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FGF-1 Triggers Pannexin-1 Hemichannel Opening in Spinal
Astrocytes of Rodents and Promotes Inflammatory
Responses in Acute Spinal Cord Slices
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We show here that the growth factor FGF-1 is proinflammatory in the spinal cord and explore the inflammatory mechanisms. FGF-1
applied to rat spinal astrocytes in culture initiates calcium signaling and induces secretion of ATP that within minutes increases mem-
brane permeability to ethidium (Etd �) and Ca 2� by activating P2X7 receptors (P2X7Rs) that open pannexin hemichannels (Px1 HCs) that
release further ATP; by 7 h treatment, connexin 43 hemichannels (Cx43 HCs) are also opened. In acute mouse spinal cord slices ex vivo,
we found that FGF-1 treatment for 1 h increases the percentage of GFAP-positive astrocytes that show enhanced Px1 HC-mediated Etd �

uptake. This response to FGF-1 was not observed in astrocytes in slices of cerebral cortex. FGF-1-induced dye uptake by astrocytes is
prevented by BAPTA-AM or a phospholipase C (PLC) inhibitor. Furthermore, in spinal cord slices, P2X7R antagonists (BBG and A740003)
and Px1 HC blockers (10Panx1 and carbenoxolone) prevent the increase in Etd � uptake by astrocytes, whereas Gap19, a selective Cx43 HC
blocker, has no effect on dye uptake at this time. Microglia are not required for the increase in Etd � uptake by astrocytes induced by
FGF-1, although they are activated by FGF-1 treatment. The morphological signs of microglia activation are inhibited by P2X7R antago-
nists and 10Panx1 and are associated with elevated levels of proinflammatory cytokines in cord slices treated with FGF-1. The FGF-1
initiated cascade may play an important role in spinal cord inflammation in vivo.
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Introduction
Fibroblast growth factor-1 (FGF-1) and FGF receptors are widely
expressed in the CNS (Reuss and von Bohlen und Halbach,

2003). In cerebral cortex, FGF signaling maintains astrocytes in
an unreactive state and reduces activation after a stab wound
(Kang et al., 2014). In contrast, FGF-2, which also acts on FGF
receptors, is associated with inflammatory changes in spinal cord
and neuropathic pain (Ji et al., 2013). Furthermore, FGF-1 can
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Significance Statement

We find that FGF-1 elevates [Ca 2�]i in spinal astrocytes, which causes vesicular release of ATP and activation of P2X7Rs to trigger
opening of Px1 HCs, which release further ATP. This regenerative response occurs in astrocyte cultures and in acute spinal cord
slices. In the latter, FGF-1 application promotes the activation of microglia and increases the production of proinflammatory
cytokines through mechanisms depending on P2X7 receptors and Px1 HCs. This proinflammatory microenvironment may favor
recruitment of leukocytes into the spinal cord and impacts negatively on neuronal structure and function in vivo. Any step in these
processes provides a potential therapeutic target for treatment of secondary damage in various spinal cord pathologies.
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activate spinal cord astrocytes in culture and increase the produc-
tion of neurotoxic factors (Cassina et al., 2005). Also, FGF-1 en-
hances cytokine production in human cortical astrocytes and
microglia primed with interferon � (IFN�) or lipopolysaccharide
(LPS) � IFN� (Lee et al., 2011). Whether FGF-1 is proinflamma-
tory in spinal cord by activating astrocytes or microglia is
unknown.

Astrocytes show regenerative responses that involve increased
cytoplasmic free calcium, [Ca 2�]i (Cornell-Bell et al., 1990; Ne-
dergaard, 1994; Hassinger et al., 1996; Guthrie et al., 1999). Rises
in [Ca 2�]i can be initiated by external ligands, such as ATP, that
open Ca 2�-permeable channels in the surface membrane and by
Ca 2�-evoked and IP3R-mediated Ca 2� release from intracellular
stores. Gap junctions allow IP3 to diffuse between contacting
astrocytes, thereby propagating calcium waves by an intracellular
path (Charles et al., 1991; Venance et al., 1997). Both of these
mechanisms can contribute to propagation of calcium waves in
astrocytes (Scemes and Giaume, 2006). There is accumulating
evidence that diverse compartmentalized Ca 2� signals in astro-
cytes underlie different physiological and pathological processes
in vitro and in vivo (Khakh and Sofroniew, 2015).

Connexin-based gap junction (GJ) channels are formed by
two hemichannels (HCs), one contributed by each apposed cell.
HCs in surface membrane, but not docked with an HC in an
apposed membrane, may open, particularly in media containing
a low concentration of divalent cations (Contreras et al., 2002). In
vertebrates, endogenous pannexins also form HCs but have not
been shown to form gap junctions, although exogenous pannex-
ins appear do so in Xenopus oocytes, HeLa cells, and two other cell
lines (Bruzzone et al., 2003, 2005; Lai et al., 2007; Sahu et al.,
2014). Opening of Cx43 HCs can increase [Ca 2�]i in astrocytes
by allowing calcium influx (Bennett et al., 2003) or by allowing
release of ATP (Kang et al., 2008), which activates purinergic
receptors that in turn open pannexin 1 (Px1) HCs (Locovei et al.,
2006) that permit further Ca 2� entry and ATP efflux. Spinal
astrocytes can form HCs of Cx43 or Px1. Cultured spinal astro-
cytes treated with FGF-1 release ATP from vesicles, which acti-
vates P2X7Rs that open Px1 HCs within 2 h and Cx43 HCs within
7 h (Garré et al., 2010). Furthermore, FGFRs activate phospho-
lipase C� (PLC�), which hydrolyzes PIP2 to form IP3 that en-
hances release of Ca 2� from ER (Reuss and von Bohlen und
Halbach, 2003; Bunney et al., 2012). Thus, PLC� is a potential
link between activation of FGF receptors in surface membrane
and mobilization of Ca 2� from intracellular stores, a process
leading to vesicular ATP release, activation of P2X7Rs, opening of
Px1 HCs, and self-sustaining ATP release. FGF-1-induced release
of ATP from spinal astrocytes may stimulate microglia because
these cells continuously monitor extracellular space for rise in
ATP levels and CNS damage (Davalos et al., 2005).

We report here that, in cultured spinal astrocytes, FGF-1 ap-
plication rapidly increases permeability to Etd� through activa-
tion of P2X7Rs and Px1 HCs, processes that depend on PLC
activation and rise in [Ca 2�]i. FGF-1 also activates P2X7Rs and
Px1 HCs of astrocytes in acute slices of spinal cord, but not of
cortex. In spinal cord slices depleted of microglia, FGF-1 still
activates P2X7Rs and opens Px1 HCs of astrocytes, suggesting
direct FGF-1 action. These responses of spinal astrocytes to
FGF-1 in spinal cord sustain ATP release and favor a proinflam-
matory environment that promotes microglial activation and in-
crease in cytokine production. The cascade described here in vitro
may play an important role in spinal cord inflammation and
neurodegeneration in vivo.

Materials and Methods
Animals. Rat pups (postnatal day 1) or anesthetized 1-month-old mice of
either sex were decapitated before the removal of spinal cord and cerebral
cortex for culture or slice preparation. Experimental procedures per-
formed in cell cultures were approved by the Institutional Animal Care
and Use Committee of the Albert Einstein College of Medicine (protocol
#20110809) and for adult mouse tissue collection were approved by the
Institutional Animal Care and Use Committee of the New York Univer-
sity School of Medicine (protocol #140807-01).

Materials. Culture medium and serum were from Gibco BRL. FGF-1
and all other reagents were from Sigma unless otherwise specified.

Cell cultures. Astrocytes from spinal cords of 1-d-old rat pups (P1)
were prepared and cultured as described by Cassina et al. (2005). Briefly,
rat spinal cords were removed from P1 pups, and tissue was dissociated
by treating it for 25 min with 0.001% tripsin-0.0002% EDTA solution in
PBS (stock: 0.25% trypsin and 0.1% EDTA, Invitrogen) and subsequent
mechanical dissociation in maintenance medium composed of DMEM
supplemented with 10% FBS, penicillin (100 IU/ml), and streptomycin
(100 �g/ml). For mouse spinal cords, trypsin was not added and tissue
was dissociated mechanically in maintenance medium. Cells were plated
(at 2.0 � 10 4 cells/cm 2) on 12 mm glass coverslips or on 60 mm plastic
culture dishes and kept in DMEM supplemented with 10% FBS, penicil-
lin (100 IU/ml), and streptomycin (100 �g/ml). Cultures were grown at
37°C in a humidified atmosphere of 5% CO2. Astrocyte cultures in con-
fluent monolayers were �98% pure as determined by their GFAP immu-
noreactivity, and there were no cells positive for Cd11b, a marker for cells
of myeloid lineage used to stain microglial cells in the CNS.

HeLa cells stably expressing either Cx43-CFP or Px1-YFP were seeded
together with HeLa parental cells 2 d before experiments. Mixed cultures
were treated with 10Panx1 (100 �M) or Gap19 (100 �M) for 0.5–1 h. Both
blockers were also maintained during Etd � uptake recordings.

Drugs and solutions. Solution compositions (in mM) are as follows:
Tyrode’s, NaCl (140), KCl (4), CaCl2 (1.8), MgCl2 (1), glucose (5), Na
pyruvate (2), HEPES (5), pH 7.4; Hanks, NaCl (137), KCl (5), CaCl2
(1.8), MgCl2 (0.95), KH2PO4 (0.4), MgSO4 (0.4), NaHCO3 (4),
NaH2PO4 (0.3), glucose (5), pH 7.4. Artificial CSF (ACSF) used for slices
(in mM) as follows: NaCl (119), KCl (2.5), D-glucose (11), NaH2PO4 (1),
CaCl2 (2.5), MgCl2 (1.3), NaHCO3 (26). Hanks solution and ACSF were
bubbled with O2 (95%), CO2 (5%).

The ethidium bromide (EtdBr) used for dye uptake experiments was
prepared from a 1 mM stock solution and applied to cells at 1–10 �M.
Heptanol (0.4 –1 mM), carbenoxolone (200 �M), Brillant Blue G (BBG;
1–100 �M), and Reactive Blue 2 (RB2; 1–100 �M) were applied to the cells
or slices. The competitive antagonist of P2X7 receptors, A740003 (Santa
Cruz Biotechnology), was dissolved in DMSO and diluted to the final
concentration of 1–100 �M. Apyrase (APY; Sigma) from potato was dis-
solved in PBS or ACSF at 2 U/ml and diluted to the final concentration of
2 mU/ml. The PLC blocker, U73122 (Sigma), was dissolved in DMSO as
a 1 mM stock solution. The same procedure was used for preparing a
stock solution of U73343. For experiments in spinal cord slices, we also
used the selective blockers of Px1 HC and Cx43 HCs, 10Panx1 and Gap19
(Tocris Bioscience) peptides, respectively. These blockers or their scram-
bled sequences were dissolved in ACSF at 1 mM stock solution and di-
luted to a final concentration of 100 �M.

Cell treatments with FGF-1. Because heparin sulfate proteoglycans sta-
bilize the interaction of FGFs with FGFRs, FGF-1 (Sigma) was prepared
as a 10 �g/ml stock solution in PBS and then diluted 10� in 5000 IU/ml
heparin (Brown et al., 1995). FGF-1 stock solutions were freshly prepared
�1 h before each experiment. For treatments �1 h, confluent astrocyte
cultures were washed 3 times in Tyrode’s solution containing 5 �M Etd �

and control vehicle (heparin 50 IU/ml). Then, cells were imaged for 5
min to measure the basal Etd � uptake rate. Thereafter, FGF-1 (10 ng/ml)
and heparin (50 IU/ml) were applied in Tyrode’s solution. For FGF-1
treatments �1 h, the maintenance medium was replaced by DMEM
containing 1% horse serum. Under these conditions, cells were incu-
bated with FGF-1 for different time periods at 37°C in a humidified
atmosphere of 5% CO2. Heparin alone had no effect on dye uptake
(evaluated as fluorescence intensity in arbitrary units [AU]) of astrocytes
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maintained under basal conditions (i.e., incubated in Tyrode’s solution
or DMEM with 1% FBS; p � 0.05).

