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Intercellular Communication in Spinal Cord Astrocytes: Fine Tuning
between Gap Junctions and P2 Nucleotide Receptors in Calcium

Wave Propagation

Eliana Scemes,’ Sylvia O. Suadicani,’2 and David C. Spray'’

1Department of Neuroscience, Albert Einstein College of Medicine, Bronx, New York 10461, and 2University Sao Judas

Tadeu, Sao Paulo, SP, Brazil

Electrophysiological properties of gap junction channels and
mechanisms involved in the propagation of intercellular calcium
waves were studied in cultured spinal cord astrocytes from
sibling wild-type (WT) and connexin43 (Cx43) knock-out (KO)
mice. Comparison of the strength of coupling between pairs of
WT and Cx43 KO spinal cord astrocytes indicates that two-
thirds of total coupling is attributable to channels formed by
Cx43, with other connexins contributing the remaining one-
third of junctional conductance. Although such a difference in
junctional conductance was expected to result in the reduced
diffusion of signaling molecules through the Cx43 KO spinal
cord syncytium, intercellular calcium waves were found to
propagate with the same velocity and amplitude and to the
same number of cells as between WT astrocytes. Measure-
ments of calcium wave propagation in the presence of purino-

ceptor blockers indicate that calcium waves in Cx43 KO spinal
cord astrocytes are mediated primarily by extracellular diffusion
of ATP; measurements of responses to purinoceptor agonists
revealed that the functional P2Y receptor subtype is shifted in
the Cx43 KO astrocytes, with a markedly potentiated response
to ATP and UTP. Thus, the reduction in gap junctional commu-
nication in Cx43 KO astrocytes leads to an increase in autocrine
communication, which is a consequence of a functional switch
in the P2Y nucleotide receptor subtype. Intercellular communi-
cation via calcium waves therefore is sustained in Cx43 null
mice by a finely tuned interaction between gap junction-
dependent and independent mechanisms.
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Intercellular propagation of Ca** waves has been described in a
wide variety of cell types and is considered one mechanism by
which cooperative cell activity is coordinated (see Sanderson et
al., 1994). In the CNS such waves occur among and between
neurons and glial cells both under normal and pathological con-
ditions (Cornell-Bell et al., 1990; Charles et al., 1991, 1996;
Cornell-Bell and Finkbeiner, 1991; Cornell-Bell and Williamson,
1993; Attwell, 1994; Kandler and Katz, 1995, 1998; Nedergaard et
al., 1995; Takeda et al., 1995; Yuste et al., 1995).

Propagation of Ca?" waves between cells can be mediated by
the intracellular and extracellular diffusion of messenger mole-
cules. Intercellular calcium wave propagation directly from the
cytosol of one cell to another requires the presence of gap
junction channels, which allow signaling molecules (M, < 1000
Da), such as inositol triphosphate (IP;), Ca**, and cyclic ADP
ribose (Saez et al., 1989; Christ et al., 1992; Churchill and Louis,
1998), to cross boundaries between adjacent cells and thus sustain
their propagation. The alternative pathway for communication of
the calcium signals involves the diffusion of signaling molecules
such as ATP through the extracellular space, activating P2 nucle-

Received Oct. 4, 1999; revised Nov. 30, 1999; accepted Dec. 1, 1999.

This research was supported primarily by the American Paralysis Association,
Grant APA SB1-9802-2 (to E.S.), with additional support from the Kirby Founda-
tion (to E.S. and D.C.S.), Fundacao de Amparo a Pesquisa do Estado de Sao Paulo
FAPESP 1997/2379-2 (to S.0.S.), and National Institutes of Health 5SPO1-NS-07512
and NS-34931 (to E.S., S.0.S,, and D.C.S.).

Correspondence should be addressed to Dr. Eliana Scemes, Department of
Neuroscience, Room 712, Kennedy Center, Albert Einstein College of Medicine,
Yeshiva University, 1410 Pelham Parkway South, Bronx, NY 10461. E-mail:
scemes@aecom.yu.edu.

