solution was adjusted by adding glucose so that a final

osmolarity was 2–3 mOsm/l lower than the osmolarity of

corresponding intracellular solution.

Potassium currents were activated from a holding

potential of -80 mV by 400 ms long depolarizing pulses
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with amplitudes ranging from -70 to ?80 mV. Currents

through calcium channels were elicited by a series of

150 ms long depolarizing pulses from a holding potential

of -80 mV to a voltages between -70 and ?70 mV.

Sodium currents were activated from a holding membrane

potential of -100 mV by 5 ms long depolarizing voltage

pulses to the voltages ranging from -80 to ?60 mV.

Analysis

Neurite Length Measurement

Neurite length was analyzed from microscopic pictures

using ImageJ software. The length of the ruler was cali-

brated in micrometers using the scale tool of the micro-

scope camera and statistically evaluated by GraphPad

InStat 3 software. Only neuronal processes longer than the

cell body diameter were evaluated. Results are presented as

mean ± SEM from 5 independent preparations of CGCs.

Lengths of 25–30 neurites were averaged in each

preparation.

Electrophysiology Data

Whole-cell current densities were calculated by dividing

peak current amplitude by cell capacitance. Data were

recorded by HEKA Patchmaster v2 9 73.3 (HEKA Elec-

tronics; Lambrecht/Pfalz, Germany) and analyzed by

HEKA Fitmaster v2 9 73.3 and Origin 8.1 (OriginLab

Co., Northampton, MA, USA). Current–voltage relations

for INa were fitted by the combined Boltzmann–Ohm

equation:

IðVÞ ¼ ðV � VRÞ
gmax

1þ e
�ðV�V0:5Þ

dV

;

where I(V) is the amplitude of the current activated by the

depolarizing pulse to the membrane voltage V, VR is the

reversal potential, gmax is the maximal slope conductance,

V0.5 is the half-maximal activation voltage, and dV is the

activation slope factor (Karmazinova and Lacinova 2010).

Statistical Analysis

Results are presented as a mean ± standard error of mean

(SEM). Statistical differences between three groups were

determined by One-Way Analysis of Variance (ANOVA)

followed by Tukey test for pairwise multiple comparisons.

Two datasets were compared by unpaired t test. Proba-

bility p\ 0.05 was considered significant (GraphPad

InStat 3).

Results

In our experiments, we compared morphological and

electrophysiological properties of cerebellar granule cells

on two in vitro models of neuronal injury. First, we used an

in vitro model of fibrotic scar prepared by coculture of

meningeal fibroblasts and cerebral astrocytes in the pres-

ence of TGF-b1 in culture media (Kimura-Kuroda et al.

2010). We compared (i) CGCs cultured on a fibrotic scar

model, (ii) CGCs cultured on a fibrotic scar model with

ChABC administered, and (iii) CGCs cultured in a dish

with culture medium (control conditions, without fibrotic

scar). CGCs were allowed to grow for 3 days. On Day 3

in vitro (DIV3) CGCs properties were analyzed. In second

model, we evaluated the effect of TGF-b1. CGCs were

seeded on culture dishes in a control medium and were

allowed to grow for 6 days. On DIV6, all dishes were

divided into three equal groups: control, TGF-b1-admin-

istered, and TGF-b1 ? ChABC administered. On DIV9,

morphological and electrophysiological properties of

CGCs were analyzed.

Neurite Outgrowth in In Vitro Models of Neuronal

Injury

Neurite outgrowth may be considered as one of the indi-

cators of cells health. Neurite outgrowth of primary CGCs

cultured on fibrotic scar or in itś close proximity (Fig. 1a)

was significantly suppressed at the DIV3. Average neurite

length of CGCs cultured under the control conditions was

75.2 ± 1.5 lm while the average neurite length of CGCs

cultured on the fibrotic scar was 53.5 ± 1.1 lm
(p\ 0.001). ChABC restored the neurite outgrowth on

fibrotic scar to the average neurite length 86.9 ± 1.5 lm
(Fig. 1b).