Ethidium permeability assays. Ethidium uptake was measured by fluo-
rescence of Etd � when it bound to double-stranded oligonucleotides in
cells cultured under control conditions and after treatment with FGF-1.
For time course measurements of Etd � uptake, control and treated cul-
tures were washed with Tyrode’s solution containing 5 �M EtdBr at room
temperature for 3–5 min, a time interval that was long enough for the rate
of Etd � fluorescence increase to reach a steady state. Then, the cells were
mounted on the stage of a fluorescence microscope for time lapse imag-
ing (Olympus BMX51). Images were captured by a digital camera (Orca-
ER, Hamamatsu) controlled by imaging software (Imaging Suite, version
5.5, PerkinElmer) every 1 min (exposure time � 0.7 s; excitation and
emission wavelengths were 528 nm 598 nm, respectively). The fluores-
cence intensity was defined as F � Fbackground. The mean slope of the
relationship (F � Fbackground) over a given time interval (�F/�T; Fback-

ground remained constant over the time of recording) represents the rate
of Etd � uptake in control and in FGF-1-treated astrocytes. The rates of
BzATP and FGF-1-induced uptake in single cells were correlated with the
basal rates in those same cells (see Fig. 4 I, J ), and the rates of induced
Etd � uptake were normalized to the basal rates. For treatments �1 h, not
all cells in a given preparation responded; and when evaluating the pop-
ulation response, we considered a cell to respond if the rate of uptake rate
increased by �30% of the basal rate for that cell. For FGF treatments �1
h, the fluorescence intensity was averaged for the same 8 –10 cells in each
image and plotted in arbitrary units versus time. Microscope and camera
settings remained the same in any series of measurements in which com-
parisons were made. To illustrate the rates of Etd � uptake in control
versus FGF-1-treated cells, plots of fluorescence intensity versus time in
single cells were set at the same fluorescence, 1 AU, at T � 0 s. All
preparations were exposed to Etd � for the same length of time before
uptake measurement. Over the time course of our experiments (�40
min), we observed no saturation of Etd � uptake. We found no difference
in fluorescence intensity over time when images were acquired at 6 s
rather than 1 min intervals, indicating that there was no significant
bleaching.

Small interfering RNA against Px1 (siRNA Px1). Astrocyte cultures
were treated with 0.2 �M of siRNA Px1 targeting rat Px1 mRNA. We used
2 sequences of Stealth siRNA duplex oligoribonucleotides from Invitro-
gen: AUG AGC UUG CAC UGG AAG CUA UCG G and/or GAG CUC
AAA UCG UAC AAG UGU CUU A. For control, we used the Invitrogen
nontargeting siRNA, siRNA(�). For transfection, confluent cultures
(90%) were treated overnight with siRNA Px1 mixed with 10 �l/ml
Lipofectamine reagent (Invitrogen). Transfection reagents were re-
moved and cells incubated for 4 – 6 h in DMEM medium (2% FBS)
before treatment with FGF-1.

Calcium imaging. For calcium imaging, astrocytes were seeded in Mat-
Tek dishes 2–3 d before use. Cells were loaded for 30 – 40 min at 37°C
with 5 �M fura-2 AM in Tyrode’s solution, washed, and incubated at
room temperature for 5 min before the recordings. The dishes were
mounted on the stage of a microscope (Olympus-IX70) equipped with
the UltraView imaging system. Fluorescence images were acquired every
10 or 20 s, and [Ca 2�]i was evaluated as the ratio of light (520 nm)
emitted at two excitation wavelengths (340 and 380 nm). In each exper-
iment, 	10 –15 cells were imaged and background subtracted. Oscilla-
tions have been described in astrocytes in culture as well as in slices
(Tashiro et al., 2002; Morita et al., 2003), but with faster onset and offset
than our 0.05– 0.1 Hz sampling frequency. We performed a few experi-
ments acquiring images at 0.5–1 Hz. Oscillations with a period of 	100 s
and rise and fall time of 10 –20 s appeared in cultured spinal astrocytes at
a very low incidence (�10%) and were not affected by FGF-1 (data not
shown). [Ca 2�]i was measured before and after FGF-1 or ATP treat-
ments. Calcium elevations after treatment with FGF-1 and ATP were
measured both at the initial peak, defined as the maximum 340/380
fura-2 fluorescence ratio after the treatment, and usually reached with 3
min of FGF-1 treatment and less after ATP treatment, and at the plateau
or steady-state phase, in which [Ca 2�]i has a nearly constant value that
persists while ATP or FGF-1 is in the bath. The plateau phase was mea-
sured after 10 or 15 min treatment, which is more than twice the � of the

exponential decay from the peak value. Fura-2 is useful between 	10 nM

and 	1 �M, but we did not calibrate the 340/380 fluorescence ratios
(Scemes et al., 2000). We recorded baseline ratio values from 0.05 to 0.2
with mean of 0.15 
 0.03. In quantification of the calcium responses to
FGF-1 and ATP, we normalized the value of each response to its own
pretreatment baseline (see Figs. 1, 2).

Acute spinal cord and brain slices. One- to two-month-old mice in
which one copy of chemokine receptor CX3CR1 gene was replaced by a
gene encoding EGFP (https://www.jax.org/strain/008451) (Jung et al.,
2000) were used to prepare acute spinal cord and cortical slices. In these
mice, EGFP is expressed in microglia but not in other glial cells or in
neurons (Jung et al., 2000). Other mice used to examine the role of
microglia are explained below.

To prepare acute slices, mice were anesthetized using intraperitoneal
injection of ketamine (100 mg/kg)/xylazine (15 mg/kg) and perfused
through the left ventricle with iced-cold ACSF saturated with 95%
O2/5% CO2. After perfusion, animals were decapitated and cerebral cor-
tex or spinal cord was rapidly dissected. Spinal cords were embedded in
4% low melting point agarose before sectioning. Cortical coronal sec-
tions and spinal cross sections were made in ice-cold ACSF (95% O2/5%
CO2) with a Leica vibratome (VT 1000 S). Slices were allowed to recover
for 1 h at 35°C in saturated 95% O2/5% CO2 ACSF. Slices were stirred
with 4 ml of an ASCF solution containing 10 ng/ml FGF-1 and heparin
(50 IU/ml) or heparin alone, and every 15 min washed with fresh ACSF
solution of the same composition for 1 h. In different experiments,
U73122 (4 �M), BAPTA-AM (1 �M), 10Panx1 or scrambled peptide (100
�M, Tocris Bioscience, batch 5B or 5A, respectively), Gap19 (100 �M,
Tocris Bioscience, batch 1A), BBG (0.1–100 �M), A740003 (0.1–100 �M),
and RB2 (0.1–100 �M) were added to the ACSF solution containing
FGF-1 and heparin or heparin alone. Blockers were applied in ASCF 	10
min before FGF-1 and heparin or heparin alone were added. After appli-
cation for 1 h of FGF-1 and heparin or heparin alone without or with
blockers, Etd � uptake was measured over 10 min by adding 5 �M EtdBr
in saturated 95% O2/5% CO2. To remove unbound Etd �, slices were
rinsed 3 times with PBS before fixing them for 2 h at room temperature or
overnight at 4°C with 4% PFA in PBS. Etd � labeling was stable to fixation
and permeabilization for 	1 week, and comparisons were made between
slices treated in the same ways with and without FGF-1 1–2 d after label-
ing with EtdBr.

For immunostaining of GFAP, Etd �-labeled slices were first perme-
abilized in Triton X-100 (1% in PBS) for 3 h and blocked with a solution
containing 5% donkey serum, 0.5% BSA, and 0.1% Triton X-100 in PBS
for 0.5 h. Slices were incubated for 1 h with chicken anti-GFAP (Milli-
pore, lot #2571241) and then incubated 1 h with goat anti-chicken con-
jugated Alexa-647 (Abcam). To confirm that CX3CR1 cells express a
microglia marker, slices prepared from CX3CR1 EGFP mice were stained
with rabbit anti-Iba1 (Wako) and anti-rabbit conjugated Alexa-647
(eBioscience). Slices were mounted in Mowiol 4 – 88. Images were taken
with a Zeiss 710 confocal microscope equipped with 20� or 40� (oil-
immersion) objectives and appropriate filters.

F was measured at the soma for single cells expressing CX3CR1 or
GFAP. Cells were identified in the 3D images generated through z-axis
projection (z-stack). For individual slices, Etd � fluorescence was cali-
brated in an 8-bit scale, ranging from Fbackground � 0 to Fmax � 255 AU.
Fbackground was measured in blood vessel areas; Fmax was taken at the
brightest region in the projection. We constructed distribution histo-
grams of the Etd � uptake in astrocytes (75 
 30 AU, mean 
 SD, n � 300
cells) and quantified the fraction of astrocytes with Etd � fluorescence
�105 AU (mean 
 SD). We refer to this population of cells as high Etd �

astrocytes. The frequency of astrocytes showing low to medium uptake
(�105 AU) and high Etd � uptake (�105 AU) in FGF-1-treated and
control slices was significantly different ( p � 0.0001, � 2 test, 1 dF). To
quantify the maximal capacity of Etd � accumulation by the cell, we
incubated slices overnight with EtdBr after tissue was fixed in 4% PFA
and permeabilized (1% Triton X-100). Mean Etd � fluorescence mea-
sured from different types of cell in the slices was 170 
 30 AU (mean 

SD, n � 300 cells, 3 slices).

To quantify the morphological signs of microglial activation after
FGF-1 treatment, the total area of CX3CR1 � cells in the z-projection was
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calculated in a binary image (in a 300 �m slice, with z � 0 starting 30 �m
below the slice surface and extending 70 �m deeper) using ImageJ soft-
ware. The binary image was set at a threshold of 1.2� Fbackground, which
was determined in a region without cells (e.g., inside of a blood vessel).
The area occupied by the microglia images was expressed as a percentage
of the total area examined.

Microglia depletion experiments. CX3CR1 CreER/CreER mice were kindly
provided to us by Dr. Wenbiao Gan (New York University) and crossed
with mice harboring the Rosa26 iDTR/iDTR alleles (R26 iDTR/iDTR; https://
www.jax.org/strain/007900; The Jackson Laboratory) (Buch et al., 2005).
In Rosa26 iDTR/iDTR mice, the open reading frame for the diphtheria
toxin receptor (DTR) and an upstream lox-P flanked stop cassette se-
quence are inserted in the Rosa26 locus, which is ubiquitously expressed
in mouse tissues. Heterozygous F1 mice with genotype CX3CR1 CreER/�,
R26 iDTR/� were used for experiments. To activate Cre-mediated recom-
bination of DTR specifically in microglia, CX3CR1 CreER/�: R26 iDTR/�

adult mice were given 0.35 mg of tamoxifen/g/d for 3 d. To induce
microglia depletion, DTRs were activated by intraperitoneal administra-
tion of 1 �g of diphtheria toxin (DT)/d for 3 d, 20 –30 d after tamoxifen
treatment (Parkhurst et al., 2013). CX3CR1 CreER/� mice without the
R26 iDTR/� allele were also treated with tamoxifen and DT as explained
above and used as controls. Depletion of microglia was confirmed by
immunostaining for Iba1.

