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Ciliary neurotrophic factor-treated astrocyte-conditioned
medium increases the intracellular free calcium
concentration in rat cortical neurons
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Abstract. Ciliary neurotrophic factor (CNTF) is involved
in the activation of astrocytes. A previous study showed that
CNTF-treated astrocyte-conditioned medium (CNTF-ACM)
contributed to the increase of the calcium current and the
elevation of corresponding ion channels in cortical neurons.
On this basis, it is reasonable to assume that CNTF-ACM may
increase the intracellular free calcium concentration ([Ca**],)
in neurons. In the present study, the effects of CNTF-ACM
on [Ca?"]; in rat cortical neurons were determined, and on this
basis, the aim was to investigate the potential active ingredi-
ents in ACM that are responsible for this biological process.
As expected, the data indicated that CNTF-ACM resulted in
a clear elevation of [Ca®']; in neurons. Additionally, the fibro-
blast growth factor-2 (FGF-2) contained in the CNTF-ACM
was found to participate in the upregulation of [Ca**],. Taken
together, CNTF induces the production of active factors (at
least including FGF-2) released from astrocytes, which finally
potentiate the increase of [Ca®*]; in cortical neurons.

Introduction

Ciliary neurotrophic factor (CNTF), a survival factor for
chick ciliary neurons (1), is reported to facilitate the survival
of several types of neurons such as sympathetic, sensory and
motor neurons (2). In addition, it has important roles in trig-
gering neurite outgrowth, preventing neuronal degeneration
and attenuating motor deficits (3). Recent evidence suggests
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that CNTF is a potential activator of astrocytes, as it could
induce astrocyte hypertrophy and glial fibrillary acidic
protein (GFAP) overexpression (4,5), which is considered as a
predominant feature for the activation of astrocytes.

Astrocytes constitute the majority of the central nervous
system (CNS), particularly in the brain. Bidirectional communi-
cation has been reported between astrocytes and neurons. On this
basis, it is reasonable to speculate that astrocytes may respond
to the neuronal activity and be involved in the regulation of
neuron activity. Our previous study showed that CNTF-treated
astrocyte-conditioned medium (CNTF-ACM) contributed to
the elevation of the calcium current and the expression of ion
channels in cortical neurons (6). Due to the increase of intracel-
lular free calcium concentration ([Ca*],) preferentially induced
by calcium influx mediated by calcium currents, we hypothesize
that CNTF-ACM may affect the [Ca?*]; in neurons.

The present study aimed to evaluate the effects of
CNTF-ACM on the [Ca**];in cortical neurons inrats. Astrocytes
can secrete several types of factors, such as nerve growth
factor (NGF) (7,8) and fibroblast growth factor-2 (FGF-2).
FGF-2 (9,10) and NGF (11,12) contribute to the expression of
functional calcium channels. In addition, the concentrations of
FGF-2 and NGF were determined in CNTF-ACM, as well as
its roles in the regulation of [Ca*']; levels in neurons.

Materials and methods

Astrocyte culture and collection of ACM. Pregnant
Sprague-Dawley rats were obtained from the Experimental
Animal Center of Zhejiang Province (Zhengjiang, China).
Sprague-Dawley rats (1-2-day-old, n=20) were used for the
preparation of cortical astrocytes according to a previous
study (13). In brief, following dissociation, the cortical tissue
was plated on 75-cm? poly-d-lysine-coated culture flasks in
Dulbecco's modified Eagle's medium (DMEM)/F12 (1:1) supple-
mented with 100 pg/ml streptomycin, 100 U/ml penicillin and
10% fetal bovine serum (Gibco, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). The cultures were maintained in a humid
incubator at 37°C in 5% CO,. After confluence at 7-10 days
in vitro (DIV), the cells were agitated at 37°C at 250 rpm for
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15-18 h for subculture. The yield of astrocytes was >95%, as
revealed by immunostaining glial fibrillary acidic protein
(GFAP; Santa Cruz Biotechology, Inc., Santa Cruz, CA, USA).
Subsequently, the astrocytes were treated with 50 ng/ml CNTF
(PeproTechec, London, UK) for 48 h. Subsequent to rinsing with
phosphate-buffered saline (PBS) 3 times, the cells were incu-
bated in fresh serum-free DMEM medium (9 ml/flask) for 48 h.
Following this, the CNTF-ACM was collected, centrifuged at
1,200 x g for 10 min, and filtered through a 0.2-um filter. The
untreated ACM (UT-ACM) served as the control. Finally, the
samples were stored at -70°C until required for further analysis.

