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ABSTRACT

Human striatal precursor cells (HSPs) isolated from ganglionic eminence may differentiate in electro-
physiologically functional excitable neuron-like cells and a number of endogenous molecules such as hormones,
neurotransmitters or growth factors can actually regulate neuronal growing and differentiation. The purpose of
this research was to assess, by electrophysiological and immunocytochemical analysis, if the type of culture
medium could specifically impact on the neuronal differentiation potential of HSPs. Accordingly, HSPs were
maintained in different inductive media such as cortical and spinal cord conditioned media, and we estimated
the possible changes in the main ion currents, excitability and expression of neuronal markers indicative of
neuronal differentiation. Our results have shown that 36 h exposure to each of the conditioned media, with their
blend of autocrine and paracrine growth factors, was able to modify significantly the electrophysiological
membrane properties and the functional expression of inward ionic currents in selected neuronal HSPs.
Moreover, although both types of conditioned media determined neuronal maturation (increased neuritogenesis
and increased expression of neuronal and striatal markers), each of them leads to the occurrence of different
functional features. Particularly, the spinal medium caused a stronger depolarization of the membrane potential
and significantly increased the amplitude of Na* current as well as L- and N- type Ca®>* currents, definitely
modifying their kinetics. In contrast, the cortical medium mainly caused a significant and more marked increase
of the membrane conductance and time constant values. These results strongly support the plasticity of our
cellular model that, although already committed towards a specific phenotype, it can be differently affected by
the conditioned media, thereby resulting functionally modifiable according to environmental cues.

1. Introduction

regard, the replacement of degenerated striatum and repair of circui-
tries by grafting fetal striatal primordium has been imagined as a

After many years of numerous slightly effective studies on neural
transplantation in animal models and clinical trials, we are now cau-
tiously approaching to successful treatment of the damaged brain and
related syndromes. Among the different neurodegenerative diseases,
Huntington's disease (HD) is a rare incurable heritable disorder char-
acterized by progressive death of medium size spiny neurons within the
striatum, a basal ganglia structure (Novak and Tabrizi, 2010). In this

strategy to treat HD (Peschanski et al., 1995). Indeed, fetal neural tissue
transplants are being exploited in human neurodegenerative diseases
(Clelland et al., 2008) as a first step for a broader strategy of molecular
and cellular therapies, being the best substitutes one could imagine. In
fact, neuronal precursor cells can actually retain the ability to develop
into the different neuronal cells found in the adult brain. If the any
improvement could be consistently replicated and the benefits last for a
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reasonable period without complications, a clinical treatment might
develop using fetal precursor cells. In the recent years, a few clinical
reports have suggested that transplantation of human fetal striatal
tissue in HD patients may lead to effective improvement of the symp-
toms (Pauly et al., 2012). Accordingly, HD patients were grafted with
striatal primordium from 9 to 12 week old human fetuses, and the
analysis of the outcome demonstrated that transplantation positively
affected the clinical course providing a prolonged cognitive and motor
benefit, which paralleled the graft survival, development and function
(Gallina et al., 2010; Paganini et al., 2014). The striatal primordium
originates in the ganglionic eminence (Ulfig, 2000) and the striatal
neuronal precursors divide, migrate, and differentiate establishing
connections responsible for the basal ganglia circuits (Evans et al.,
2012). A better comprehension of the mechanisms underlying normal
striatal ontogenesis may be central to any improvement of cell-based
therapies since we imagined that the grafted striatal primordium con-
tinued its ontogenesis in the host, restoring functions and mitigating
neurodegeneration through either cell replacement, endogenous repair,
or trophic support.

We have previously reported that human striatal precursor cells
(HSPs) isolated from ganglionic eminence are a mixed population in-
cluding immature elements, neuronal/glial-restricted progenitors and
mature striatal neurons, and possess the machinery for long-term sur-
vival, proliferation and differentiation (Sarchielli et al., 2014;
Ambrosini et al., 2015). Moreover, HSPs may differentiate in electro-
physiologically functional excitable neuron-like cells (n-HSP) (Squecco
et al., 2016). However, in vivo, various external factors such as hor-
mones, neurotransmitters or peptides (growth factors) regulate neu-
ronal growth, migration and differentiation (Sariola and Saarma, 2003;
Moody and Bosma, 2005; Bouron et al., 2006; Zuccato et al., 2010;
Yuzwa et al., 2016). Indeed, the surrounding environment and the
factors released therein may be determinant in inducing those specific
mechanisms that regulate the fate and maturation of precursor cells.

The aim of this in vitro research was to assess further the neuronal
differentiation potential of HSPs into functional n-HSPs and to evaluate
whether this potential could be influenced by the conditioned medium
of cell preparations obtained from two different districts of the central
nervous system: cerebral cortex and spinal cord. To this end, we used
the cortical conditioned medium to investigate HSPs differentiation
potential based on the known influence that cortical input may have in
the striatum during the brain development (Plotkin et al., 2005). As
well, since the spinal cord is the downstream effector of the striatal
control, we also investigated whether during fetal development ex-
trinsic factors derived from spinal cord neurons could affect HSP dif-
ferentiation potential. We have previously shown that certain neuro-
trophins such as brain-derived neurotrophic factor (BDNF) and
fibroblast growth factor 2 (FGF2) are able to significantly increase
neuronal differentiation and neurite length of HSPs (Sarchielli et al.,
2014), as well as the functional acquisition of typical neuronal Ca®*
currents (Squecco et al., 2016). In the present study, we investigated
whether cortical and spinal conditioned media, with their blend of
growth and signalling autocrine and paracrine factors, were able to
modify significantly and in a qualitatively different manner, the
morpho-functional features of n-HSPs in terms of inward ionic currents
expression, excitability and neuronal differentiation phenotype.