ELISA. Mice were deeply anesthetized and perfused with 25 ml of
Ca 2�/Mg 2�-free ice-cold ACSF to remove remaining blood. Spinal cord
slices were prepared and maintained in ASCF as described above for a
period not longer than 2 h. Ten to 15 slices per experimental condition
(	0.5–1 mg of tissue protein) were harvested and disrupted by sonica-
tion in NP-40 lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40,
0.1% Triton X-100, and 0.1% SDS). The homogenized material was cen-
trifuged at 20,000 � g for 15 min, and the cleared supernatant was col-
lected for analysis. Total protein levels in CNS homogenates were
determined by BCA assay (Pierce). IL-1�, IL-6, and TNF� protein levels
were measured using the Mouse Platinum ELISA kit (eBioscience). Sam-
ples were processed according to the manufacturer’s instructions.

Statistics. Data are presented as mean 
 SE; n values are the number of
independent experiments, culture dishes, or slices from at least 3 animals,
or number of animals used. Depending on the procedure, means for
10 –15 cells were determined for each experiment in cultures, and 50 –
100 cells for each experiment in slices. Means for each group were com-
pared using the nonparametric Mann–Whitney U test. A � 2 test was also
used for data shown in Figure 6 as indicated. Differences were considered
significant at p � 0.05. Statistics were calculated using Graph Pad Prism
6 (2014) software. Figures were prepared using excel, Sigma Plot 2010,
and Adobe Illustrator CC.

Results
FGF-1 increases intracellular calcium concentration in
cultured spinal astrocytes
Application of FGF-1 with heparin increased [Ca 2�]i in spinal
astrocytes in culture (single representative cells in Fig. 1A–D,

10 –15 cells in each of 4 cultures for each experiment in Fig. 1E).
The initial increase in [Ca 2�]i, measured as the ratio of 340 nm/
380 nm emission (R, normalized to the basal level), reached a
maximum value at 2.13 
 0.15 times basal in �5 min (p � 0.001,
n � 4; Fig. 1A,E). Over the next 	5 min, [Ca 2�]i decayed to a
plateau phase of 1.40 
 0.05 times basal (p � 0.05 vs basal, n �
4). The response to FGF-1 was not uniform across the cultured
cells; [Ca 2�]i was elevated transiently in 80 
 17% of the cells and
decayed to a plateau in 40.0 
 9.0% of responding cells; in the
other responding cells, [Ca 2�]i decayed to the baseline. In Figure
1E, plotted plateau values were from the responding cells. The
cultures in these experiments were at low density. Thus, at least
the early rises in [Ca 2�]i were not a result of Ca 2� spread between
cells via gap junctions. Also, FGF-1 reduces coupling between
astrocytes (Garré et al., 2010). After 7 h FGF-1 treatment, record-
ing for 5 min after washout of FGF-1 showed that [Ca 2�]i was
still elevated (see Fig. 5D), suggesting that the early plateau (�1 h
FGF-1 treatment) can persist for relatively long times in cultures
of spinal astrocytes.

In the presence of APY (2 mU/ml), the peak of FGF-1-induced
increase in [Ca 2�]i was 1.85 
 0.11 times basal (p � 0.05 vs
FGF-1 alone, n � 4), and the plateau level [Ca 2�]i was not sig-
nificantly different from basal (p � 0.05, n � 4) but was different
from the plateau phase induced by FGF-1 alone (p � 0.05 vs
FGF-1). These data suggest that FGF-1-induced secretion of ATP
contributes to the plateau phase by an autocrine/paracrine action
of ATP (Fig. 1B,E). Pretreatment of astrocytes with 200 �M car-
benoxolone (CBX) or knockdown of Px1 expression with siRNA
(siRNA Px1; Fig. 1C–E) did not significantly affect the initial
Ca 2� transient; however, these treatments abolished (CBX) or
reduced (siRNA Px1) the plateau (R normalized to basal; after
treatment with FGF-1 in the presence of CBX, peak: 1.66 
 0.10
times basal, p � 0.05 vs FGF-1 alone; plateau: 1.01 
 0.07 times
basal, p � 0.05 vs basal; for siRNA Px1, peak: 1.61 
 0.10 times
basal, p � 0.05 vs FGF-1 alone; plateau: 1.15 
 0.03 times basal,
p � 0.05 vs basal, n � 4). These data indicate that astrocytes
respond to FGF-1 by increasing [Ca 2�]i and releasing ATP. We
show below that ATP activates purinergic receptors that then
open Px1 HCs and mediate the plateau phase of [Ca 2�]i increase
in response to FGF-1.

To further characterize how ATP release affects calcium sig-
naling in response to FGF-1, we treated spinal astrocytes with
exogenous ATP. The rise of the [Ca 2�]i increase in response to
drug application was faster for ATP (1 mM) than for FGF-1, but
the peak values of R (normalized to basal) were similar for the
durations tested, 1–10 min (R1 min � 1.52 
 0.02, p � 0.05 vs

Figure 1. FGF-1 increases basal [Ca 2�]i in spinal astrocytes. Bars above the recordings represent application of 10 ng/ml FGF-1. [Ca 2�]i was measured as the ratio of 340/380 nm fura-2 emission
normalized to basal. A, FGF-1 induced a fast (minutes) rise in [Ca 2�]i, which decayed to a plateau. B, Ten minute pretreatment with 2 mU/ml APY and continued application of APY with FGF-1
abolished the plateau phase but only moderately reduced the peak. C, The same result was obtained with 200 �M CBX using the same protocol. D, Transfection of astrocytes for 24 h with siRNA Px1
also abolished the plateau phase and reduced the peak. E, Quantitation of [Ca 2�]i responses to FGF-1 application as in A–D. n � 4. *p � 0.05 versus basal. **p � 0.01 versus basal. #p � 0.05
plateaus FGF-1 � blocker versus FGF-1 alone.
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basal, R5 min � 1.75 
 0.1, R10 min � 1.82 
 0.13, p � 0.001 vs
basal, n � 6; Fig. 2A,B). In contrast to the relative constancy of
the peak, the plateau phase of R progressively increased in ampli-
tude with longer ATP application (R1 min � 1.09 
 0.02, p � 0.05
vs basal; R5 min � 1.25 
 0.12, p � 0.05 vs basal; R10 min � 1.46 

0.11, p � 0.05 vs basal, n � 6; Fig. 2A,B).

The peak values of [Ca2�]i after ATP application for 10 min were
not significantly different between control astrocytes and astrocytes
transfected with siRNA Px1 or nontargeting siRNA (ATP alone:
1.8 
 0.2, p � 0.01 vs basal; Fig. 2B; siRNA(�): 2.2 
 0.3; p � 0.05 vs
ATP alone, p � 0.001 vs basal; siRNA Px1: 2.3 
 0.2; p � 0.05 vs ATP
alone, p � 0.001 vs basal; n � 4; Fig. 2C,D). Moreover, peak re-
sponses to ATP were not significantly changed by pretreatment with
10 �M BBG, a P2X7R antagonist (1.7 
 0.4, p � 0.05 vs ATP alone,
n � 5), or 50 �M RB2, a nonselective P2Y antagonist (2.2 
 0.3, p �
0.05 vs ATP alone, n � 5). However, 50 �M of the nonselective P2X
blocker PPADS largely blocked the peak responses (1.2 
 0.001, p �
0.05 vs ATP alone, n � 4; Fig. 2C,D).

The [Ca 2�]i elevation at the plateau measured 	5 min after
start of ATP application was prevented by siRNA Px1 (1.1 
 0.05,
p � 0.05 vs basal, n � 5) and BBG (1.01 
 0.05, p � 0.05 vs basal,
n � 4) and decreased by a high concentration of RB2, but to levels
that were still significantly above basal (1.25 
 0.02, p � 0.05 vs
basal, n � 4; Fig. 2C,D). Application of 50 �M PPADS abolished
the [Ca 2�]i plateaus (PPADS: 1.01 
 0.03, p � 0.05 vs ATP alone,
n � 4; Fig. 2C,D). Together, these data suggest that the first phase
in [Ca 2�]i rise in response to ATP is mediated by purinergic
receptors, probably different from P2X7Rs, and not by Px1 HCs.
By the time the plateau phase begins (	5 min after ATP applica-
tion), most of the P2XRs initially activated by ATP (P2X1, P2X2,
P2X3, P2X5) should be desensitized (North, 2002; Khakh and
North, 2012), which makes unlikely their participation during
this phase, and the effects of BBG and siRNA Px1 (and the minor
effect of a high RB2 concentration) suggest mediation by opening
of P2X7Rs and Px1 HCs.

FGF-1 increases Etd � permeability through activation of PLC
and calcium release from endoplasmic reticulum
To determine whether HC opening underlies the increase in mem-
brane permeability to large dyes in cultured spinal astrocytes, we
measured the rates of Etd� uptake by these cells as previously de-
scribed (Contreras et al., 2002, 2003; Bennett et al., 2003). Liganded
FGF receptors activate PLC and increase [Ca2�]i through IP3 action
on its receptors in the ER membrane (Reuss and von Bohlen und

Halbach, 2003), and FGF-1 causes increase in Etd� uptake by astro-
cytes in culture (Garré et al., 2010), which is mediated by Px1 HCs
and Cx43 HCs. To link FGF-1-dependent calcium responses to HC-
mediated Etd� uptake, we used BAPTA-AM to buffer [Ca2�]i,
U73122 to inhibit PLC and, as a control, U73343, a chemical analog
of U73122 that does not inhibit PLC (Hong et al., 2006). These
reagents were applied 15 min before and during FGF-1 application.
Application of FGF-1 alone enhanced Etd� uptake rates with a la-
tency of 	5 min in 42.5 
 2.5% of treated cells (single cell recording
in Fig. 3A, quantification in Fig. 3F). The percentage of cells increas-
ing Etd� uptake was smaller than that of cells showing Ca2� re-
sponses but comparable with that of cells showing [Ca2�]i plateaus
(40.0 
 5.2%). In astrocytes pretreated with 1 �M BAPTA-AM, no
cells increased uptake in response to FGF-1 (rate of Etd� uptake was
1.05 
 0.01 times basal, p � 0.05 vs control, n � 4; Fig. 3B,F).
Neither U73122 nor U73343 affected basal [Ca2�]i level (0.9 
 0.2,
p � 0.05 vs basal, n � 4) or basal Etd� uptake (1.0 
 0.1, p � 0.05 vs
basal, n � 4). U73122 (4 �M) reduced the percentage of cells show-
ing an increase in uptake to 13.3 
 3.0% (p � 0.001 vs U73343 �
FGF-1, n � 4; Fig. 3F) and reduced the rate of FGF-1-induced Etd�

uptake in responding cells (to 1.8 
 0.2 times basal; p � 0.05 vs
U73343 � FGF-1 or p � 0.01 vs basal, n � 4; Fig. 3D,G). U73122
also reduced the percentage of cells responding to FGF-1 with an
increase in [Ca2�]i (to 5.0 
 2.8%, n � 4, p � 0.001 vs 70 
 10% in
U73343; Fig. 3E). U73343 (4 �M) did not affect FGF-1-mediated
increase in Etd� uptake, which presumably occurred in cells that
had a plateau of elevated [Ca2�]i (U73343 � FGF-1 vs FGF-1 alone,
p � 0.05; U73343 � FGF-1 vs basal, p � 0.001, n � 4; Fig. 3A,C,F).
U73343 also did not reduce the percentage of cells showing increase
in [Ca2�]i in response to FGF-1 (70
12%, p�0.05 vs FGF-1 alone,
n � 4; Fig. 3E).