Immunoassay. Levels of FGF-2 and NGF in the CM were
determined using commercial enzyme-linked immunosorbent
assay (ELISA) kits (R&D Systems Europe, Abingdon, UK)
according to the manufacturer's protocol. The tests were
performed at least in triplicate.

Cortical neuron culture and its treatment. For the cell culture,
the mixed cells were cultured using the same procedures for
astrocytes for 24 h. Following this, the medium was replaced
with neurobasal medium supplemented with 2% B27 supple-
ment, 0.5 mM L-glutamine 1% antibiotic-antifungal mixture
(all from Invitrogen, Carlsbad, CA, USA). At 3 DIV, 5 uM
arabinosylcytosine C (Invitrogen) was used to inhibit the growth
of glia, followed by culturing at 37°C for 24 h to maximize the
percentage of neurons. Subsequently, the medium was replaced
by fresh medium to terminate the action of arabinosylcytosine C.
At 7-10 DIV, a purity of 95% was observed by immunostaining
neuron-specific enolase (NSE; Santa Cruz Biotechnology, Inc.).
Finally, the [Ca**]; in the neurons was determined following treat-
ment with UT-ACM, CNTF-ACM or CNTF-ACM containing
20 ng/ml of anti-rat FGF-2 monoclonal neutralizing antibody
(aFGF-2; cat. no. MAB233; R&D Systems Europe) for 48 h.

Measurement of [Ca’*],. To measure the level of
[Ca®*],, cortical neurons were loaded for 45 min at 37°C in
10 uM fura-2/acetoxymethyl ester in N-(2-hydroxyethyl)
piperazine-N'-2-ethanesulfonic acid (HEPES)-buffered Hank's
balanced salt solution (20 mM HEPES, 137 mM NaCl, 1.3 mM
CaCl,, 0.4 mM MgSO,, 0.5 mM MgCl,, 0.4 mM KH,PO,,
0.6 mM Na,H,PO,, 3.0 mM NaHCO; and 5.6 mM glucose)
containing 0.5% bovine serum albumin. LAMBDA DG-4
(Sutter Company, Novato, CA USA) was used to measure
the cytosolic calcium in UT-ACM- and CNTF-ACM-treated
cortical neurons. Fluorescence intensities were recorded at
excitation wavelengths of 340 and 380 nm, and an emission
wavelength of 510 nm. Fluorescent signals at excitation wave-
lengths of 340 and 380 nm were analyzed. The fluorescence
intensity ratio (R) was calculated by the formula of F,/Fg,.
The level of cytosolic calcium was measured with the formula
of [Ca?*],=b x Ky X (R - R,; JA(R,,.x - R) according to a previous
study (14), where Kd is the dissociation constant for fura-2
(224 nM) and b is the ratio of the fluorescence of fura-2 at 380
nm excitation in the presence of minimum calcium and satu-
rating calcium.

Statistical analysis. SPSS 11.5 (SPSS, Inc., Chicago, IL, USA)
software was used for the data analysis. Two-way analysis
of variance and two-tailed Student's t-test were used for the
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inter-group comparison. P<0.05 was considered to indicate a
statistically significant difference. All the data are expressed
as mean + standard error of mean.