2. Materials and methods
2.1. Cell cultures

Neuronal samples were obtained as previously described (Gallina
et al., 2010) from three (9-12 week old) legally aborted fetuses, ac-
cording to the ethical guidelines of the Italian National Institute of
Health. The use of human fetal tissue for research purposes was ap-
proved by the National Ethics Committee and the Committee for in-
vestigation in Humans of the University of Florence (Protocol n°
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678304). From each fetus, HSPs, frontal-parietal cortex and spinal cord
primary cultures were obtained and propagated in vitro, as previously
described (Crescioli et al., 2008; Sarchielli et al., 2014). Briefly, tissue
fragments of 0.5-1 mm were incubated with 1 mg/ml collagenase (type
IV) for enzymatic digestion. The cell suspensions were mechanically
dispersed by pipetting in Coon's modified Ham's F12 medium supple-
mented with 10% FBS. The cells were seeded in plastic dishes and in-
cubated at 37 °C in 5% CO, atmosphere. By using EDTA-trypsin solu-
tion, the confluent cells were split to 1:2-1:4 ratio. Cells at passages 3/4
were systematically used for the experiments: 10° of HSPs cells were
plated onto coverslips, serum starved for 24 h at 37 °C, and then sub-
jected to electrophysiological analysis. The serum-free Coon's modified
Ham's F12 medium was here referred to as control medium. In a par-
allel set of experiments, HSP cells were cultured for 36 h in a condi-
tioned medium resulting from the primary culture of cortical neurons
(cortical medium, CM), spinal cord neurons (spinal medium, SM), ob-
tained from the same fetus, and then analyzed. Both CM and SM were
collected after that cortical or spinal cells, respectively, were plated in
plain medium (Coon's modified Ham's F12 medium supplemented with
10% FBS) and left to reach confluence (5-7 days). The resulting culture
medium was mixed 1:1 with fresh Coon's modified Ham's F12 medium
and used to treat HSP cells. The conditioned media were screened for
pH values that resulted 8.78 and 8.45 for CM and SM, respectively.

2.2. Immunofluorescence analysis

Immunofluorescence analysis was performed as previously de-
scribed (Sarchielli et al., 2014; Ambrosini et al., 2015). Briefly, the cells
grown on sterile slides were fixed in 3.7% paraformaldehyde in phos-
phate buffered saline (PBS) for 15’ at room temperature, followed by
permeabilization in PBS containing 0.1% Triton X-100 for 10’. Im-
munostaining was performed with anti-glial fibrillary acidic protein
(GFAP, 1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-
NeuN (1:100, Millipore Corp., Bedford, USA), anti-nestin (1:100, Mil-
lipore Corp.), anti B tubulin III (1:50, Santa Cruz) and anti MAP2
(1:100, Millipore Corp.), followed by Alexa Fluor 568 goat anti-rabbit
or Alexa Fluor 488 goat anti-mouse IgG (H + L) (1:200; Molecular
Probes, Eugene, OR, USA). Antibody specificity was verified by omit-
ting the primary antibody.

2.3. Western blotting analysis

Western blot analysis was performed as previously described
(Sarchielli et al., 2014). Briefly, HSP cells were grown in F12 Coon's,
treated with conditioned media and lysed in standard lysis buffer sup-
plemented with protease inhibitor cocktail (Sigma Aldrich, Saint Louis,
MO, USA). Aliquots containing 20 pg of proteins were loaded on SDS-
PAGE, then transferred on poly-vinylidene difluoride membranes,
blocked in 3% BSA and incubated with the following primary anti-
bodies: anti-DARPP32 (1:1000, Sigma Aldrich) and anti-f actin
(1:10000, Santa Cruz). The incubation with the primary antibodies was
followed by peroxidase conjugated secondary IgG treatment and the
reacted proteins were revealed by the enhanced chemiluminescence
system (ECL extend, Euroclone, Milan, Italy). Image acquisition and
densitometric analysis were performed with Quantity One software on
a ChemiDoc XRS instrument (Bio-Rad Laboratories Inc.) and using 8
actin for normalization.

2.4. Electrophysiology

Low-resistance patch pipettes (3-7 MQ) were made from bor-
osilicate glass tubing (Harvard apparatus LTD) using a vertical puller
(Narishige, Tokyo, Japan) and were used for whole-cell voltage-clamp
recordings. Recording pipettes were filled with a pipette solution that
contained (mM): 150 CsBr, 5 MgCl,, 10 EGTA and 10 HEPES. pH 7.2,
with KOH. Coverslips with the adherent cells maintained in control
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medium (24 h) or in the conditioned media (36 h) extracted from cul-
ture of cortical neurons, CM, or of spinal neurons, SM, were superfused
at a rate of 1.8 ml min ! with a physiological bath solution having the
following composition (mM): 150 NacCl, 5 KCl, 2.5 CaCl,, 1 MgCl,, 10
D-glucose and 10 HEPES (pH 7.4 with NaOH). To test the high voltage
activated Na* channels sensitivity, we used TTX (1 uM). To avoid the
occurrence of outward K™ currents, experiments were performed in a
20 mM-TEA bath solution (mM): 122.5 NaCl, 2 CaCl,, 20 TEA-OH and
10 HEPES. To record only Ca®>* currents we used a Na*- and K*-free
solution, namely a TEA-Ca®* bath solution, containing (mM): 10 CaCl,,
145 TEABr and 10 HEPES. Nifedipine (Sigma) was diluted at 10 ~>M in
DMSO and stored at 4 °C; it was used at 1 uM to avoid the occurrence of
the high voltage activated (HVA) L-type Ca™ currents; Ni2* (200 pM)
to block T-type current and Cd®>* (100puM) to block all HVA Ca®*
currents, such as N-, R- and P/Q-type. To specifically block N-type
channels, w-conotoxin-GVIA (w-CTx-GVIA) (Alomone Labs, Jerusalem,
Israel) was diluted in distilled water at 500 uM, stored at 20 °C and used
at 500 nM. All the drugs were prepared daily from stock solutions, just
before use. To prevent degradation during the experiments nifedipine
was stored in the dark and toxins at 4 °C.

The whole-cell configuration was obtained after gentle application
of negative pressure. Access resistance was continuously monitored
during the experiments. Only those cells in which access resistance
(changes < 10%) was stable were included in the analysis. Pclamp6
(Axon Instruments, Foster City, CA) software was used for analysis. The
technique, set up and electronics are as described in details in Squecco
et al. (2016). Briefly, the patch pipette was connected to a micro-
manipulator and an Axopatch 200 B amplifier (Axon Instruments).
Current —and Voltage-clamp protocol generation and data acquisition
were controlled by using an output and an input of the A/D-D/A in-
terfaces (Digidata 1200; Axon Instruments) and Pclamp 9 software
(Axon Instruments). Currents were low-pass filtered with a Bessel filter
at 2 KHz. For activation protocol the cell was held at —80 mV and step
pulses, 1s long, from —80 to 50 mV were applied in 10 mV steps. The
sampling time of the early part of the current traces (up to 50 ms) was
50 ps to better observe the activation latency and the rising time of the
fast Na* and T-type Ca®* currents. Starting from 50 ms up to the end,
the sampling time was increased to 10 ms in order to reduce the device
memory, since a maximum number of experimental points can be
sampled for each pulse protocol. In any figure, to easily distinguish
superimposing traces, we depicted in bold the current traces evoked
from —80mV up to the voltage eliciting the maximal current ampli-
tude, whereas the remaining traces up to 50 mV are thin. The voltage
eliciting the maximal current amplitude is indicated next to the related
current response for each panel in each figure.