After 7 h FGF-1 treatment �80.0 
 11.0% of the cultured
astrocytes showed increase in Etd� uptake (to 3.8 
 0.5 times
basal, n � 6). In these experiments, the rate of Etd� uptake was
averaged across all cells. The rate of Etd� uptake was reduced by
U73122 (to 2.2 
 0.2 times basal, p � 0.05 vs U73343 or p � 0.01
vs basal, n � 4), but not by U73343 (to 3.0 
 0.5 times basal, p �
0.001 vs basal, p � 0.05 vs FGF-1 alone, n � 4; Fig. 3H). This
result indicates that, after 7 h FGF-1 treatment, there is still PLC
activity contributing to the FGF-1 response and that the self-
sustaining ATP release through P2X7R activation and opening of
Px1 HCs (and also Cx43 HCs) is not responsible for the entire
permeabilization response.

Figure 2. ATP promotes calcium influx through P2XRs and Px1 HCs. [Ca 2�]i measured as in Fig. 1. A, [Ca 2�]i responses of spinal astrocytes exposed to 1 mM ATP for 1, 5, or 10 min showed
increasing peak and plateau amplitude. B, Summary of [Ca 2�]i responses to 1 mM ATP applied for different periods measured at the peak (black bars) and during the plateau (	5 min after the peak;
gray bars). C, [Ca 2�]i measured in cells treated for 10 min with 1 mM ATP after 24 h treatment with siRNA Px1 or in the presence of 10 �M BBG, 50 �M RB2, and 50 �M PPADS. Bars above the traces
represent the application of ATP. The peak response was unaffected by siRNA Px1, BBG, or RB2, but the subsequent plateau was blocked by siRNA Px1 and by BBG and reduced by RB2. PPADS largely
blocked both the initial peak and the plateau. D, Summary of [Ca 2�]i responses to 10 min application of 1 mM ATP and blockers. n � 4 – 6. *p � 0.05 versus basal before ATP treatment. **p � 0.01
versus basal before ATP treatment. ***p � 0.001 versus basal before ATP treatment. #p � 0.05 versus ATP alone.
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P2X7Rs and Px1 HCs mediate the increase in membrane
permeability induced by FGF-1 and ATP in cultured spinal
astrocytes
P2X2Rs, P2X4Rs, and P2X7Rs appear to become permeable to
large molecules, such as organic cations and fluorescent tracers
over seconds to minutes in response to ATP application (Khakh
and North, 2012). However, this property is not observed in
other P2XRs, such as P2X1R, P2X3R, and P2X5R (North, 2002).
One mechanism proposed for the apparent shift in permeability
is dilation of the channel pore, although an alternative explana-
tion involves changes in ionic concentration gradients (Li et al.,
2015). In many cell types, Px1 HCs act as accessory channels that
increase membrane permeability after P2X7R activation
(Pelegrin and Surprenant, 2006). To confirm that P2X7R activa-
tion triggers Px1 HC-mediated Etd� uptake in spinal astrocytes,
we treated astrocyte cultures with the synthetic P2XR agonist,
BzATP, which is more potent than ATP in opening Px1 HCs by
activation of P2X7Rs (Donnelly-Roberts et al., 2009). Rat spinal
astrocytes treated with BzATP (35 �M) rapidly (�30 s) increased
Etd� uptake rate (to 3.5 
 0.7 times basal, p � 0.001 vs basal, n �
7; Fig. 4A). BzATP-induced increase in Etd� uptake was pre-
vented in cells transfected with siRNA Px1 (p � 0.001 vs BzATP,
n � 4, 10 –15 cells tested in each experiment; Fig. 4B,F) and
blocked in cells treated with the noncompetitive P2X7R antago-
nist BBG (10 �M, 1.1 
 0.4 times basal, p � 0.001 vs BzATP, n �
5; Fig. 4C,F). Because BBG has also been reported to affect mac-
roscopic currents and dye uptake mediated by both P2X7Rs and
Px1 HCs, we applied A740003, a more specific (competitive) an-
tagonist of P2X7Rs (Honore et al., 2006) (Fig. 4D,F). A740003
treatment (75 �M) markedly reduced the BzATP-induced in-
crease in Etd� uptake (to 1.2 
 0.4 times basal, p � 0.001 vs
BzATP alone, n � 5).

FGF-1 enhanced Etd� uptake rate (to 2.8 
 0.3 times basal in
responding cells, n � 10, 10- 15 cells tested in each experiment
determined after �1 h FGF-1 treatment; Figs. 3A, 4G), and this
increase was prevented by knocking down Px1 with siRNA Px1

(rate 1.3 
 0.3 times basal, p � 0.05 vs basal, n � 4; FGF-1 �
siRNA vs FGF-1 alone, p � 0.001; Fig. 4G). The FGF-1-induced
increase in Etd� uptake was blocked by 200 �M CBX, which at
this concentration inhibits both Px1 HCs and Cx43 HCs (rate
1.1 
 0.1 times basal, p � 0.05 vs basal, n � 4; Fig. 4G). In
contrast, 0.7 mM heptanol, a blocker of connexin-based GJs and
HCs, did not affect Etd� uptake (rate 2.9 
 0.6 times basal, p �
0.01 vs basal, p � 0.05 vs FGF-1 alone, n � 4; Fig. 4G). These data
suggest that Px1 HCs mediate Etd� uptake. To further confirm
that P2X7R activation requires ATP and contributes to increase
Etd� uptake in response to FGF-1 treatment, we pretreated as-
trocytes with APY (2 mU/ml) and with A740003 (75 �M). APY
and A740003 reduced the FGF-1 induced uptake to 1.2 
 0.2 and
1.2 
 0.3 times basal, respectively (p � 0.001 vs FGF-1 alone, n �
4; Fig. 4H).

The basal rate of Etd� uptake by control astrocytes was not
affected by transfection with siRNA Px1 (0.8 
 0.3 times control
siRNA(�), p � 0.05 vs control, n � 4; Fig. 4E) or by 10 �M BBG
(1.0 
 0.2 times control, p � 0.05 vs control, n � 4), 75 �M

A740003 (1.1 
 0.3, times control, p � 0.05 vs control, n � 4),
200 �M CBX (1.0 
 0.3 times control, p � 0.05 vs control), 0.7
mM heptanol (1.4 
 0.4 times control, p � 0.05 vs control, n � 4),
or 2 mU/ml APY (0.8 
 0.3 times control, p � 0.05 vs control,
n � 4; Fig. 4E). These data suggest that induced and basal uptake
depend on different mechanisms.

In Figures 3 and 4, rates of BzATP-induced and FGF-1-
induced Etd� uptake were normalized to the rate of basal uptake
in the same cells. The rates of uptake before and after BzATP or
FGF-1 application were correlated (R 2 � 0.8385, BzATP vs basal
and R 2 � 0.6277, FGF-1 vs basal; Fig. 4 I, J). A possible reason for
the correlations is that the rate of each mode of uptake is propor-
tional to membrane area.

The rapid onset (�60 s) of Etd� uptake evoked by BzATP
suggests that P2X7R and Px1 are in the surface membrane at the
time of BzATP application.

Figure 3. Increase in Etd � permeability induced by FGF-1 depends on activation of PLC and calcium release from intracellular stores. Single-cell recordings from responsive cells in A–D. FGF-1
treatment increased rate of Etd � uptake by spinal astrocytes (A); this increase was prevented by 10 min pretreatment with BAPTA-AM (B), not affected in the presence of the inactive analog U73343
(4 �M) of the PLC blocker U73122 (C), and greatly reduced by U73122 (4 �M) (D). Red dashed lines indicate the measured uptake rates. E, Quantitation of percentage of cells showing increase in
[Ca 2�]i (�30% times basal) shortly after FGF-1 application following pretreatment with U73343 or U73122. F, Quantitation of the effect of BAPTA-AM, U73343, and U73122 on percentage of cells
showing increased uptake of Etd � in response to short-lasting (�1 h) FGF-1 treatment. Control is FGF-1 alone. G, Etd � uptake induced by short-lasting (�1 h) FGF-1 treatment in the presence
of U73343 or U73122 (normalized to basal uptake in the presence of U73343 or U731222 alone, which had no significant effect on basal uptake). H, As in G, but with 7 h FGF-1. C–G, U73343 and
U73122 were applied 5 min before the start of recording (i.e., 20 –25 min before FGF-1 application). H, U73343 and U73122 were applied 1 h before completion of 7 h treatment with FGF-1. n �
4. **p � 0.01 versus control. ***p � 0.001 versus control. #p � 0.05 versus U73343 � FGF-1 treatment. ###p � 0.001 versus U73343 � FGF-1 treatment.

4790 • J. Neurosci., April 27, 2016 • 36(17):4785– 4801 Garré et al. • FGF-1, Pannexin-1, and Inflammation in Spinal Cord



Self-sustained ATP release and P2X7R activation maintain
elevated membrane permeability to Etd �

FGF-1 is likely released from cells damaged in spinal cord injury.
However, FGF-1 is unstable at physiological temperatures and
will not remain active for long time at a site of injury in vivo
(half-life �2 h) (Lee and Blaber, 2009; Zakrzewska et al., 2009;
Xia et al., 2012). We tested the duration of FGF-1-induced in-
crease in membrane permeability by washing off FGF-1 with hep-
arin after 2 or 4 h and applying Etd� for 10 min at 7 h. After 2 or
4 h treatment, Etd� uptake at 7 h was higher than control (Fig.
5A–C). A possible mechanism of the maintained process is that
the initial vesicular release of ATP activates P2X7Rs to open Px1
HCs, which leads to a further release of ATP (Pelegrin and Sur-
prenant, 2006; Locovei et al., 2007). The washout of FGF-1 would
also remove ATP, but the HCs may remain open long enough to
replenish the ATP. Furthermore, FGF-1 also opens Cx43 HCs (to
release ATP), but with a greater delay and possibly by a different
mechanism (Garré et al., 2010). For 2 and 4 h FGF-1 treatment,
Etd� uptake at 7 h was increased 	2.3 and 3.1 times basal, re-
spectively (p � 0.05 2 h vs basal, p � 0.001 4 h vs basal, n � 4); for
4 h, values were not significantly less than that after 7 h FGF-1
(p � 0.001 vs basal, p � 0.05 vs 4 h FGF-1; Fig. 5C). Application
of 2 mU/ml APY during the last 15 min of FGF-1 treatment for 4
and 7 h and continuing through recording significantly reduced

the increase in uptake (p � 0.001 vs FGF-1 alone, n � 4). Appli-
cation of APY without FGF-1 for the same periods of time did not
change uptake (1.00 
 0.05 times basal, p � 0.05 vs basal). There
was a small but significant increase induced by 4 and 7 h FGF-1
application that was not prevented by APY (Fig. 5C), which may
be attributed to an FGFR effect independent of ATP, such as
opening of Cx43 HCs.

As noted above (Fig. 4), P2X7R activation is an early event
underlying the increase in Etd� permeability induced by FGF-1.
To investigate whether P2X7Rs also contribute to the long-term
self-maintaining response as proposed, we measured the effect of
A740003 on rates of Etd� uptake at 7 h after onset of 4 or 7 h
FGF-1 treatment. Similar to the results obtained with APY, treat-
ment with A740003 (75 �M applied 15 min before the end of 4 or
7 h FGF-1 treatment and continuing through recording) reduced
the increase in Etd� uptake to 	1.6 times basal (4 h: p � 0.01 vs
FGF-1, 7 h: p � 0.001 vs FGF-1, p � 0.05 vs basal, n � 5; Fig. 5C).
Rates were normalized to their respective controls (FGF-1 to con-
trol, FGF-1 � APY to APY alone, FGF-1 � A740003 to A740003
alone).