An exposure to TGF-b1 suppressed the neurite out-

growth of CGCs to a bigger extent than the conditions on a

fibrotic scar model (77.9 ± 12.3 lm in control conditions;

40.2 ± 8.5 lm in the presence of TGF-b1; p\ 0.001,

Fig. 1c, d). Growth suppression was prevented by simul-

taneous administration of ChABC (69.3 ± 7.5 lm in

ChABC).

Changes in neuron length were not caused by an alter-

ation of cell density, as this was not significantly different

upon any experimental conditions (Fig. 1a: control,

108 ± 14 cells; fibrotic scar, 111 ± 4 cells; ChABC,

119 ± 12 cells per each field; Fig. 1c: control, 90 ± 4

cells; TGF-b1, 94 ± 3 cells; TGF-b1 ? ChABC, 89 ± 5

per field). Eight visual fields were evaluated under each

condition.
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Voltage-Gated Ion Currents in In Vitro Models

of Neuronal Injury

Voltage-dependent calcium, sodium, and potassium currents

represent key components of neuronal excitability. There-

fore, we further analyzed alteration of these three types of

ionic currents in both the models of neuronal injury.

Sodium channels carry inward flow of Na? ions through

plasma membrane and generate sodium current (INa),

which participates in rising phase of action potentials

(APs). Additionally, b subunit of voltage-dependent

sodium channels promotes neurite outgrowth (Davis et al.

2004). Part of cultured CGCs developed measurable

sodium current on the DIV3 (percentage of all tested cells

with measurable INa: control, 30 % (10/33); fibrotic scar,

29 % (14/48); fibrotic scar ? ChABC; 30 % (18/61)).

Amplitudes of INa in CGCs grown on fibrotic scar were

significantly lower compared to control CGCs at
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Fig. 1 Altered CGCs neurite

length in in vitro models of

neuronal injury. a Examples of

CGCs cultured under the control

conditions (left panel), on an

in vitro model of fibrotic scar

(middle panel), and on an

in vitro model of fibrotic scar

with ChABC added (right

panel). In the middle panel,

formed scar is visible. It

disappeared in the presence of

ChABC. Scale bar represents

200 lm. b An average length of

neurite cultured under the

control conditions (n = 5

preparations, 30 neurons per

preparation), on an in vitro

model of fibrotic scar (n = 5

preparations, 30/29/29/30/30

neurons in individual

preparations), and on an in vitro

model of fibrotic scar with

ChABC added (n = 5

preparations, 27/29/25/30/30

neurons in individual

preparations), as marked.

***p\ 0.001; F = 157.2.

c Examples of CGCs cultured

under the control conditions

(left panel), in the presence of

TGF-b1 (middle panel), and in

the presence of TGF-b1 with

ChABC (right panel). Scale bar

represents 200 lm. d An

average length of neurite

cultured under the control

conditions (n = 5 preparations,

30/30/29/29/29 neurons in

individual preparations), in the

presence of TGF-b1 (n = 5

preparations, 25/30/29/26/27

neurons in individual

preparations), and the presence

of TGF-b1 with ChABC (n = 3

preparations, 30 neurons in each

preparation), as marked.

***p\ 0.001, F = 69.2
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depolarizations greater or equal to -10 mV (Fig. 2a).