For inactivation protocol a voltage test step to —20 mV were pre-
pulsed by a protocol as that for activation, inter-pulse interval 10 ms for
Ina and 500 ms for Ic,. Capacitive and leak currents were subtracted by
the P4 procedure.

The steady-state ionic current activation was evaluated by

Ia(v) = Gmax (V'Vrev)/{l + eXP[(Va'V)/ka]} (1)
and the steady-state inactivation by
(V) = I/{1 + exp[-(Vin-V)/knl}, (2)

where G.x is the maximal conductance for the I,, V., is the apparent
reversal potential, V, and Vj, are the potentials eliciting the half-max-
imal size, k, and ky, are the steepness factors.

Electrode capacitance was compensated before disrupting the patch.
The resting membrane potential (RMP) was measured by switching to
the current clamp mode (I = 0) of the 200 B amplifier. The passive
properties parameters were estimated as in previous work (Di Franco
et al.,, 2016; Squecco et al., 2016). Access resistance (R,) was not
compensated for monitoring membrane area. Series resistance was
compensated up to 70 * 90%. The area beneath the capacitive
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transient and the time constant of the transient’s decay (t) were used to
calculate the cell linear capacitance (C,) (see also Sartiani et al., 2007)
and R, from t© = R,C,,. The measurement of membrane resistance (R,,)
were corrected for R, and was calculated from the steady-state mem-
brane current (I,,) using the relation: R, = (AV-I,R,)/I,,, where AV is
the command voltage step amplitude. The ratio 1/R,, that is the
membrane conductance G,,, was used as an index of the resting cell
permeability. C,, was used as an index of the cell surface area assuming
that membrane-specific capacitance is constant at 1pF/cm? The
membrane conductance G,, were normalized to cell linear capacitance
(Cyy) to allow comparison between different cells. The ratio G,,/C,, is
then proposed as specific conductance. Input resistance was measured
in current clamp mode in response to small 500 ms-long current pulses
applied at resting membrane potential (Gustafson et al., 2006). All the
experiments were performed at room temperature (22 °C).

Results from multiple experiments are expressed as mean = SEM.
Significance of differences between means was tested using Student’st
test. Values of p < 0.05 were considered statistically significant. For
multiple comparisons, one-way ANOVA with repeated measures was
utilized. In any case, only selected n-HSP were included in the statistical
analysis (Squecco et al., 2016). Although the whole primary cell culture
resulted mainly composed of neuronal progenitors (Sarchielli et al.,
2014), the chosen cells had to display inward voltage-dependent ion
currents (to elude stem cells that normally don’t show such currents)
(Heubach et al., 2004; Li et al., 2005; Moe et al., 2005)), R; = 100 MQ
and a membrane time constant > 10 ms, to exclude glial cells that have
generally R; -100MQ and a time constant definitely < 10ms
(Westerlund et al., 2003).

3. Results
3.1. Cell morphology of n-HSP cells

HSP cells showed apparent morphological changes in time, as al-
ready described in a previous study from our research group (Sarchielli
et al., 2014). Within 24-48h from seeding, the isolated cells began to
attach and grow as monolayer having a round shape. These first ad-
herent cells became spindle-shaped within 2nd-3rd passage (P), as
examined by phase contrast microscopy. At the later passages, the cells
acquired a spindle-shape with extending cytoplasmic processes (P5/6).
A more mature, neuronal-like phenotype was observed along with time
(P8/15). The selected n-HSP cells used in the present research were at
passages 3/4 and systematically showed inward Na* and Ca** cur-
rents. A representative image of patched cells is shown in Fig. 1A. Al-
though they were able to elicit a single action potential, they were not
capable to elicit repetitive firing. Moreover, they are actually neuron-
like cells in an early differentiation stage (Onorati et al., 2014; Picken
Bahrey and Moody, 2003) since they showed only T-, L- and N-type
Ca?* current of a small amplitude (see below).

3.2. Characterization of human fetal primary cultures of fronto-parietal
cortex and spinal cord cells

In order to characterize the cell composition of cortical and spinal
cord primary cultures, we performed immunofluorescence analysis.
Both primary cultures exhibited a prominent neuronal component
being almost completely positive for the neuronal marker NeuN
(> 90%), while few cells were positive for the glial marker GFAP
(< 3%) (Fig. 2).

3.3. Characterization of HSPs and the effects of the conditioned media on
their phenotype

In agreement with previous data (Sarchielli etl. 2014), HSPs left in
control culture medium (Ctrl) were mainly positive for the neuronal
marker (-Tubulin III (63.1 *+ 3.5%) and at a lower extent for the
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Fig. 1. Electrophysiological analysis of n-HSP membrane passive properties and effects of the conditioned media.

A) Representative patched n-HSP cell in Ctrl condition (scale bar 20 pm, magnification 40 x ). Effects of conditioned media on RMP (B), membrane capacitance, C, (C), input resistance R;
(D), membrane resistance, Ry, (E), resting membrane conductance, G,, (F), on the specific conductance, G,,,/Cy, (G), and membrane time constant, T (H). Data are means = SEM. * and **

indicate p < 0.05 and p < 0.01 vs the related control (Ctrl). §, p < 0.05 SM vs CM. In each experimental condition, data are from 34 to 38 cells.

immature neural stem cell marker nestin (21.9 + 2.8%), as assessed by
immunocytochemistry (Fig. 3A-B). Interestingly, exposing cells to CM
and SM for 36 h significantly reduced the percentage of nestin-positive
cells (CM, 15.0 = 1.5%, p < 0.05 SM, 12.5 = 1.2%; p < 0.01,
Fig. 3A), while significantly increased that of cells positive for [-

A

Cortical primary culture Spinal cord

Tubulin III (CM, 84.0 + 7.2%; SM, 79.8 + 9.3%; p < 0.05, Fig. 3B).
In addition we also detected a high percentage of cells positive for the
mature neuronal marker MAP2 (55.1 = 5.7%), which in contrast was
not modified by the treatment with either CM (47.8 * 4.1%) or SM
(56.6 + 3.8%). However, we observed a significant modification of