In addition to the increase in Etd� uptake at 7 h after 2, 4, or
7 h FGF-1 application, [Ca 2�]i was elevated. For all three dura-
tions, the [Ca 2�]i levels were not significantly different from each
other (p � 0.05 vs basal, n � 4; Fig. 5D).

Figure 4. Increases in Etd � permeability induced by BzATP and FGF-1 depend on activation of P2X7Rs and opening of Px1 HCs. A, Permeability to Etd � was increased by BzATP
treatment (35 �M) in �60 s. B, In a cell in which Px1 had been knocked down by 24 h transfection with siRNA Px1, BzATP did not increase membrane permeability. C, D, Increase in
membrane permeability induced by BzATP was rapidly reversed by P2X7R antagonists, 10 �M BBG and 75 �M A740003, applied at the vertical dashed line. Red dashed lines indicate
measurement of rates. E, Quantification of basal rate of Etd � uptake in spinal astrocytes 24 h after transfection with siRNA Px1 or treated for �1 h with 10 �M BBG, 75 �M A740003,
0.7 mM heptanol (Hept), 200 �M CBX, and 2 mU/ml APY. The rates of Etd � uptake in cells treated with siRNA Px1, BBG, A740003, heptanol, CBX, and APY were not significantly different
from the basal uptake in control. F, Quantification for experiments represented in A–D. G, Quantification for experiments like those shown in Figure 3A. Permeability to Etd � was
increased by FGF-1 treatment within 5–10 min. In cells in which Px1 was knocked down by 24 h transfection with siRNA, FGF-1 did not increase uptake. Increase in membrane
permeability induced by FGF-1 was also reversed by 200 �M CBX but not by 0.7 mM heptanol. H, In cells treated with APY (2 mU/ml) or A740003 (75 �M) before and during FGF-1
application, Etd � uptake rates were little affected by FGF-1. n � 4 –7. **p � 0.01 versus control. ***p � 0.001 versus control. ###p � 0.001 versus BzATP or FGF-1 alone. I, J, Basal
uptake was correlated with BzATP-induced (I ) and FGF-1-induced (J ) uptake. n � 3–7. R 2 � 0.8385, BzATP versus basal uptake. R 2 � 0.6277, FGF-1 versus basal uptake.
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Together, these data from cultures of spinal astrocytes suggest
that, after an initial FGF-1-induced Ca 2�-dependent vesicular
release of ATP, P2X7Rs activate Px1 HCs, which mediate efflux of
ATP that acts back on the P2X7Rs, and that at longer times there
is an additional contribution, possibly from opening of Cx43
HCs.

FGF-1 increases astrocyte membrane permeability to Etd � in
spinal cord slices ex vivo
As shown in Figures 3–5, time lapse imaging of Etd� uptake in
cultures offers a sensitive method to quantify rapid changes (�2
min) in membrane permeability caused by HC opening. Alterna-
tively, it is possible to quantify cumulative Etd� uptake during a
fixed period of Etd� application. We quantified Etd� uptake
after 10 min application (Abudara et al., 2015) to determine
whether FGF-1 regulates HC activity in acute slices of spinal cord
in the same way it does in cultures of spinal astrocytes. We also
tested acute cortical slices to determine whether, as in cultures of
cortical astrocytes, FGF-1 had no effect on Etd� uptake (Garré et
al., 2010).

Etd� uptake was measured in gray matter astrocytes identi-
fied by immunolabeling of GFAP. Microglia were readily identi-
fied throughout gray and white matter by EGFP expression in
CX3CR1 EGFP mice (Fig. 6A). Etd� uptake over 10 min in living
cells was calibrated in a fluorescence range from 0 –255 AU. Fmin

corresponded to the background level, and Fmax (the maximum
fluorescence in the image) was set at 255 AU. Astrocytes in spinal
cord (but not cortical) slices treated with FGF-1 for 1 h, showed
accumulation of Etd� over 10 min that was 	56% greater than
that observed in control slices (control: 75.0 
 3 AU, FGF-1:
117 
 4 AU, p � 0.001 vs control, 300 astrocytes, n � 7 slices; Fig.
6B). The Etd� uptake in astrocytes was heterogeneous in both
control slices and slices treated with FGF-1 (SDs were 30 and 49

AU in control and FGF-1-treated slices, respectively; Fig. 6B).
The percentage of cells showing high Etd� uptake was defined
as the percentage of cells showing Etd� fluorescence �1 SDs
above the mean in control slices (�105 AU, n � 330 astrocytes,
p � 0.0001 FGF-1 vs control, � 2 test; Fig. 6). The fraction of high
Etd� astrocytes was increased in spinal cord slices treated with
FGF-1 (p � 0.01, FGF-1 vs control, 300 astrocytes, n � 7 slices;
Fig. 7A). In accordance with our previous observation in cultured
cortical astrocytes (Garré et al., 2010), FGF-1 did not increase
Etd� uptake by astrocytes in cortical slices (control: 76.1 
 3.0
AU, FGF-1: 80.0 
 8.0 AU, p � 0.05 vs control, 200 astrocytes,
n � 4 slices; Fig. 6C). Microglia in both spinal and cortical slices
took up Etd� under basal conditions, and the mean uptake in
these cells was not changed by 1 h of FGF-1 treatment of tissue
from either region (control: 89.5 
 5.5 AU and 96.0 
 9.0 AU
and FGF-1: 104.4 
 11.2 AU, 94.0 
 9.0 AU, spinal and cortical
slices, respectively, p � 0.05 FGF-1 vs control, 200 –300 micro-
glia, n � 7 slices; Fig. 6D,E). Thus, FGF-1 induces increase in
Etd� uptake by spinal astrocytes, and it has little, if any, effect on
cortical astrocytes or on spinal or cortical microglia.

Dye uptake induced by FGF-1 in astrocytes in spinal cord
slices ex vivo depends on intracellular calcium signaling and
P2X7R activation
To study the contribution of intracellular calcium signaling to the
changes in Etd� uptake induced by FGF-1 in astrocytes in spinal
cord slices, we pretreated slices with U73122 or BAPTA-AM and
quantified Etd� uptake after 1 h of FGF-1 treatment. The per-
centage of high Etd� astrocytes was 22.0 
 5.0% in control (250
astrocytes, n � 6 slices) and 50.0 
 10.0% after 1 h FGF-1 treat-
ment (330 astrocytes, n � 7 slices, p � 0.01 FGF-1 vs control; Fig.
7A). The fraction of high Etd� astrocytes after FGF-1 treatment
was significantly reduced by pretreatment with U73122 (4 �M,

Figure 5. ATP-induced ATP release and P2X7R activation maintain elevated membrane permeability to Etd � during spinal astrocyte activation with FGF-1. A, Diagram illustrating the
experimental procedure. Etd � uptake in spinal astrocytes was evaluated 7 h after start of FGF-1 treatment, which lasted 2 h, 4 h (shown in the diagram), or 7 h followed by washout with
vehicle (heparin). To evaluate APY or A740003 effect on Etd � uptake, both drugs were applied starting 15 min before the end of FGF-1 application and continuing until the end of Etd �

uptake measurement. B, FGF-1 stimulation for 4 h increased uptake at 7 h (filled circles). Uptake was reduced by application of APY (light gray circles) or A740003 (dark gray circles). C,
Quantitation: rate of Etd � uptake at 7 h increased with duration of FGF-1 application; APY and A740003 reduced the increase in uptake rate (2 h FGF-1: 2.3 
 0.2, 4 h FGF-1: 3.1 
 0.3,
7 h FGF-1: 3.6 
 0.5, n � 4, 4 h FGF-1 � APY: 2.1 
 0.1; 7 h FGF-1 � APY: 1.5 
 0.2; 4 h FGF-1 � A740003: 1.6 
 0.1; 7 h FGF-1� A740003: 1.5 
 0.2, n � 5). D, [Ca 2�]i levels
at 7 h were elevated after 2, 4, and 7 h FGF-1 application as in C (2 h: 2.8 
 0.8, 4 h: 2.8 
 0.6, 7 h: 3.1 
 0.3, p � 0.05 vs control, n � 4). *p � 0.05 versus control. ***p � 0.001 versus
control. ##p � 0.01 versus 4 or 7 h FGF-1 alone. ###p � 0.001 versus 4 or 7 h FGF-1 alone.
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p � 0.05 vs FGF-1) and BAPTA-AM (1 �M, p � 0.05 vs FGF-1).
U73343 (4 ��), the inactive isoform, did not change the fre-
quency of high Etd� astrocytes in control or FGF-1-treated slices
(p � 0.05 control vs FGF-1, 250 cells, n � 6 slices). This increase
in the percentage of astrocytes with enhanced Etd� uptake also
depended on ATP release because ATP hydrolysis with APY (2
mU/ml) markedly reduced the frequency of high Etd� astro-
cytes, to 10.0 
 8.0% (p � 0.05 vs FGF-1, 250 astrocytes, n � 5
slices). BAPTA-AM, U73122, and U73343 (4 ��) were applied
15 min before the end of the FGF-1 treatment and remained
during the entire period of Etd� uptake measurement. APY was
applied 15 min before, during FGF-1 treatment, and during Etd�

uptake measurement. The same period of treatment with these
drugs did not affect the number of high Etd� astrocytes in con-
trol slices (p � 0.05 vs control, n � 6 –10 slices; Fig. 7A).

To analyze the contribution of P2X7Rs to increase in Etd�

uptake by astrocytes in spinal cord, we used the same pharmaco-

logical tools applied to cultured spinal astrocytes, namely, two
potent P2X7R antagonists, A740003 and BBG, and RB2, a nonse-
lective P2Y and P2X receptor antagonist with little effect on
P2X7Rs (Fisher et al., 2009). The fraction of high Etd� astrocytes
was comparable in control and in slices treated with any of these
3 blockers for 	1 h (250 astrocytes, p � 0.05, n � 5 slices,
A740003 or BBG or RB2 vs control; Fig. 7B–D). The fraction of
high Etd� astrocytes after 1 h FGF-1 treatment was significantly
decreased by pretreatment with 0.1, 1, 10, and 100 �M A740003
(p � 0.05 vs control, p � 0.05 vs FGF-1 alone, 250 astrocytes, n �
4 slices; Fig. 7B). BBG also reduced the percentage of high Etd�

astrocytes after FGF-1 treatment; the effect was dose-dependent
and near maximal at concentrations of �1 �M (p � 0.05 vs
control, p � 0.05 vs FGF-1 alone at 0.1 �M; p � 0.05 vs control,
p � 0.05 vs FGF-1 alone at 1–100 �M, 250 astrocytes, n � 6 slices;
Fig. 7C). In contrast, RB2 had no effect at 0.1–1 �M, a modest
effect at 10 �M, and inhibited the response at 100 �M (p � 0.01 vs