Results

Analysis of the levels of calcium in the different treatment
medium. The mixed glial cultured from cerebral cortices of
neonatal rat were purified to >95% astrocytes (Fig. 1A) or
neurons (Fig. 1B), as determined by immunostaining with
an antibody against GFAP or NSE, respectively. The neurons
were incubated with UT-ACM or CNTF-ACM for 48 h, and
the cytosolic digital calcium imaging was performed to test the
influence of CNTF-ACM on [Ca*]; in neurons. CNTF-ACM
resulted in significant induction of fluorescence intensity in
neurons compared to that of UT-ACM. The cytosolic free
Ca®* concentrations were 67+7 nmol/l in neurons treated
with UT-ACM and 213+17 nmol/l in neurons treated with
CNTF-ACM, respectively (Fig. 2). Compared with the control
group, the level of cytosolic free Ca** was clearly elevated in
the CNTF-ACM (P<0.01).

Concentrations of FGF-2 and NGF in the different treatment
medium. In addition, these factors could augment the ampli-
tude of calcium currents in neurons. To investigate which
component in CNTF-ACM is involved in the upregulation of
[Ca*1]; in neurons, the concentrations of FGF-2 and NGF were
determined in the CM using the ELISA assay. The concen-
tration of FGF-2 showed clear elevation in the CNTF-ACM
compared with the UT-ACM (Fig. 3). However, no statistical
changes were observed in the level of NGF in the CNTF-ACM
compared with the UT-ACM. Based on these findings, FGF-2
may be involved in the upregulation of [Ca®*];, as mediated by
CNTF-ACM in neurons.

Assessing the effects of FGF-2 on neurons in CNTF-AMC.
Following this, 20 ng/ml aFGF-2 was used to attenuate
the potential effects of FGF-2 on neurons in CNTF-AMC.
Subsequent to treatment with CNTF-ACM (containing
aFGF-2) for 48 h, [Ca**]; in the cortical neurons was measured.
The level of [Ca®*]; in neurons was lower than that treated with
CNTF-ACM (152+11 vs. 213+17 nmol/l; P<0.05). However,
the level was higher than that in the neurons treated with
UT-ACM (15211 vs. 67+7 nmol/l; P<0.05) (Fig. 2).

Discussion

Astrocytes are capable of secreting abundant neuroactive
substances, such as neurotransmitters, cytokines and metabo-
lites, which regulate the neuronal activity by direct binding
to the receptors and ion channels in neurons (15). ACM, a
liquid medium with soluble substances released from astro-
cytes, constructs a microenvironment that supports certain
astrocyte-neuron interaction. Notably, the effects of astrocytes
on neurons may be mimicked partially by exposing neurons to
ACM in vitro. For example, ACM is involved in the protection
of neurons against damage and contributes to the survival of
neurons (16,17). Thus, ACM is an efficacious medium to study
the biological roles of astrocytes in modulating the activity of
neurons.
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Figure 1. Identification of astrocytes and neurons. (A) Immunostaining against glial fibrillary acidic protein, an astrocyte-specific marker, in primary cultured
astrocytes from the rat cortex. (B) Immunostaining against neuron-specific enolase, a neuron-specific marker, in primary cultured neurons from the rat cortex.
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Figure 2. Cytosolic calcium imaging was performed using Fura-2/acetoxymethyl ester to measure the [Ca®*]; in rat cortical neurons treated with UT-ACM,
CNTF-ACM or CNTF-ACM + anti-FGF-2, respectively. The level of [Ca**]; was relatively low in the UT-ACM group, compared to those in the CNTF-ACM or
CNTF-ACM + anti-FGF-2 group. Data are expressed as mean = standard error of the mean of three independent experiments. [Ca*];, intracellular free calcium
concentration; UT, untreated; CNTF, ciliary neurotrophic factor; ACM, astrocyte-conditioned medium; FGF-2, fibroblast growth factor-2.
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Figure 3. Quantification of NGF or FGF-2 by the ELISA assay. Astrocytes
were treated with ciliary neurotrophic factor (CNTF) (50 ng/ml) or vehicle
for 48 h, and the cultured media were collected for NGF or FGF-2 analysis.
Values are the mean + standard error of the mean of three independent
experiments. “P<0.001 as compared with UT-ACM (Student's t-test).
NGF, nerve growth factor; FGF-2, fibroblast growth factor-2; UT, untreated;
CNTF, ciliary neurotrophic factor; ACM, astrocyte-conditioned medium;
ELISA, enzyme-linked immunosorbent assay.