B
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Fig. 2. Immunocytochemical phenotype characterization of primary cultures from fronto-parietal cortex and spinal cord of human fetuses.
A) Representative images show that both primary cultures exhibit a prominent positivity for the neuronal marker NeuN (green), while few cells are positive for the glial marker GFAP
(red). B) Bar graph shows quantitative analysis of positive cells for each marker, as calculated by counting at least 5 fields from three different slides for each protein. Results are reported

as percentage of positive cells over total (magnification 10 X ).
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A, B) Representative images of the neural precursor marker nestin (A) and the neuronal marker (3 tubulin III (B), assessed by immunocytochemistry; the bar graphs show the quantitative
analysis of positive cells for each marker, as calculated by counting at least 5 fields from three different slides; results are reported as percentage of positive cells over total (*p < 0.01,
#p < 0.05ys Ctrl; scale bar 50 pm, DAPI counterstained nuclei). C) Representative image of MAP2 immunocytochemical analysis showing neuritogenesis induced by CM and SM; the bar
graph indicates the percentage of n-HSP with a neurite length/cell body diameter ratio > 4 (n = 3, °p < 0.001 vs Ctrl, scale bar 50 um, DAPI counterstained nuclei). D) Representative
western blot image showing enhanced protein level of the striatal marker DARPP32 after treatment with CM and SM; the bar graph shows the computer-assisted quantification of band
intensity: data are normalized over [ actin signal and are expressed as percentage of control (n = 3, #p < 0.05 vs Ctrl; O.D., optical density).

cell morphology in terms of neurite outgrowth, which is indicative of
neuronal maturation. Hence, neurite outgrowth was determined in
MAP2-positive cells by measuring the ratio between the longest neurite
length and the cell body diameter and calculating the percentage of
cells with a particular ratio, as already described (Sarchielli et al.,
2014). As shown in Fig. 3C, in the absence of treatments, about 23% of
cells (23.1 = 4.5%) showed neurites longer than four times the cell
body, while the percentage was significantly increased after treatment
with CM (55.1 + 6.4%, p < 0.001) and SM (40.6 = 2.6%,
p < 0.001). Moreover, with western blot analysis we observed that the
protein expression of the striatal marker DARPP32 was significantly
increased in HSP grown with CM and SM, when compared to control
cells (p < 0.05; Fig. 3D).

3.4. Effects of the conditioned media on the n-HSP resting membrane
potential

The analysis of the electrophysiological properties of the different
HSP cultures obtained from different fetuses aged 9 up to 12 weeks did
not evidence any significant difference respective to the different week
of gestation. Hence, all data were pooled and reported as the
mean * SEM of all measurements.

The estimation of the RMP indicated that n-HSP (P3/4) in control
condition had a mean value of —59.6 + 3.0mV (Fig. 1B). To in-
vestigate if the conditioned media could affect membrane potential
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value and improve the excitability, n-HSP cells were cultured in CM and
SM for 36 h, before electrophysiological analysis. In any case, by using
cells at the same passage for any treatment: we observed a membrane
depolarization that was —54 + 3.2mV in CM and —31.5 * 16.2mV
in SM, compared to control values (Fig. 1B). This indicates that the
conditioned media had factors capable to shift the RMP towards values
closer to the voltage threshold for action potential, and thus increasing
the n-HSP intrinsic excitability. However, statistically significant dif-
ferences were observed under SM treatment, suggesting a major effi-
cacy of this particular medium in causing this effect on RMP.

3.5. Effects of the conditioned media on the n-HSP biophysical properties

The biophysical properties of n-HSP (P3/4) grown in control culture
medium (Ctrl) were assed and compared with those of n-HSP cells
cultured in CM and SM for 36 h. We first estimated the cell capacitance,
Cm, as an index of cell surface (Fig. 1C) bathing the cells with the
physiological external solution in the recording chamber and using the
voltage clamp mode of our device. We observed that C,, was slightly
increased by the type of culture medium, being the measured values:
21.2 * 4.0, 21.3 = 5.4 and 22.8 = 6.1 pF in control medium, in CM
and SM, respectively (differences not statistically significant). In con-
trast, the Gy, index of resting cell membrane permeability was sig-
nificantly increased in CM (6.2 + 1.1 nS) and, to a lesser extent, in SM
(4.1 £ 0.8 nS) compared to control (2.3 = 0.7 nS) (Fig. 1F). In
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accord, the opposite behavior was observed by the membrane re-
sistance analysis being R, values: 0.42 = 0.04, 0.16 + 0.01 and
0.23 + 0.02 GQ, in Ctrl, CM and SM, respectively (Fig. 1E). Conse-
quently, the specific conductance, G,,/Cy,, increased in any case com-
pared to control (0.11 * 0.04 nS/pF), and resulted more altered in CM
(0.27 = 0.07 nS/pF) than in SM (0.17 = 0.05 nS/pF) (Fig. 1G). In
addition, we measured the input resistance values (R;), somehow re-
flecting the extent to which membrane channels are open. R; values
turned out to be: 0.36 *+ 0.03, 0.07 = 0.001 and 0.14 = 0.01 G, in
Ctrl, CM and SM, respectively (Fig. 1D). Also the membrane time
constant (t) analysis revealed significant differences among the treat-
ments, increasing from 21.7 = 2.1 ms in Ctrl, to 32.6 * 3.2ms in CM
and to 26.1 + 2.6 ms in SM (Fig. 1H). This seems to suggest that the
blend of factors present in CM are more effective in altering the passive
membrane properties.

3.6. Effects of the conditioned media on voltage dependent Na* currents

We then investigated the occurrence of the main voltage dependent
ion currents normally present in neurons. Once again, the results ob-
tained in n-HSP grown in control culture medium were assed and
compared with those obtained from n-HSP cells cultured in conditioned
media.

Among the number of the voltage-dependent ion currents, outward
K* currents were regularly recorded (not shown). Since these ion
currents are not distinctive features of neurons, we focused our analysis
on the inward voltage dependent ion currents that are typically evoked
in neuronal cells. Accordingly, to record only Na* currents we replaced
the physiological bath solution with the 20 mM TEA solution, to avoid
the occurrence of K* currents. Moreover, we added nifedipine (1 uM)
to minimize the occurrence of the high voltage activated L-type Ca®*
currents, Ni** (200 uM) to block T-type current and Cd>* (100 uM) to
block all the HVA Ca2™ currents. In this condition, we found that all the
control n-HSP cells exhibited a TTX-sensitive Iy,, as shown in a typical
experiment displayed in Fig. 3Aa, with a voltage threshold of about
—55mV. When cells were cultured in both the conditioned media, Iy,
amplitude resulted increased (Fig. 4A).