Figure 6. FGF-1 increases Etd � uptake by astrocytes in spinal cord but not cortical slices; FGF-1 does not affect Etd � uptake by microglia in slices from either region. A, Microphotographs of
dorsal gray matter in spinal cord slices under control conditions (left panels) or treated with FGF-1(right panels) for 1 h. Etd � fluorescence (gray) with GFAP immunolabeling of astrocytes (red) and
CX3CR1 EGFP expression in microglia (green). Etd � was applied for 10 min, and slices were fixed for 2 h in PFA. FGF-1 increased GFAP labeling and activated microglia. Scale bar, 15 �m. B, FGF-1
increased Etd � uptake by astrocytes in spinal cord slices. Mean Etd � uptake and distribution histograms of Etd � uptake in GFAP � astrocytes in acute spinal cord slices, control or treated with
FGF-1 for 1 h. C, FGF-1 treatment for 1 h did not affect Etd � uptake by astrocytes in slices of cerebral cortex. D, E, FGF-1 did not affect Etd � uptake by microglia in slices of spinal cord or cerebral
cortex. D, FGF-1 did not increase mean and distribution histograms of Etd � uptake by microglia in acute spinal cord slices. E, Mean Etd � uptake in CX3CR1 � cells in acute cerebral cortex slices,
control or treated with FGF-1 for 1 h. n � 4 –7. ***p � 0.001 versus control (Mann–Whitney unpaired test). B, p � 0.0001 for histograms (� 2 test, 1 df).
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Figure 7. FGF-1-induced Etd � uptake in astrocytes in spinal cord slices depends on PLC, intracellular calcium signaling, ATP release, and P2X7R activation. A, Percentage of high Etd � cells in
control or after 1 h FGF-1 (control: 22.0
5.0%; 1 h FGF-1: 50.0
10.0%, n�7). Percentage of high Etd � astrocytes was not changed by treatment of control and FGF-1-treated slices with U73343
(1 �M). In contrast, U73122 (1 �M), BAPTA-AM (4 �M), and APY (2 mU/ml) blocked FGF-1-induced uptake, although they did not affect percentage of high Etd � cells in control conditions (control
and FGF-1, respectively: U73343: 19.0 
 4.0%, 40.5 
 9.0%; U73122: 16.0 
 8.3%, 16.0 
 8.0%, BAPTA-AM: 12.0 
 8.0%, 10.0 
 8.0%; APY: 12.0 
 7.0%, 9.7 
 6.0%, control and FGF-1,
respectively, n � 6). B, The percentage of high Etd � astrocytes was not changed in control or by FGF-1 in slices treated with 0.1, 1, 10, and 100 �M of A740003 (Control0.1–100 �M: 9.8 
 2.5%,
9.0 
 2.3%, 5.0 
 4.0%, 5.0 
 2.0%; FGF-10.1–100 �M: 6.0 
 5.0%, 10.0 
 2.3%, 5.1 
 4.0%, 3.0 
 2.0%, n � 4, B). C, Treatment with BBG at 0.1 to 100 �M did not affect control uptake and
blocked FGF-1 induced uptake at 1–100 �M (Control0.1–100 �M: 10.5 
 8.5%, 14.0 
 6.0%, 9.0 
 6.0%, 9.0 
 5.5%; FGF-10.1–100 �M: 38.0 
 10.0%, 16.0 
 7.2%, 10.1 
 6.0%, 8.0 
 5.0%,
n � 6, C). D, At the same concentrations as for BBG, RB2 did not affect control uptake and significantly reduced uptake at 10 and 100 �M (Control0.1–100 �M: 12.0 
 9.0%, 10.0 
 8.5%, 11.0 

8.5%, 10.3 
 8.0%; FGF-10.1–100 �M: 50.8 
 11.0%, 38.0 
 11.0%, 29.8 
 6.0%, 10.0 
 8.0%). The blockers and apyrase were applied 10 –15 min before vehicle or FGF-1 treatment, and left
until EtdBr incubation was terminated (1.25 h total period of treatment). n � 5–7. *p � 0.05 versus control. **p � 0.05 versus control. #p � 0.05 versus FGF-1.

Figure 8. FGF-1-induced Etd � uptake in astrocytes in spinal cord slices is mediated by Px1 HCs. A, The increase in the percentage of high Etd � astrocytes in spinal cord slices treated with FGF-1
for 1 h was prevented by treatment with 100 �M

10Panx1 or 200 �M CBX but not affected by treatment with scrambled 10Panx1 or 100 �M Gap19 (scrambled 10Panx1: 20.0 
 9.0%, scrambled
10Panx1 � FGF-1: 50.0 
 5.5%; 10Panx1: 25.5 
 6.5%; 10Panx1 � FGF-1: 19.5 
 4.0%; CBX: 26 
 2.5%, FGF-1� CBX: 21.5 
 6.5%; Gap19: 24.7 
 5.0%, FGF-1 � Gap19: 58.2 
 6.9%, n �
6 or 7 slices each condition). **p � 0.01 versus control. Blockers were applied 10 –15 min before vehicle or FGF-1 treatment and left until Etd � incubation was terminated (1.25 h total period of
treatment). B–G, Specificity of inhibition by 10Panx1 of Px1 HCs and by Gap 19 of Cx43 HCs. Time lapse imaging in mixed cultures of parental cells (open circles) and HeLa cells expressing Cx43-CFP
(filled circles) and HeLa cells expressing Px1-YFP (green circles). B, E, HeLa Cx43-CFP and HeLa Px1-YFP cells take up Etd � more rapidly than parental cells. C, F, Pretreatment with 100 �M

10Panx1
reduced Etd � uptake rate in HeLa Px1-YFP cells but not in Cx43-CFP cells. D, G, Pretreatment with 100 �M Gap19 reduced Etd � uptake rate in HeLa Cx43-CFP cells but not in Px1-YFP cells. Blockers
were applied 30 – 60 min before experiments and left during the Etd � uptake measurement (similar to A, 0.75–1 h total period of treatment). n � 5. ***p � 0.001 versus parental. #p � 0.05
versus HeLa Cx43-CFP or HeLa Px1-YFP. ##p � 0.01 versus HeLa Cx43-CFP or HeLa Px1-YFP.
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control, p � 0.05 vs FGF-1 alone at 0.1 �M; p � 0.05 vs control,
p � 0.05 vs FGF-1 alone at 1 �M; p � 0.05 vs control at 10 �M, p �
0.05 vs control at 100 �M; p � 0.05 vs FGF-1 at 10 –100 �M, 250
astrocytes, n � 6 slices; Fig. 7D). All reagents were applied 15 min
before FGF-1 treatment and maintained until completion of
Etd� uptake measurement. The reduction in the percentage of
high Etd� astrocytes after FGF-1 treatment by A740003 and
BBG, and by RB2 only at high concentrations, indicates that
P2X7Rs contributes to this response. A minor contribution from
other types of purinergic receptor cannot be completely ruled out
from our study.

FGF-1-induced Etd � uptake in astrocytes in acute spinal cord
slices is mediated by Px1 HC opening
We used selective pharmacological tools to identify HC type in
spinal cord slices. The increase in Etd� uptake by astrocytes in
spinal cord slices treated with FGF-1 for 1 h was blocked by 100
�M

10Panx1, a synthetic peptide that selectively blocks Px1 HCs
(p � 0.05, 10Panx1 � FGF-1 vs 10Panx1, n � 6 slices; Fig. 8A)
(Pelegrin and Surprenant, 2006). A scrambled version of 10Panx1
did not affect the uptake in control slices and did not block the
increase after 1 h FGF-1 treatment (p � 0.01, scrambled � FGF-1
vs scrambled, 200 astrocytes, n � 6; Fig. 8A). To further demon-
strate that Px1 HC opening mediates FGF-1-induced Etd� up-
take in astrocytes, we treated spinal cord slices with 200 �M CBX,
a GJ blocker that at this concentration inhibits both Px HCs and
Cx HCs. In cells treated with CBX, there was no significant dif-
ference in the frequency of high Etd� astrocytes between control
slices and slices treated with FGF-1 for 1 h (p � 0.05, FGF-1 �
CBX vs CBX alone, 250 astrocytes, n � 6; Fig. 8A).

Because, in cultured spinal astrocytes, 7 h but not 2 h FGF-1
treatment induces opening of Cx43 HCs, we expected that Cx43
HCs would not contribute to increased membrane permeability
after the 1 h FGF-1 treatment when applied to spinal cord slices ex
vivo. In agreement the selective Cx43 HC blocker, Gap19 (100
�M) (Abudara et al., 2014) did not alter the frequency of high
Etd� astrocytes after 1 h FGF-1 treatment (p � 0.01, FGF-1 �

Gap19 vs Gap19 alone, p � 0.05, FGF-1 � Gap19 vs FGF-1 alone,
300 astrocytes, n � 7; Fig. 8A).

We confirmed the specificity of 10Panx1 and Gap19 block of
Px1 and Cx HCs, respectively, by applying these blockers to
mixed cultures of parental (untransfected) HeLa cells, HeLa cells
expressing Px1-YFP, and HeLa cells expressing Cx43-CFP (Fig.
8B–G). The rate of Etd� uptake by HeLa Cx43-CFP cells was
2.0 
 0.3 times that by parental cells (p � 0.001 vs parental, n �
5), similar to Etd� uptake rate by HeLa cells expressing Cx43-
EGFP (Contreras et al., 2003). The rate of Etd� uptake by HeLa
Px1-YFP cells was 1.8 
 0.2 times that by parental cells (p � 0.001
vs parental, n � 5; Fig. 8B,E). 10Panx1 (100 �M) reduced the rate
of Etd� uptake by HeLa Px1-YFP cells (to 1.1 
 0.3 times paren-
tal, p � 0.01 vs HeLa Px1-YFP without 10Panx1, p � 0.05 vs
parental, n � 5) and did not affect the rate of Etd� uptake by
HeLa Cx43-CFP cells (2.0 
 0.3 times control, p � 0.05 vs HeLa
Cx43-CFP without 10Panx1, n � 5; Fig. 8C,F). In contrast, Gap19
(100 �M) reduced the rates of Etd� uptake in HeLa Cx43-CFP
cells (to 1.3 
 0.2 times control, p � 0.05 vs HeLa Cx43-CFP
without Gap19, p � 0.05 vs parental) and had no significant effect
on Px1-YFP cells (1.8 
 0.3 times control, p � 0.05 vs HeLa
Px1-YFP, n � 5; Fig. 8D,G). In these experiments, we treated
HeLa cells with blockers for 0.5–1 h before Etd� was applied to
the bath, and continued the blockers during 10 min uptake re-
cording.

These data suggest that the increase in percentage of high
Etd� astrocytes in acute spinal cord slices after 1 h FGF-1 treat-
ment is mainly mediated by Px1 HCs.

Microglia are not required for FGF-1-induced Etd � uptake in
spinal cord astrocytes
Two proinflammatory cytokines, TNF� and IL1-�, released by
cortical microglia have been reported to increase Cx43 HC open-
ing in astrocytes (Retamal et al., 2007). We prepared spinal cord
slices from CX3CR1 CreER/�: R26 iDTR/� mice that had been de-
pleted of microglia by treatment with tamoxifen and DT to
investigate whether microglia contribute to the elevation of

Figure 9. Microglia are not required for FGF-1-induced Px1 HC opening in astrocytes in acute spinal cord slices. A, B, Cross-sections of spinal cord dorsal horn from CX3CR1 CreER/� control mice (A)
and CX3CR1 CreER/�: R26 iDTR/� mice depleted of microglia (B) and stained for Iba1 1 d after DT treatment. CX3CR1 CreER/� and CX3CR1 CreER/�: R26 iDTR/� mice were given tamoxifen at p30, p31, and
p32 and treated with DT at 20, 21, and 22 d later. Iba1-positive cells were greatly depleted 24 h after DT treatment in CX3CR1 CreER/�: R26 iDTR/� mice (B), but these were not affected in
CX3CR1 CreER/� mice (A). Scale bar, 10 �m. C–F, FGF-1 significantly increased the percentage of high Etd � astrocytes in acute spinal cord slices that were depleted of microglia (C). This increase was
prevented by pretreatment with 1 �M A740003 (D) or 100 �M

10Panx1 (E), but not by 100 �M Gap19 (F ). Data values from CX3CR1 CreER/�: R26 iDTR/� mice depleted of microglia, control: 18.0 