Inhibition of fibrotic scar formation by ChABC did not

fully recover INa to the control level, nevertheless, the

current amplitude was no more significantly lower than the

current amplitude measured under the control conditions

(Fig. 2a). Fitting of individual I–V relations with a

Boltzmann–Ohm equation (Table 1) showed significant

decrease of the maximal slope conductance for CGCs

cultured either on a fibrotic scar or on a fibrotic scar with

ChABC. Additionally, voltage dependence of INa activa-

tion was significantly shifted to more depolarized mem-

brane voltages when cells were cultured on a fibrotic scar

in the presence of ChABC (Table 1). In contrast, 72 h of

TGF-b1 exposure of CGCs after 6 days in vitro did not

alter peak value of INa I–V relation but shifted the peak

Fibrotic scar+ChABC

Control

Fibrotic scar

2 ms

100 pA
TGF- 1
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2 ms
100 pA

BA
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*Vmembr (mV)

Control
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Fibrotic scar+ChABC
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-80

-60

-40

-20
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***
***

***
***

***
***

**

**

**

Vmembr (mV)

Control
TGF-ß1

INa (pA/pF)

Fig. 2 Sodium currents measured in both in vitro models of neuronal

injury. a I–V relations for INa measured from CGCs cultured under the

control conditions (open circle, n = 10), on an in vitro model of

fibrotic scar (closed circle, n = 11), and on an in vitro model of

fibrotic scar with ChABC added (closed triangle, n = 11). *p\ 0.05;

F = 5.2. Examples of current traces measured by depolarization pulse

to 0 mV are shown below the graph. b I–V relations for INa measured

from CGCs cultured under the control conditions (open circle,

n = 14), and after 72 h exposure to TGF-b1 (closed circle, n = 14).

**p\ 0.01, ***p\ 0.001 compared to the control. Examples of

current traces measured by depolarization pulse to 0 mV are shown

below the graph

Table 1 Experimental data presented in Fig. 2a were fitted by the

combined Boltzmann–Ohm equation

V0.5 (mV) gmax (pS/pF) n

Control -13.9 ± 2.7 1.33 ± 0.24 10

Fibrotic scar -14.4 ± 1.1 0.43 ± 0.07*** 11

Fibrotic scar ? ChABC -7.2 ± 2.1# 0.78 ± 0.35* 11

Resulting values for half-maximal activation voltage (V0.5) and a

maximal slope conductance gmax as well as the number of tested cells

(n) are shown

*** p\ 0.001; control versus fibrotic scar; * p\ 0.05; F = 3.2

control versus fibrotic scar ? ChABC; # p\ 0.05; F = 4.8 fibrotic

scar versus fibrotic scar ? ChABC

Table 2 Experimental data presented in Fig. 2b were fitted by the

combined Boltzmann–Ohm equation

V0.5 (mV) gmax (pS/pF) n

Control -27.3 ± 1.4 1.60 ± 0.18 14

TGF-b1 -18.2 ± 1.6*** 1.35 ± 0.14 14

Resulting values for half-maximal activation voltage (V0.5) and a

maximal slope conductance gmax as well as the number of tested cells

(n) are shown

*** p\ 0.001; control versus TGF-b1
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value significantly toward more depolarized membrane

potentials (Fig. 2b, Table 2). On DIV9, all tested cells

expressed sodium channels in a sufficient density.

Voltage-gated potassium channels are the key determi-

nants of membrane excitability. Multiple types of voltage-

dependent potassium currents including transient inacti-

vating A-type current (IA) and non-inactivating delayed

rectifier current are present in CGCs. Therefore, we ana-

lyzed both peak amplitude and steady-state component of

potassium currents (Fig. 3a). In a group of CGCs seeded

on a fibrotic scar, we observed significant decrease in

a maximal peak amplitude of IA (at the membrane potential

of ?80 mV: control, 478 ± 18 pA/pF, n = 21; fibrotic

scar, 355 ± 31 pA/pF, n = 18; p\ 0.001). The presence

of ChABC recovered peak amplitude of IA back to the

control level (at the membrane potential of ?80 mV:

fibrotic scar plus ChABC, 454 ± 27 pA/pF, n = 19;

Fig. 3b). Steady-state amplitude (Fig. 3c) decreased to a

similar extent (at a membrane potential of ?80 mV: con-

trol, 115 ± 7 pA/pF, n = 21; fibrotic scar, 79 ± 8 pA/pF,

n = 18; p\ 0.01). Again, exposure to ChABC prevented

this decrease (at a membrane potential of ?80 mV: fibrotic

scar plus ChABC, 107 ± 7 pA/pF, n = 19).