The normalized peak current vs voltage plot related to all the cells
investigated is shown in Fig. 4B: the maximal current amplitude was
evoked by the —15mV step in control cells, but it was evoked by more
negative voltages in CM (about —20 mV) and by more positive voltage
values in SM (about —5mV) (Fig. 4a—c). To evaluate the shift of the
maximal current amplitude we calculated the steady-state ionic current
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Table 1
Effect of the conditioned media on the Boltzmann parameters of activation and in-
activation curves for Iy,

Parameter Ctrl CM SM

I,/C (Norm) 1.0 £ 0.1 1.2 £ 0.2 1.4 = 0.2*
Gmax/Cm (Norm) 1.0 £ 0.1 1.1 £ 0.2 1.5 + 0.1%,8

V, (mV) -30.1 = 2.9 —-349 + 1.1 * —20.2 = 1.9 **8§
k, (mV) 8.1 + 0.5 7.8 = 0.6 7.1 = 0.5

Vi, (mV) —-65 *+ 3.1 —-69 = 2.3 —58 + 3.6 *,§

ky (mV) 7.5 + 0.7 7.6 = 0.7 6.6 = 0.6

Viey (mV) 46.1 += 3.7 47.6 + 4.7 49.1 = 5.1

I,/Cm (Norm) and Gmax/Cr (Norm) data are normalized to Ctrl value, * and ** indicate
p < 0.05 and < 0.01 vs Ctrl; § and §§ indicate p < 0.05 and < 0.01 for SM vs CM. Data
are mean * SEM. In each experimental condition, data are from 16 to 18 cells.

activation and inactivation curves by eqn 1 and 2 (Fig. 4C). The
Boltzmann parameters (listed in Table 1) underwent different changes
based on the type of conditioned medium. Values related to I,/Cy, and
Gax/Cm for Iy, are reported in Table 1 as values normalized to the
control ones, to better appreciate eventual variations induced by the
conditioned media. Culturing the n-HSP cells in CM induced some
statistically significant changes in Iy, compared to the control medium.
The first one consisted of the increase of I,/Cy, and Gpax/Cm ratios;
moreover, the half —voltage activation and inactivation parameters, V,
and V;,, were negatively shifted of about 5 and 4 mV, respectively. In
contrast, when the cells were grown in the SM we observed a statisti-
cally significant shift of V, and V}, towards more positive potentials (of
10 and 7 mV, respectively) and a decrease of k, and k; values, compared
to the control (Table 1).

3.7. Effects of the conditioned media on voltage dependent Ca®* currents

Ca®* channels play key roles in calcium-regulated neuronal func-
tions such as neurotransmitter release and membrane excitability. We
can typically discriminate different families of voltage- dependent Ca®*
channels based on electrophysiological and pharmacological features:
T, L, N and P/Q and R (Bean, 1989; Llinés et al., 1989; Hess, 1990;
Tsien et al., 1991; Catterall and Swanson, 2015; Squecco et al., 2016).

To evaluate the presence of functional Ca?* channels, we replaced
the physiological bath solution with the TEA-Ca®* bath solution. Then,
we applied suitable pulse protocols of stimulation to record the voltage-
dependent Ca®* currents, as recently published in our previous char-
acterization of n-HSP cells (Squecco et al., 2016). In the present study,

Fig. 4. Inward voltage-dependent Na™ current is
affected by the kind of culture medium.
Representative TTX- sensitive Iy, traces from a n-
HSP cultured in control medium (Aa), a n-HSP cell
grown in CM (Ab) or in SM (Ac); current traces are
recorded in 20 mM TEA bath solution and are evoked
by depolarizing voltage steps ranging from —70 to
50mV in 10- mV applied from
HP = —-80 mV. The value of the voltage step eliciting
the maximal Iy, in any condition is indicated next to
the related trace in each panel. B) I-V plots de-
termined at the current peak in n-HSP cells cultured
in control medium (open up triangles), CM (filled up
triangles), and SM (filled circles). C) Normalized
steady - state activation and inactivation curves. The
Boltzmann curve for activation (continuous line
through the experimental data points) is obtained by
the fitting procedure reported in B. The Boltzmann
fit is superimposed also on the normalized data re-
lated to the inactivation (dashed line). The related
Boltzmann parameters + SEM are listed in Table 1,
with the statistical significance. Data are mean va-
lues = SEM; the error bars are not showed for
clarity. In each experimental condition, data are
from 16 to 18 cells.
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Fig. 5. Time course of Ca®" current and pharmacological dissection.

A) Typical families of I, o recorded from a n-HSP cell cultured in Ctrl (Aa), CM (Ab) and SM (Ac); the arrows indicate LVA Ca®* current elicited by —50 mV pulses. The voltage pulse
eliciting the maximal current amplitude is indicated in each panel next to the corresponding trace (0 mV). B) Pharmacological dissection of I, o into its different components recorded
from a n-HSP cell cultured in Ctrl (Ba), CM (Bb) and SM (Bc). For clarity, in each panel only the current trace evoked by the —10 mV voltage pulse (HP = —-80 mV) is depicted for any

recording condition.

all our n-HSP cells showed voltage dependent Ca®>* currents (Fig. 5),
mostly consisting of two main components. The first was a low voltage-
activated (LVA) inward transient current that was recorded from — 60/
50mV (indicated by the arrow in panels A). The second was a high-
voltage-activated (HVA), slowly activating and inactivating current,
that appeared from —40/-30 mV and superimposed on the transient
one. To further discriminate the different components of Ca®* currents
we used a pharmacological dissection (Fig. 5B). For clarity, only the
current trace evoked by the —10 mV step for any recording condition is
displayed in panels B of this figure. The specific total Ca%* current trace
(Itot/Crm) recorded by a cell cultured in control condition (Ctrl) is shown
in panel 5Ba; adding nifedipine to the bath solution caused the ap-
pearance of a transient current (Nif), but did not block the HVA type
current completely. In fact, a slow decaying residual current (about the
10% of the control) could still be observed in the presence of nifedipine.
Then, by subtracting Nif- from Tot- trace, we mathematically obtained
the nifedipine-sensitive L-type Ca®?* current (L = Tot-Nif). Adding
Cd?™ to the external solution completely blocked HVA-type current. By
subtracting the current trace obtained in the presence of Cd®* from that
obtained in the presence of nifedipine (Nif-Cd) we could obtain the N-
type Ca®* current.