1.5%, 1 h FGF-1: 44.0 
 6.0%; A740003 � control: 16.1 
 3.2%, A740003 � FGF-1: 20.0 
 9.0%; 10Panx1 � control: 20.0 
 2.0%, 10Panx1 � 1 h FGF-1: 28.2 
 7.0%; Gap19 � control:
17.0
2.2%, Gap19�1 h FGF-1: 43
13%; n�6 or 7 slices. ***p�0.001 versus control. Blockers were used as for Figure 8. G, Protocol for depletion of microglia and Etd � uptake measurement.
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Etd� uptake by astrocytes induced by 1 h FGF-1 treatment.
Nondepleted slices were prepared from CX3CR1 CreER/� mice
treated with tamoxifen and DT and used as controls (Fig. 9A,B;
see Materials and Methods) (Parkhurst et al., 2013). In spinal
cord slices depleted of microglia (Fig. 9G), the percentages of high
Etd� astrocytes in control or after 1 h FGF-1 treatment were
not significantly different from those in control mice with
intact microglia (p � 0.05, CX3CR1 CreER/�: R26 iDTR/� vs
CX3CR1 CreER/�) or treated with FGF-1 (p � 0.05,
CX3CR1 CreER/�: R26 iDTR/� � FGF-1 vs CX3CR1 CreER/� �
FGF-1, 250 astrocytes, n � 6 slices; Fig. 9C; for uptake in nonde-
pleted slices, see Fig. 7A). In spinal cord slices depleted of micro-
glia and treated with A740003 (1 �M), FGF-1 did not increase the
percentage of astrocytes with enhanced Etd� uptake (p � 0.05,
CX3CR1 CreER/�: R26 iDTR/� � FGF-1 vs CX3CR1 CreER/�:
R26 iDTR/�, 250 astrocytes, n � 7; Fig. 9D). As expected, the per-
centage of high Etd� astrocytes after FGF-1 treatment was not
increased in slices pretreated with 100 �M

10Panx1 (p � 0.05,
CX3CR1 CreER/�:R26 iDTR/� � FGF-1 vs CX3CR1 CreER/�:
R26 iDTR/�, 200 astrocytes, n � 6; Fig. 9E). Conversely, pretreat-

ment of these slices with 100 �M Gap19 did not affect basal up-
take, and the increase in high Etd� astrocytes induced by FGF-1
treatment (p � 0.05, CX3CR1 CreER/� � FGF-1 vs CX3CR1 CreER/

�:R26 iDTR/� � FGF-1; Fig. 9F). These data indicate that, in the
absence of microglia, P2X7Rs and Px1 HCs expressed in astro-
cytes mediate FGF-1-induced increase in high Etd� astrocytes in
acute spinal cord slices.

FGF-1 promotes inflammatory responses in acute spinal
cord slices
To investigate whether activation of astrocyte P2X7Rs and Px1
HCs subsequently induces microglial responses, we examined
microglia in these slices for morphological changes (Fig. 10). In
vivo studies in cerebral cortex reveal that microglia quickly re-
spond to microinjuries by directing fine processes toward the site
of injury through mechanisms that may involve ATP release
through hemichannels in surrounding astrocytes and/or ATP re-
lease from damaged cells (Davalos et al., 2005). Furthermore, in
acute cortical slices treated with glutamate, microglia rapidly in-
crease the number of processes during early phases of activation

Figure 10. FGF-1 promotes inflammatory responses in acute spinal cord slices. A, Microglia show thin ramified processes 2 h after spinal cord sectioning (left). Morphological signs of microglial
activation (shortening and thickening of processes, enlargement of somata) were enhanced after 1 h FGF-1 treatment in acute spinal cord slices. Slices were fixed in PFA 2 h after tissue sectioning.
Scale bar, 15 �m. B, Percentage area covered by microglia somata and processes (z-axis projection) per 5000 �m 2 was not changed in slices treated with BBG (1–10 �M), A740003 (1–10 �M),
10Panx1 (100 �M), or RB2 (1–10 �M). Control: 10.0 
 5.2%, A740003: 6.0 
 3.0%, BBG: 9.5 
 2.0%, RB2: 7.0 
 4.0%, 10Panx1: 8.5 
 5.5%; n � 4 slices for each condition. C, FGF-1 increased
the percentage area covered by microglia and their processes in acute spinal cord slices. This increase was prevented by A740003, BBG, and 10Panx1 but was not affected by RB2; blockers were used
at the same concentrations as in C and applied as in Figures 7 and 8. FGF-1 alone: 33.1 
 9.0%, A740003: 5.0 
 3.0%, BBG: 10.0 
 1.0%, RB2: 22.1 
 8%, 10Panx1: 9.2 
 4.1%; n � 6 slices each
condition. *p � 0.05 versus control. #p � 0.05 versus FGF-1. D–I, FGF-1 effects on levels of IL-1� (D, G), IL-6 (E, H ), and TNF� (F, I ) in spinal cord slices 2 h after preparation from control
nondepleted (D–F ) or microglia depleted (G–I ) mice. FGF-1 treatment (1 h) of control, nondepleted slices increased IL-1� and IL-6 levels but did not affect TNF� level (IL-1�, control: 0.30 
 0.03
ng/mg, FGF-1: 0.50 
 0.10 ng/mg; IL-6, control: 6.1 
 0.9 ng/mg, FGF-1: 8.60 
 1.10 ng/mg; TNF�, control: 5.5 
 1.0 ng/mg, FGF-1: 5.0 
 1. 1 ng/mg, n � 5 animals). 10Panx1 (100 �M)
prevented these increases in IL-1� and IL-6 (IL-1�, control � 10Panx1: 0.22 
 0.09 ng/mg, FGF-1 � 10Panx1: 0.23 
 0.10 ng/mg; IL-6, control � 10Panx1: 6.0 
 1.0 ng/mg, FGF-1 � 10Panx1:
5.2 
 1.0 ng/mg, n � 4 animals). Basal levels of IL-1�, IL-6, and TNF� were significantly reduced (markedly so for TNF�) in slices depleted of microglia (IL-1�: 0.20 
 0.04 ng/mg, n � 6 animals,
IL-6: 2.6 
 0.4 ng/mg, n � 6 animals, TNF�: 0.3 
 0.03 ng/mg, n � 5 animals). In depleted slices, FGF-1 increased the production of IL-6 over control and did not affect the production of IL-1�
or TNF� (IL-1�: 0.25 
 0.09 ng/mg; IL-6: 5.0 
 0.6 ng/mg; TNF�: 0.46 
 0.25 ng/mg; n � 5 or 6 animals). 10Panx1 (100 �M) had little effect on levels of IL-1� in control and after FGF-1
treatment in slices depleted of microglia (IL-1� 10Panx1 alone: 0.21 
 0.08 ng/mg, FGF-1 � 10Panx1: 0.20 
 0.08 ng/mg). 10Panx1 increased the level of IL-6 in control depleted but not after
FGF-1 treatment (IL-6 10Panx1 alone: 4.5 
 0.6 ng/mg, FGF-1 � 10Panx1: 4.0 
 0.6 ng/mg; n � 4 – 6 animals). *p � 0.05 versus control nondepleted. #p � 0.05 versus FGF-1 nondepleted.
p̂ � 0.05, control nondepleted versus control depleted or FGF-1 nondepleted versus FGF-1 depleted.
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(Eyo et al., 2015). At the time we detected increased Px1 HC
opening in astrocytes after FGF-1 treatment, microglial processes
became thicker (Fig. 10A). The relative area covered by microglial
processes in the z-axis projection increased from 10.0 
 5.2% in
the control condition to 33.1 
 9.0% after 1 h FGF-1 treatment
(p � 0.01 vs control, n � 6; Fig. 10B,C). FGF-1 treatment did not
increase microglial area in slices treated with 1–10 �M A740003
(5.0 
 0.3%, n � 6, p � 0.05 vs FGF-1) or 1–10 �M BBG (10.0 

0.1%, n � 6, p � 0.05 vs FGF-1) or 100 �M

10Panx1 (9.2 
 4.1,
n � 6, p � 0.05 vs FGF-1). FGF-1 induced increase in microglial
area was not significantly reduced by 1–10 �M RB2 (22.1 
 0.8,
n � 6, p � 0.05 vs FGF-1). The area of microglia in control slices
was not significantly different from that in slices treated with the
blockers alone (n � 4, p � 0.05 vs control; for numerical values,
see Fig. 10 legend). These data indicate that P2X7R activation and
Px1 HC opening mediate FGF-1-induced morphological activa-
tion of microglia (Px1 expression in microglia is unlikely to me-
diate these morphological responses because FGF-1 did not
increase Etd� uptake in these cells; Fig. 6A).

To investigate whether FGF-1 is proinflammatory in spinal
cord slices, we measured protein levels of proinflammatory
cytokines, IL-1�, IL-6, and TNF�, by using ELISA in control
or after treating spinal cord slices with FGF-1 for 1 h (Fig.
10D–I ). IL-1� and IL-6 protein levels were significantly in-
creased after 1 h FGF-1 treatment ( p � 0.05 vs control, n � 5
animals), whereas TNF� levels were not significantly changed
compared with control slices ( p � 0.05 FGF-1 vs control, n �
5 animals). Elevation of IL-1� and IL-6 levels was prevented
by pretreatment of slices with 100 �M

10Panx1 ( p � 0.05
control � 10Panx1 vs FGF-1 � 10Panx, or p � 0.05 FGF-1
alone vs FGF-1 � 10Panx, n � 4 animals for IL-1� and IL-6,
respectively; Fig. 10D–F ). 10Panx1 was applied as in Figure 8A
and had no effect on control uptake.

In spinal cord slices depleted of microglia, the basal levels of
IL-1�, IL-6, and TNF� were significantly lower than in nonde-

pleted cords (p � 0.05 vs control nonde-
pleted for IL-1�, IL-6, and TNF�, n � 6
animals; Fig. 10D–I), indicating that, after
acute tissue sectioning, microglia contrib-
ute to the basal production of proinflam-
matory cytokines. The decrease was much
greater for TNF� than for IL-1� and IL-6.
Consistent with the contribution of mi-
croglia in FGF-1-induced proinflamma-
tory responses, FGF-1 treatment of slices
depleted of microglia did not change lev-
els of IL-1� (p � 0.05 vs control depleted,
n � 6 animals; Fig. 10G). However, levels
of IL-6 were significantly increased by
FGF-1 treatment (p � 0.05 vs control de-
pleted, n � 6 animals; Fig. 10H). The
greatly reduced TNF� levels in the de-
pleted mice were not affected by FGF-1
treatment (p � 0.05 vs control nonde-
pleted, n � 5 animals; Fig. 10I).

Spinal cord slices depleted of microglia
and treated with 10Panx1 (100 �M)
showed similar levels of IL-1� in control
and after FGF-1 treatment (p � 0.05
10Panx1 alone vs FGF-1 � 10Panx1, n � 6
animals). 10Panx1 application to slices de-
pleted of microglia increased the level of
IL-6 (p � 0.05, control depleted vs

10Panx1 alone or 10Panx1 � FGF-1), and these 10Panx1-treated
slices showed similar levels of IL-6 in control and after FGF-1
treatment (p � 0.05, 10Panx1 alone vs FGF-1 � 10Panx1, n � 6
animals). These data indicate that microglia contribute to ele-
vated IL-1� production after FGF-1 treatment (Fig. 10G–I),
whereas FGF-1 increases IL-6 production in the absence of mi-
croglia, presumably by elevating astrocyte IL-6 production (Fig.
10E,H).

Together, the data presented in this section suggest that FGF-1
is proinflammatory in ex vivo spinal cord slices by a process that
involves Px1 HC opening in astrocytes.

Discussion
In this study, we report that FGF-1 mediates rapid opening of Px1
HCs in spinal astrocytes in both culture and acute spinal slices.
This process depends on intracellular calcium signaling, ATP re-
lease, P2X7R activation and opening of Px1 HCs, and contributes
to an inflammatory response in spinal cord slices.