CNTF is a member of the interleukin-6 (IL-6) family,
which is mainly synthesized by astrocytes in the CNS. In
physiological status terms, the levels of CNTF and its receptor
are extremely low in brain parenchyma. However, significant
elevation is noticeable in their expression in the presence
of brain injury (18,19). Therefore, CNTF is considered to
have important roles in coordinating the cellular response

to insult in the CNS. As is well-known, the biological func-
tions of CNTF are mediated by a tripartite receptor complex
constituted by a nonsignaling subunit (CNTFRa) and two
signaling subunits [i.e. gp130 and leukemia inhibitory factor
receptor 3 (LIFRB)]. The CNTFRa is exclusively expressed
in neurons (20), while the CNTF functional receptors (gpl130
and LIFRp) are mainly detected in astrocytes. This suggests
that these factors may serve as an action target of CNTF (21).
According to the dose-response and time-course experi-
ments, the maximal stimulation of CNTF on astrocytes was
observed at 50 ng/ml and the 48-h time-point (22). On this
basis, the same concentration and time course were adopted
in the present study to determine the activation of astrocytes
induced by CNTF. To rule out the possible roles of exogenous
CNTF in CNTF-ACM, astrocytes were rinsed with PBS
3 times following CNTF treatment. Subsequently, the cells
were cultured with fresh serum-free DMEM medium for 48 h
before ACM collection.

Compared to the level of [Ca**]; in the UT-ACM group,
a stable increase was noticed in [Ca*]; in cultured neurons
from rat cortex treated by CNTF-ACM. This is consistent
with our previous study, indicating that CNTF can upregu-
late the activity of L-type calcium channel in neurons (6).
Additionally, the ELISA assay revealed that the concentration
of FGF-2 in CNTF-ACM was increased markedly compared
with that in UT-ACM, which were in accordance with previous
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studies (23,24). Previously, CNTF contributed to the eleva-
tion of NGF in astrocytes (23); however, in the present study,
no notable changes were observed in NGF content between
CNTF-ACM and UT-ACM.

In the present study, the effects of aFGF-2, a FGF-2 mono-
clonal neutralizing antibody, was also investigated on the level
of [Ca®"]; in neurons. The results revealed that aFGF-2 could
attenuate the increase of [Ca®*]; in neurons, which demon-
strated that FGF-2 is responsible for the induction of [Ca*"]; by
CNTF-ACM in neurons. Notably, aFGF-2 failed to block the
effects of CNTF-ACM on [Ca*]; completely, which may be
associated with the presence of other active substances contained
in CNTF-ACM. To date, several cytokines have been identified
from cytokine-activated astrocytes, such as IL-10, glia-derived
neurotrophic factor, neurotrophin-3, brain-derived neurotrophic
factor, transforming growth factor-f, interferon-vy, as well as
tumor necrosis factor-a (8). These cytokines may participate in
the upregulation of [Ca**]; by CNTF-ACM in neurons.

In conclusion, the present results showed that CNTF-ACM
induced an increase of the [Ca®']; in rat cortical neurons,
which was partially attributable to the elevation of FGF-2 in
CNTF-ACM. These findings provide a new insight into the
indirect regulatory effects of CNTF on neuronal biological
function through activating astrocytes.
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