Therefore, we can assess that neither Cd>* nor nifedipine added to
the external bath solution, affected the LVA transient current, con-
firming the occurrence of the T-type currents. Moreover, the observed
HVA Ca®™ currents mainly consisted of the L-type nifedipine-sensitive
one, whereas a smaller fraction was due to the other Ca®?™ channels
such as N —type ones (Fig. 5B). However, the other HVA Ca®* currents
(P/Q- and R- types) were hardly analysable since the residual current
observed after the N-type channel blocker application was very small in
size or completely absent. The same procedure was followed for cells
maintained in SM (Fig. 5Bb) and CM (Fig. 5Bc). The total Ca?" currents
evoked in the cells cultured in CM showed an increased amplitude
(Fig. 5Ab) compared to those grown in Ctrl (Fig. 5Aa). This increase
was even more evident in the cells maintained in SM (Fig. 5Ac).

We then examined the three different components separately and
the results are shown in Figs. 6-8, for T-, L- and N-type Ca®>* currents,
respectively.
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The analysis of T- type current time course is shown in Fig. 6A,
where the representative families of traces are recorded from n-HSP
cells maintained in the three different conditions (panels Aa, Ab and
Ac). When the cells were treated both with the CM (panel Ab) and SM
(panel Ac) we consistently observed a small increase of the specific I, t
compared to Ctrl (panel Aa). We then calculated the normalized I-V
plots, by evaluating the mean current values evoked by any voltage step
and dividing it for the cell capacitance (Fig. 6B). We also evaluated the
activation and inactivation curves and the corresponding normalized
Boltzmann curves (Fig. 6C). Again, some Boltzmann parameters were
differently altered by the type of the conditioned medium used
(Table 2). The n-HSP cultured in CM or SM showed substantial varia-
tions of I, r compared to control, consisting of an increase of the re-
lated I,/C, and Gmax/Crm ratios, and a shift of both V, and Vj, values
towards more negative potential, in contrast to the effect observed for
Ina- The parameter values and statistical significance are displayed in
Table 2. The time constant values, t, and 7; did not show statistically
significant differences at any voltage investigated in the three different
conditions. In fact, for the —20mV step t, was 3.1 = 0.4ms in Ctrl,
3.0 = 0.4 in CM and 2.8 * 0.4ms in SM. Similarly, t; values were
10.2 = 1.1, 9.2 = 0.9 and 9.3 = 1.0ms for Ctrl, CM and SM, re-
spectively.

The analysis of L- type current time course is shown in Fig. 7, where
typical families of traces recorded from n-HSP cells maintained in Ctrl
medium, in CM and SM are displayed in panel Aa, Ab and Ac, respec-
tively. Cells treated with both the CM and SM conditioned media con-
sistently showed a strong increase of Ic,; compared to that recorded
from Ctrl cells. Particularly, n-HSP cells cultured in CM showed varia-
tions of Ic,, features compared to control such as an increase of Gmax/
Cn and a shift of V, and Vy, values towards more negative potential
(about 3 and 6 mV, respectively). When n-HSP cells were cultured in
SM, they showed statistically significant differences compared to con-
trol and also with CM. In fact, in these cells we observed a positive shift
of V, of about 4 mV compared to control, that is in the opposite di-
rection compared to CM. Also V,, was positively shifted compared to
control. All the parameter values and statistical significance are dis-
played in Table 2. Once again, the t, and 7t; values did not show
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statistically significant differences at any voltage investigated in the
three different conditions. In fact, for the OmV step 1, was
7.0 £ 0.8ms in Ctrl, 7.2 * 0.9 in CM and 7.0 = 0.9 ms in SM. Si-
milarly, ; values were 90.6 *= 10, 85.3 = 9 and 87.1 + 9ms for Ctrl,
CM and SM, respectively.

The time course of the N-type current is displayed in Fig. 8A, that
again shows the typical families of traces recorded from a n-HSP cell
maintained in Ctrl (Aa), in CM (Ab) and SM (Ac). Cells treated with the
CM and SM conditioned media consistently showed a strong increase of
the specific I, y compared to Ctrl. Particularly, n-HSP cells cultured in
CM exhibited peculiar variations of I, ny compared to control such as an
increase of Gu.x/Cn and a shift of V, value towards more negative
potentials. The n-HSP cells cultured in SM displayed statistically sig-
nificant differences compared to control and also to CM (parameters
and statistical significance listed in Table 2). Notably, the maximal
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Ac SM: I, 7 Fig. 6. Effect of the conditioned media on T-type
Ca®* currents.
0 - Typical families of T-type Ca®>* currents (obtained as

explained in Materials and Methods section), re-
corded from n-HSP cells maintained in Ctrl condition
(Aa), in CM (Ab) and in SM (Ac); the voltage pulse

eliciting the maximal current amplitude is indicated

“q in each panel next to the related trace (-20 mV). B)

b I-V plots determined at the current peak in n-HSP

T T T o cells cultured in control medium (open up triangles),

20 O 20 40 60 (M (filled up triangles), and SM (filled circles). C <)
Time (ms) Normalized steady-state activation (continuous line)

and inactivation curves (dashed line). The related
Boltzmann parameters + SEM are listed in Table 2,
with the statistical significance. B, C <) Data are
mean values + SEM (errorbar not showed for
clarity). In each experimental condition, data are
from 18 to 20 cells.

Normalized I, 1

Voltage (mV)

specific current amplitude, Ic,/Cp,, of T-type was more markedly af-
fected by SM than by CM, that of L- type was more markedly affected by
CM than by SM, whereas the N-type Ca®>* current was similarly en-
hanced by both media.

In contrast, when we considered the related maximal current am-
plitude value, Ic,, we could clearly observe that SM caused a more
significant enhancement in amplitude of all the Ca®* current types
examined compared to CM (Fig. 9).