Our data show that FGF-1 causes an increase in [Ca 2�]i that is
blocked by a PLC inhibitor, suggesting that it is initiated by IP3

generation and Ca 2� release from the ER (Figs. 1, 3E, 11). The
early rise in [Ca 2�]i presumably mediates vesicular release of
ATP, as the permeabilization induced by FGF-1 is blocked by
botulinum toxin A (Garré et al., 2010) and by hydrolyzing extra-
cellular ATP (Fig. 4H). The released ATP activates P2X7Rs, which
can be blocked by BBG and A740003 (two P2X7R antagonists).
Activation of P2X7Rs opens Px1 HCs that further enhance ATP
release and mediate the subsequent plateau phase of elevated
[Ca 2�]i, which is associated with increased Etd� uptake. The
contribution of Px1 to the plateau phase of [Ca 2�]i is indicated
by the absence of this phase in cells transfected with siRNA Px1
(Figs. 1D,E, 2C,D).

In spinal astrocytes treated with ATP, P2X7Rs and Px1 HCs
also contribute to increase [Ca 2�]i during the plateau phase
(Fig. 2) (North, 2002; Sperlágh and Illes, 2014).

Figure 11. Schematic of early events by which FGF-1 activates proinflammatory responses in astrocytes and microglia. 1, FGF-1
released by damaged cells activates astrocyte FGFRs that increase PLC-mediated IP3 signaling and promotes the release of Ca 2�

from the ER. 2, Rise in [Ca 2�]i induces vesicular secretion of ATP. 3, Secreted ATP activates P2X7Rs in astrocytes that open Px1 HCs
and promote additional release of ATP. IL-6 is presumably secreted from activated astrocytes. 4, ATP released from astrocytes
activates microglia to secrete IL-1�.
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Px1 HC-mediated Etd � uptake and rise in [Ca 2�]i after
FGF-1 treatment were reduced by the PLC blocker U73122
(Fig. 3 D, G,H ), indicating that PLC activation links FGFR sig-
naling and [Ca 2�]i-dependent permeabilization. Accordingly,
FGF-1 induced opening of Px1 HCs was also prevented by
BAPTA-AM (Fig. 3 B, F ).

A distinctive property of P2X7Rs is the increase in membrane
permeability to large organic molecules and dyes within seconds
after ATP binds to the receptor (North, 2002; Khakh and North,
2012). P2X7Rs can over seconds allow larger molecules, such as
Etd�, to permeate, which was interpreted as a consequence of
pore dilation by some workers (Yan et al., 2008; Browne et al.,
2013). However, others have failed to see P2X7R pore dilation at
the single-channel level (Riedel et al., 2007). An alternative mech-
anism to pore dilation was proposed to explain the observed
changes in reversal potential in P2X2Rs, namely, change in ion
concentrations (Li et al., 2015). In our experiments, Etd� uptake
induced by FGF-1 or BzATP was blocked by siRNA knockdown
of Px1 in cultured astrocytes, and FGF-1-induced Etd� uptake in
cord slices (see below) was blocked by 10Panx1; these data pro-
vide strong evidence that Px1 HCs mediate Etd� uptake in spinal
astrocytes after P2X7R activation.

As FGF-1 action progresses, a nonvesicular mechanism con-
tributes to ATP release (Garré et al., 2010), and changes in
[Ca 2�]i are maintained. These processes may continue during
2–7 h of FGF-1 treatment (Fig. 5). Opening of both Px1 HCs

(Locovei et al., 2007) and subsequently Cx43 HCs (Kang et al.,
2008) would tend to sustain ATP release and Ca 2�.

In acute spinal cord slices, a more physiological preparation
than astrocyte cultures, we found a population of astrocytes ex-
hibiting enhanced Etd� uptake after 1 h FGF-1 treatment (Fig.
6). The primary cause of the enhanced uptake was the opening of
Px1 HCs, as indicated by block by 10Panx1 but not by Gap19, a
selective blocker of Cx43 HCs (Abudara et al., 2014). FGF-1-
mediated opening of Px1 HCs in cord slices depends on pathways
similar to those described in spinal astrocyte cultures (i.e., intra-
cellular calcium signaling), ATP release, and activation of
P2X7Rs. Calcium dependence was confirmed in experiments
with the [Ca�2]i chelator BAPTA-AM or with a PLC inhibitor
(Fig. 7A). P2X7Rs are broadly expressed in the normal spinal
cord, particularly in microglia and astrocytes (Cotrina and Ned-
ergaard, 2009). Expression of P2X7Rs in adult neurons in situ is
more controversial (Oliveira et al., 2011; Yang et al., 2015). The
FGF-1-induced increase in high Etd� astrocytes in ex vivo cords
was reduced at potencies that were much greater for A740003 and
BBG than for RB2, suggesting that, among P2XRs, P2X7R is a
primary contributor to the Etd� uptake. Furthermore, FGF-1-
induced Etd� uptake was also sensitive to A740003 and 10Panx1
in spinal cord slices depleted of microglia, indicating that this
uptake is mediated by P2X7Rs and Px1 HCs expressed by astro-
cytes and not microglia. Additional studies will be required to
determine whether ATP release from spinal neurons activates

Figure 12. Possible mechanism whereby astrocyte responses to FGF-1 promote the transition from acute to chronic phases of spinal cord inflammation. 1, After	3 h of the initial FGF-1 challenge
(see Fig. 11), both Px1 HCs and Cx43 HCs in reactive astrocytes are open, and the self-sustained ATP release is established. 2, ATP stimulation maintains production of IL-1� by microglia and IL-6 by
probably both astrocytes and microglia. 3, IL-1� has detrimental effects on neuronal structure and function. IL-1� may also promote opening of Cx43 HCs in astrocytes and contribute to sustained
ATP release. IL-6 may have a dual role in spinal cord inflammation, preventing glutamate-mediated neurotoxicity, or being detrimental if its expression is uncontrolled. 4, Chronically, IL-1� causes
vasogenic edema and breakdown of the blood-spinal cord barrier and favors recruitment into the spinal cord of bone marrow-derived immune cells (such as neutrophils, monocytes, and T cells). At
the site of injury, released ATP and extracellular accumulation of glutamate may directly act as neurotoxic factors. Furthermore, a distinct population of astrocytes (scar-forming astrocytes),
microglia/macrophages, and recruited immune cells promote and elevate the production of inflammatory mediators that regulate the expansion of tissue damage and further contribute to neuronal
dysfunction. In summary, FGF-1-induced ATP release mediated by both Px1 and Cx43 HCs may play an important role regulating these inflammatory responses after spinal cord injury.
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P2X7R- and Px1 HC-mediated ATP release from astrocytes dur-
ing inflammation, although this process may be more relevant
under physiological conditions. In contrast, cortical astrocytes
did not increase Etd� uptake in response to FGF-1, suggesting
that the effect of FGF-1 may be specific to the spinal cord and
relevant in spinal cord inflammation.

Microglia play an important role in regulating innate immune
responses in CNS (Prinz and Priller, 2014). LPS-induced inflam-
matory responses of microglia cause Cx43 HC opening in astro-
cytes in acute hippocampal slices, and the effect of LPS is blocked
by minocycline (Abudara et al., 2015). FGF-1-induced Px1 HC
opening in spinal astrocytes does not require microglia (Fig. 7C),
and further studies will determine whether proinflammatory cy-
tokines released by microglia contribute to the delayed Cx43 HC
opening. For instance, Px1 HC-mediated ATP release increases
the production of IL-1� by microglia (Fig. 10) that hours later
(	3 h in slices, 	24 h in cultures) opens Cx43 HCs in astrocytes
(Retamal et al., 2007; Orellana et al., 2011; Abudara et al., 2015)
that would sustain ATP release (Figs. 11, 12).

At least partial activation of microglia and astrocytes results
from slice preparation (Brockhaus et al., 1996; Takano et al.,
2014). Nevertheless, FGF-1 caused an increase in the area (of a
z-axis projection) of microglia, a morphological criterion of ac-
tivation (Fig. 10) (Yang et al., 2013; Eyo et al., 2015). This re-
sponse was prevented by blocking Px1 HC-mediated ATP release
with P2X7R antagonists and 10Panx1. FGF-1-induced Px1 HC
opening in astrocytes led to increased production of IL-1� and
IL-6 that were reduced by treatment of slices with 10Panx1. Fur-
thermore, FGF-1 increased the production of IL-6 (but not IL-
1�) in absence of microglia (Fig. 10).

There is evidence that IL-1� can be detrimental to the CNS. In
cultured hippocampal neurons, IL-1� enhances NMDA-
mediated neurotoxicity (Viviani et al., 2003) and in vivo it has
been shown to be the primary mediator of vasogenic edema in
ischemic injury (Basu et al., 2005). Furthermore, IL-1� impairs
neuronal signaling in vitro by suppressing BDNF-dependent syn-
aptic plasticity (Tong et al., 2012) and, in vivo, may decrease
formation of new dendritic spines induced by microglia-derived
BDNF (Parkhurst et al., 2013). In contrast to IL-1�, IL-6 may
have a dual role in CNS, preventing tissue damage and protecting
different populations of neurons against excitotoxicity, or being
detrimental if chronically upregulated (Spooren et al., 2011).

Furthermore, extracellular accumulation of ATP and gluta-
mate have been shown to act directly on neurons and decrease
survival in vitro (Freitas-Andrade and Naus, 2015).

We expect that both Px1 HCs and Cx43 HCs expressed in
astrocytes contribute to the FGF-1-induced responses in vivo,
although the time course might differ from that in cultures or
acute slices. Previous studies have shown that A740003 reduces
tactile sensation during neuropathic chronic pain (Donnelly-
Roberts et al., 2009). Furthermore, P2X7Rs contribute to the early
inflammatory phase of the response to traumatic injury of the
spinal cord (Wang et al., 2004). As shown here, activation of these
receptors by ATP leads to opening of Px1 HCs and release of
further ATP (e.g., Locovei et al., 2007; Suadicani et al., 2012).
Moreover, ATP released through Px1 HCs can act as a “find me
signal” that recruits phagocytes to apoptotic cells (Chekeni et al.,
2010). Interestingly, Px1 KO mice exhibit delayed onset of clini-
cal signs of EAE, although in this case a putative compensatory
upregulation of P2X7Rs is observed later in the disease (Lutz et al.,
2013). Moreover, ATP release shortly after traumatic injury of the
spinal cord is decreased in mice with conditional KO of Cx43 in
astroctyes (Huang et al., 2012). However, it is not clear whether

Cx43 acts as HCs, GJ channels, or both in promoting ATP release,
or whether Px1 expression is downregulated in these mice. ATP
may directly activate microglia (Davalos et al., 2005; Kim and
Dustin, 2006) or favor monocyte recruitment into the brain by
inducing the release of chemo-attractant chemokines from astro-
cytes (Sofroniew, 2015) through P2X7-dependent pathways
(Tewari et al., 2015). Furthermore, ATP released through Px1
HCs in endothelial cells during vascular inflammation regulates
the recruitment of leukocytes into inflamed tissues (Lohman et
al., 2015).

In conclusion, FGF-1 initiates a regenerative process of ATP
release, initially through calcium-dependent mechanisms and
subsequently mediated by P2X7Rs and Px1 HCs. As we showed
earlier, Cx43 HCs can contribute later in the inflammatory pro-
cess (Fig. 12). Responses of spinal astrocytes to FGF-1 can con-
tribute to an inflammatory milieu that increases microglial
responses and favors the recruitment of peripheral immune cells
and impacts negatively on neuronal structure and function.
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