After 72 h of TGF-b1 exposure of CGCs, we observed

significant increase in the maximal peak amplitude of IK at

a membrane potential ?80 mV compare to control group

of neurons (at a membrane potential of ?80 mV: control,

627 ± 85 pA/pF, n = 15; TGF-b1, 831 ± 61 pA/pF

n = 14; p\ 0.05; Fig. 4a, b). Steady-state current ampli-

tude was not significantly affected (Fig. 4a, c).

Calcium currents (ICa) contribute to both neuronal

excitability and a neuronal development. I–V relations for
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bFig. 3 Potassium currents measured on an in vitro fibrotic scar

model. a Representative examples of potassium currents measured
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panel b. **p\ 0.01; F = 7.6 at ?80 mV
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ICa measured with the Ba2? as a charge carrier from CGCs

cultured under control conditions were not significantly

different from those measured from CGCs cultured on a

fibrotic scar and/or from those cultured on a fibrotic scar

with administered ChABC (Fig. 5a). The percentage of

recorded cells with measurable ICa decreased from 52 %

(11/21) of cells cultured under the control conditions to

40 % (11/27) of cells cultured on a fibrotic scar. When

ChABC was added to a fibrotic scar model, percentage of

cells with measurable ICa increased back to 46 % (12/26).

Similar to a lack of the effect of fibrotic scar on ICa
amplitude, exposure of CGCs to TGF-b1 did not alter

maximal peak amplitude of ICa (Fig. 5b).

Modulation of IP3R1 by TGF-b1

Lack of an effect on voltage-dependent calcium current

was surprising, as previously we have demonstrated altered

expression of multiple calcium transporters (IP3R1, IP3R2,

RyR1, RyR2, and SERCA2) in CGCs in the presence of

TGF-b1 (Jaskova et al. 2014). Major role in TGF-b1
effects on CGCs had a suppressed expression of IP3R1

(Jaskova et al. 2014). Therefore, we tested whether the

ChABC may restore also IP3R1 expression. Indeed,

decrease of mRNA expression of IP3R1 was fully pre-

vented by the presence of ChABC (Fig. 6) that fully cor-

related with ChABC-restored neurite outgrowth.

Discussion

Traumatic nerve injury is a complex status accompanied by

multiple morphological and functional changes including

alterations of neuronal excitability (Viviani et al. 2007;

Nichols et al. 2015). Changes in morphology and/or

expression of various proteins around the site of injury are

intensively studied. Less is known about possible changes

in membrane excitability on a single neuron level. To

define and better understand electrophysiological parame-

ters of neuronal cells cultured on in vitro fibrotic scar

model, we have compared two in vitro models of neuronal

injury: i) an in vitro fibrotic scar model prepared according

to Kimura-Kuroda and coauthors (Kimura-Kuroda et al.

2010) and ii) a simplified model based on administration of

the fibrotic scar inductor TGF-b1 to a primary CGCs cul-

ture. Suppressed neurite outgrowth can be considered as a

signature of nerve injury (Anderson et al. 2016). Both the

models effectively reproduced this feature verifying our

experimental conditions. In both cases ChABC fully

restored the neurite outgrowth. This result confirmed pre-

vious reports demonstrating an ability of ChABC to
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a Representative examples of potassium currents measured from
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TGF-b1 was added for 72 h, as marked. Peak current amplitude and a

steady-state current amplitude were measured at a time point

indicated by an arrow. b I–V relations for a peak current amplitudes
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suppress fibrotic scar formation and to promote neurite

outgrowth (Li et al. 2007, 2013; Morgenstern et al. 2002).

Additionally, we observed the same process when TGF-b1
was added to a primary CGCs culture. Therefore we can

conclude that, in contrast to suggestion of Susarla and

coauthors (Susarla et al. 2011), TGF-b1 ability to induce

secretion of CSPGs which impede neuronal growth does

not require the presence of astrocytes.