4. Discussion

The processes governing neuronal growth, migration and differ-
entiation include a complex interplay of various external factors, such
as hormones, neurotransmitters or peptides (growth factors), which are
present in the surrounding milieu (Sariola and Saarma, 2003; Moody

® SM

Aa Ctrl: Igy. Ab CM: gy, Ac SM: Iga,
_0 0 0
w
S
<
=
J
=5 -5 4 -5 4
K omv
g
0mv omv.t
-10 T T T T " -10 T T T T J -10 T T T T ]
-50 (1] 50 100 150 200 -50 0 50 100 150 200 -50 0 50 100 150 200
Time (ms) Time (ms) Time (ms)
B Voltage (mV) C --- -2 ;x\:.
-100 A 4
2
°
9
A ctrl 2
A CM E
S
z

-100

-10 <

Ica/Crm (PA/PF)

Fig. 7. Effect of the conditioned media on L-type Ca®* currents.
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Typical families of L-type Ca®* currents obtained by pharmacological dissection as explained in Fig. 5B from n-HSP cells maintained in Ctrl condition (Aa), in CM (Ab) and in SM (Ac); the
voltage pulse eliciting the maximal amplitude is indicated in each panel next to the related trace (0 mV). B) I-V plots determined at the current peak in n-HSP cells cultured in Ctrl
medium (open up triangles), CM (filled up triangles), and SM (filled circles). C <) Normalized steady — state activation (continuous line) and inactivation curves (dashed line). The related

+

Boltzmann parameters, mean
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SEM, are listed in Table 2, with the statistical significance. B, C <) Data are mean values (error bar not shown). Same cells as in Fig. 6.
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Fig. 8. Effect of the conditioned media on N-type Ca®* currents.

Typical families of N-type Ca®>* currents obtained by pharmacological dissection as explained in Fig. 3B from n-HSP cells maintained in Gtrl condition (Aa), in CM (Ab) and in SM (Ac);
the voltage pulse eliciting the maximal amplitude is indicated in each panel next to the related trace (-10 mV). B) I-V plots determined at the current peak in n-HSP cells cultured in Ctrl
medium (open up triangles), CM (filled up triangles), and SM (filled circles). C <) Normalized steady-state activation (continuous line) and inactivation curves (dashed line). The related
Boltzmann parameters + SEM are listed in Table 2, with the statistical significance. B, C <) Data are mean values + SEM (error bar not shown). Same cells as in Fig. 6.

Table 2 the type of inductive medium used.
Effect of the conditioned media on the Boltzmann parameters of activation and in- In this regard, we have investigated, for the first time to our
activation curves for Ica,r, lcas. and lca. knowledge, the effects of cortical and spinal cord conditioned media on

the differentiation potential of HSP cells. Our recent previous re-
searches suggested that these cells are quite immature neuron-like cells
Icar (Sarchielli et al., 2014; Squecco et al., 2016), mainly expressing the

Parameter Ctrl CM SM

Ip/Cm (Norm) 1.0 = 0.1 12 =01 L5+ 0.2* neuronal progenitor marker B-tubulin III (Sarchielli et al., 2014 and
Gmax/Cm (Norm) 1.0 = 0.1 1.3 £ 0.1% 1.6 = 0.1 %,§ . . ) .
v, (mV) 35 4 30 38 + 39 a1 s 38 present study), and the present electrophysiological study confirms this
K, (mV) 55 + 0.4 55 + 0.4 5.9 + 0.4 finding since they showed very small Na* and Ca®" currents. However,
Vi, (mV) —65 * 5.1 —-70 * 5.6 -71 + 56 HSPs although immature are already committed toward the specific
ky (mV) 45+ 04 44 £ 04 41 +03 striatal phenotype and accordingly, also express DARPP32 (Sarchielli
Veey (mV) —58 £ 6.1 =56 £ 55 —54 58 et al., 2014 and present study). More importantly, we previously de-
Icas monstrated the ability of HSPs to differentiate in response to neuro-
Ip/Cr (Norm) Lo £ 0.1 2.0 £ 0.2 trophins, such as BDNF and FGF2 (Sarchielli 2014, Squecco 2016). Here
Grnax/Cm (Norm) 1.0 = 0.1 1.8 £ 0.2 ** . . .
V. mv) 10 £ 1.6 99 & 1.7% we show that more composite culture media, such as CM and SM, which
k, (mV) 75+ 05 7.4 + 05 more properly reflect the complexity of an in vivo milieu, may drive HSP
Vi, (mV) —49 * 47 —-55 * 5.1 maturation both in terms of phenotypic (neurite outgrowth, expression
ky (mV) 7.4 £ 07 6.5 £ 0.6 of the striatal marker DARPP32) and electrophysiological (membrane
Veew (mV) 589 x 47 565 = 5.5 parameters, intrinsic excitability, ion current amplitude and kinetics)
Iean properties.
1/Crn (Norm) Lo £ 01 L7 £ 0.2 L7 £ 03 Our results demonstrate that the biophysical properties of n-HSP
Grnax/Cm (Norm) 1.0 = 0.1 1.5 £ 0.2 ** 1.8 + 0.2 *** . ip L .
V. (mV) o040 + 16 966 £ 2.7 108 =+ 14§ cells were substantially modified when maintained in CM or SM, as
Kk, (mV) 85 + 0.5 85 + 0.5 86 + 05 compared to Ctrl medium. We have shown that both the conditioned
Vi (mV) —62 * 4.7 —-58 * 4.3 —50 * 3.8%%§ media affected the RMP altering the cell excitability, decreased the
ki, (mV) 125 = 1.1 131 £ 1.3 141 + 1.3 input resistance and increased the membrane conductance and the
Vrew (mV) 495 = 4.1 491 =53 493 = 5.2 membrane time constant values. Particularly, both the conditioned
Parameters as in Table 1. *, ** and *** indicatep < 0.05, < 0.01 and < 0.001 vs control; media, while Signiﬁcantly reducjng the input resistance of the n-HSP
§ and §§ indicate p < 0.05 and < 0.01 for SM vs CM medium. In each experimental cells that reflects the extent to which membrane channels are open,
condition, data are from 18 to 20 cells. were able to increase the opening of ionic channels at resting potential,
in accord with the estimated higher conductance compared to Ctrl
and Bosma, 2005; Bouron et al., 2006; Zuccato et al., 2010; Yuzwa condition. Moreover, the analysis of the membrane time constant, a
et al., 2016). During these processes, the above factors can modify the commonly used way of measuring how quickly a neuron's voltage level
functionality and/or the expression of different ionic channels, such as decays to its resting state after it receives an input signal, indicates that
Na*t and Ca®", depending on the type of neuron, the presynaptic or both SM and, most of all, the CM were able to prolong the depolarized
postsynaptic localization and the stage of differentiation (Westerlund state of the cells, further improving their intrinsic excitability.
et al., 1993; Colston et al., 1998; Joux et al., 2001; Ji et al., 2010). Thus, Although not statistically significant, the inductive media increased
the HSP cells cultured with neuronal conditioned medium may speci- the cell capacitance and this finding is in agreement with the induction
fically differentiate and alter their biophysical properties according to of the neurites outgrowth. In fact, as already observed in our previous
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Fig. 9. Different effect of the conditioned media on L-, N- and T-type
Ca®* currents.