Main focus of our work was on alterations of voltage-

dependent ion currents in both the models of neuronal

injury. Voltage-dependent sodium current as well as out-

ward potassium current were altered in both neuronal

injury models. At least 26 voltage-dependent potassium

channel types are expressed in cerebellum. Most abundant

KV channel subtypes found in CGCs are 1.1, 1.3, 1.5, 2.2,

3.1, 4.2, and 4.3 (Mathie et al. 2003), however, dominant

transient inactivating A-type channel is KV4.2 channel

(Heath et al. 2014). Two types of voltage-dependent

sodium channels were found in CGCs: NaV1.2 and NaV1.6

(Schaller and Caldwell 2003). Because of similar kinetics

and sensitivity to TTX these channels cannot be distin-

guished by means of electrophysiology. Substantial role of

Na? and K? channels for normal neuronal development of

CGCs was shown. As the A-type current developed, single,

and eventually repetitive action potential firing emerged in

those cells (Shibata et al. 2000). Further, an amplitude of

the A-type K? current in these cells increases during

development over a similar time course as an amplitude of

TTX-dependent Na? current (Shibata et al. 2000). It could

be expected that pathological conditions will be accom-

panied by dysregulation of potassium and/or sodium con-

ductance. As Na? and K? currents are precondition of

normal neuronal development their alteration caused by the

injury may be an impediment to regeneration process.

We observed sodium current only in part of cells in

experiments with a fibrotic scar (DIV3), but virtually in

every cell cultured in the presence of TGF-b1 (DIV9). This

is in line with previous reports documenting that INa
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gradually appears in cultured CGCs (Stewart et al. 1995).

Average amplitude of INa as well as its maximal slope

conductance decreased significantly when CGCs were

cultivated on fibrotic scar and ChABC treatment only

partly restored these values to their control level. Simul-

taneous observation of suppressed neurite outgrowth and

decreased INa amplitude is in line with reports showing that

an enhancement of INa enhanced neurite outgrowth in

cerebrocortical neurons (Jabba et al. 2010; George et al.

2009).

TGF-b1 itself did not affect maximal INa density and a

maximal slope conductance but shifted significantly I–

V relation toward more positive membrane potentials. As a

result, current amplitudes just above voltage activation

threshold were significantly suppressed while they were

increased at more positive membrane potentials. This may

lead to reduced resurgent sodium current which is required

for a neurite outgrowth in CGCs (Brackenbury et al. 2010).

Less prominent decrease in INa observed in cells treated

with TGF-b1 may be related to reported constitutive

inhibition of sodium channels in CGCs by CaMKII (Carlier

et al. 2000). In the presence of TGF-b1 expression of IP3R1
and other calcium-transporting proteins (IP3R2, RyR1,

RyR2, SERCA2) (Jaskova et al. 2014) is suppressed. This

may result in decrease in [Ca2?]i, which would inhibit

activity of Ca2? binding proteins including CaMKII and

relieve the inhibition of INa. Expression of calcium-trans-

porting proteins in CGCs cultured on a fibrotic scar model

cannot be directly investigated because of mixed cell

population. In this model, in addition to enhanced TGF-b1
expression also the expression of multiple extracellular

matrix proteins (Kimura-Kuroda et al. 2010) is enhanced.

Therefore, alteration of [Ca2?]i may differ between CGCs

cultured on a fibrotic scar and CGCs cultured in the pres-

ence of TGF-b1.
Potassium currents shape the action potential waveform,

determine action potential frequency, and contribute to

setting the resting membrane potential. Both transient and

sustained IK were expressed virtually in all cells in our

experiments. When CGCs were cultured on a fibrotic scar

model, both transient and sustained current were signifi-

cantly suppressed. The presence of ChABC restored cur-

rent amplitudes to the control values. This decrease in IK is

in line with observation of (Ishikawa et al. 1999) that

the expression of voltage-gated potassium channels is

decreased in dorsal root ganglion neurons following

axotomy.

Decreased A-type current can be explained by down-

regulation of KV4 channels (Heath et al. 2014) and

decreased sustained K? current by downregulation of

KV2.1 channels (Jiao et al. 2007; Zhuang et al. 2012).

While an increased expression of TGF-b1 is considered to

be one of the major factors affecting pathological processes

initiated by neuronal injury and/or inflammation, appar-

ently it is not the cause of suppressed potassium current.

We may speculate that signaling pathways activated by

TGF-b1 potentiate A-type potassium current amplitude.

Significant inhibition of both transient and sustained

potassium currents in cells cultured on a fibrotic scar model

are caused by other factors. Secreted CSPGs may con-

tribute to this effect because treatment with ChABC

restored IK to its control amplitude. Underlying mechanism

could be a decrease in a gene expression of K? channels.

Ishikawa and coauthors (Ishikawa et al. 1999) reported a

decrease in immunostaining of several subtypes of KVs in

dorsal root ganglion neurons of axotomized adult rats.

TGF-b1 itself could not mimic this effect. In opposite,

transient outward IK was significantly enhanced and sus-

tained current was not influenced.

Calcium signaling has essential role in nearly every

aspect of neural development (Toth et al. 2016), therefore

we found a bit surprising that the amplitude of voltage-

dependent calcium current was not altered in either model.
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Nevertheless, it is in line with a recent report of Murali and

coauthors (Murali et al. 2015) that overall calcium current

density is not altered in dorsal root ganglion neurons fol-

lowing neuronal injury. It is well known that the expression

of voltage-dependent calcium channels (VDCC) in CGCs

is age-dependent both in vivo (Rossi et al. 1994) and

in vitro, as no calcium current was detected at the DIV

0.5–5 (Cull-Candy et al. 1989) but it was consistently

recorded at DIV 5–13 (Jalonen et al. 1990; Moreira-Lobo

et al. 2016; Amico et al. 1995; Ma et al. 2012). We

observed calcium current in part of cells in experiments

with a fibrotic scar (DIV3), but virtually in every cell

cultured in the presence of TGF-b1 (DIV9). We suggest

that TGF-b1 may attenuate development of VDCC in

CGCs. This attenuation paralleled significant downregula-

tion of IP3R1 and other calcium-transporting proteins

(IP3R2, RyR1, RyR2, and SERCA2) (Jaskova et al. 2014).

ChABC restored IP3R1 expression in TGF-b1-treated cells

and the same time it increased expression of VDCC in

CGCs cultured on a fibrotic scar model to the control level.

As IP3R1 is crucial for CGCs synaptic plasticity, neurite

extension, growth cone guidance, differentiation, and

neuronal maturation, its downregulation results in neurite

growth arrest, retraction, and abnormal morphology due to

altered Ca2? signaling (Jurkovicova et al. 2007). Restored

IP3R1 expression by ChABC did restore also neurite out-

growth. We suggest that while suppressed expression of

IP3R1 is an important mechanism contributing to altered

calcium signaling in a model of neuronal injury, contri-

bution of VDCC is negligible.

Until now, ability of in vitro fibrotic scar model to

mimic morphological (arrested neurite outgrowth) and

molecular (expression of various molecules) changes in

CNS injury was evaluated (Kimura-Kuroda et al. 2010;

Shearer et al. 2003; Li et al. 2013; Carulli et al. 2005).

Here, we have shown significant alterations of voltage-

dependent sodium and potassium but not calcium currents

in CGCs cultured on a fibrotic scar model. These changes

may contribute to arrested neurite outgrowth and are fully

(IK) or partly (INa) reversible by ChABC. Observed chan-

ges cannot be reproduced by simple coculture of CGCs

with TGF-b1 administration. Therefore, other factors then

increased the expression of TGF-b1 in an injury site must

contribute to altered cellular excitability.
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