The maximal current amplitude (Ic,) is significantly enhanced in SM
compared to CM for all the Ca®* current types. * and ** indicate
p < 0.05 and p < 0.01 vs the related control (Ctrl); § indicate
p < 0.05 of SM vs CM. Data are from the same cells of Figs. 6-9.
Values are mean + SEM. Note the different ordinate scale of panels A
and B.
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paper (Luciani et al., 2010) the newly forming protrusions require the
addition of new membrane surface and this justifies the trend of an
increased membrane capacitance. Another significant effect induced by
the conditioned media was observed on the main inward cationic cur-
rent, whose amplitudes and conductance resulted increased, but with
different changes in current kinetics. The analysis of all the inward
currents suggested that cells kept in CM acquired a sort of enhanced
excitability compared to those maintained in Ctrl medium. Indeed, in
CM cultured cells the V, parameter of all the inward currents, such as
Ina, T-, L- and N-type Ic, was shifted towards more negative potentials,
thus suggesting that voltage-dependent cation channels may be acti-
vated at a lower voltage threshold compared to control cultures. In
contrast, the cells maintained in SM showed inward currents, except for
the T-type Ca®™ current, with an opposite kinetic behaviour. In fact, the
window of membrane potentials where Na®, L- and N-type Ca®*
channels are simultaneously activated and not completely inactivated
was positively shifted when the cells were grown in SM, showing in any
case a higher voltage of half-maximal activation.

The effects of the conditioned media that we observed on n-HSP
cells in the present study somehow differ from those previously ob-
served from our research group (Squecco et al., 2016). In fact, culturing
human n-HSP cells in a medium containing only one kind of neuro-
trophin (such as FGF2 or BDNF), only caused a decrease of L- and T-
type Ca®™ current size without affecting the V, parameters (Squecco
et al., 2016). As well, the dopaminergic agonist SKF82958 or quinpirole
selective for D1- and D2-dopamine receptors, respectively, acutely ap-
plied to the bath solution, induced a slight membrane hyperpolarization
and reduced in amplitude both L- and N-type but unaffected T-type
Ca®* currents (Squecco et al., 2016). Otherwise, Bouron et al. (2006)
found that glutamate and BDNF decreased Ca®* current in cortical
neurons isolated from embryonic day 13 (E13) mouse fetuses, sug-
gesting that this down-regulation of I, could exert a neuroprotective
action on embryonic cortical neurons. In contrast, we have found that
culturing human n-HSP cells in CM and SM causes an increase of Na*
and Ca?" influx, but we have to consider that our cells in control
condition (without any peculiar treatment) elicit Iy, and Ic, of a small
amplitude, suggesting a low degree of differentiation. Notably, stem
cells poorly express the inward voltage dependent Iy, and Ic,; therefore,
the increase of the expression/functionality as well as the specific type
of voltage dependent Na™* and Ca®" channel isoforms expressed can be
indicative of an improved differentiation. In line with this view,
D'Ascenzo et al. (2006) showed that the increase of I, allowed a better
differentiation in stem/progenitor cells derived from the brain cortex of
postnatal mice.

In the present research, the observed changes of the ion channels
voltage dependence may be due to the modulation of the existing Na™*
and Ca®" channels due to growth factors, neurotransmitters and in-
tracellular signals present in the different conditioned media. However,
we should also consider the possibility that the different conditioned
media could induce the expression of diverse channel isoforms. For
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instance, the different voltage-gated sodium channels identified in
mammals have specific developmental, tissue or cellular distributions
and their peculiar kinetics and voltage-dependent properties may have
a role in determining the integrative and excitability properties of
neurons (Goldin, 2001).

Notably, the different electrophysiological results obtained in n-HSP
cells cultured in control medium compared to those obtained in the
conditioned media and those between the two different conditioned
media strongly suggest that the peculiar observed changes in Iy, and Ic,
Boltzmann parameters were actually due to neurotrophins, growth
factors, neurotransmitters or signaling molecules specifically released
by the neuronal population of origin. Among the mechanisms that
control the neuronal development, signaling of major neurotransmitters
such as y-aminobutyric acid and glutamate seems to play a key role and
thus deserves further investigation to verify their contribute to the
enhanced excitability of the immature brain (Sanchez and Jensen,
2001). Moreover, the identification of the factors in the conditioned
medium that caused the electrophysiological and morphological
changes in HSPs, as well as the possible changes in gene and protein
expression profiles remain to be clarified. Future studies will be focused
on the explanation of these mechanisms.

5. Conclusions

In conclusion, we suggest that culturing n-HSP cells in neuronal
(cortical or spinal cord) conditioned media gradually helps in acquiring
inward ion currents with different kinetics typical of neurons that are
more excitable. This indicates that changes occurring in cell micro-
environment, such as the presence of certain neurotransmitters, growth
or specific signalling factors actually influence HSP cells differentia-
tion < in vitro (Colston et al., 1998; Bouron et al., 2006; Yuzwa et al.,
2016). Although both conditioned media are able to direct the n-HSP
cells towards an enhanced excitability, our functional findings indicate
that the bulk of n-HSP acquire a phenotype better resembling to mature
striatal neurons in a different manner in response to the cortical or
spinal inductive stimuli. Principally, when n-HSPwere treated with the
spinal medium they showed peculiar kinetics and an increased ampli-
tude of Na* current as well as L and N- type Ca®>* currents; they also
showed a significantly more depolarized membrane potential. In con-
trast, when cells were cultured in the cortical medium they mainly
exhibited a significant and more marked increase of the membrane
conductance and time constant values. Overall, these data confirm the
plasticity of fetal neuronal precursors already committed toward a
specific neuronal phenotype, but also functionally modifiable according
to environmental cues, a crucial issue when considering cell-based
therapies for neuronal tissue repair. However, future studies should be
carried out to clarify their effective capability to differentiate into fully
functional neurons with a specific phenotype. As well, possible results
of in vivo experiments would greatly enhance the importance of this
research.
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