Copyright © 2000 Society for Neuroscience 0270-6474/00/201435-11$15.00/0

otide receptors in neighboring cells that may or may not be in
contact (Osipchuk and Cahalan, 1992; Hassinger et al., 1996;
Guthrie et al., 1999).

The relative contribution of intercellular gap junction-
mediated and extracellular gap junction-independent pathways in
the propagation of calcium waves among astrocytes remains con-
troversial. Some reports indicate that the calcium wave spread
between astrocytes relies entirely on the gap junction-mediated
route (Charles et al., 1992; Finkbeiner, 1992; Nedergaard, 1994;
Venance et al., 1995, 1997), whereas others support a pathway
involving primarily extracellular ATP diffusion (Hassinger et al.,
1996; Guan et al., 1997; Zanotti and Charles, 1997; Cotrina et al.,
1998).

Such divergent views regarding the mechanism underlying cal-
cium wave propagation may be related in part to the heteroge-
neous distribution of gap junctions and P2 receptors in the CNS.
Astrocytes from different CNS regions display different degrees
of gap junction coupling (Batter et al., 1992; Lee et al., 1994) and
express different subtypes of P2 receptors (Pearce and Langley,
1994; Ho et al., 1995; King et al., 1996).

Astrocytes are coupled to each other by gap junction channels
formed mainly by connexin43 (Cx43). In the brain, Cx43 channels
contribute ~95% of total junctional conductance between astro-
cytes, with the other connexins (Cx30, Cx40, Cx45, and Cx46)
supporting the remaining junctional communication (Dermietzel,
1996; Spray, 1996; Spray et al., 1998; Dermietzel et al., 2000;
Kunzelmann et al., 1999).

In the spinal cord, although Cx43 expression has been de-
scribed between astrocytes (Ochalski et al., 1997; Theriault et al.,
1997; Rash and Yasumura, 1999), the relative contribution of
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various connexins to the coupling is unknown. Because differ-
ences in connexin expression and in the strength of coupling
determine the function and regulation of CNS communication
compartments, the present study was undertaken to characterize
the gap junction channels and to evaluate the relative contribu-
tion of gap junction-dependent and independent mechanisms in
the propagation of intercellular calcium waves between spinal
cord astrocytes. It is shown here that communication within the
spinal cord astrocytic syncytium is sustained by a finely tuned
interaction between gap junction-dependent and independent
mechanisms, so that a reduction of gap junction-mediated inter-
cellular communication in Cx43 null mice is compensated by an
increased autocrine communication. Enhanced intercellular
Ca?* wave signaling in spinal cord astrocytes occurs as a conse-
quence of a functional switch in the P2 receptor subtype, imply-
ing that gap junction and P2 receptor expression are functionally
interconnected.

MATERIALS AND METHODS
Astrocyte cultures

Spinal cord astrocytes derived from wild-type (W T) and Cx43 knock-out
(KO) neonatal mice (GJA1MI1 strain; heterozygotes obtained from Jack-
son Laboratory, Bar Harbor, ME) were used in this study. After painless
death the cervical to lumbar vertebrae were dissected, and spinal cord
segments were evicted from the vertebrae with fine forceps. Each spinal
cord was cut into small pieces after the removal of meninges and digested
in 0.25% collagenase (Sigma, St. Louis, MO) in PBS, pH 7.4, for 10-20
min at 37°C. Cells were collected by centrifugation at 1000 rpm for 2 min
at room temperature. The final pellet was suspended in DMEM (Life
Technologies, Gaithersburg, MD) containing 5% fetal bovine serum and
1% antibiotics, and the cells were seeded on tissue culture dishes. The
medium was changed 48 hr later and then every 2 d thereafter. Astro-
cytes from the brains of WT and Cx43 KO mice also were used for some
experiments. To obtain those cells, we dissected whole brain tissue from
neonatal mice after removal of meninges and then minced and incubated
them with 0.1% trypsin at 37°C. Cells were dissociated from minced
tissue by trituration with a small-bore pipette, spun at 1000 rpm for 2
min, and resuspended in culture medium (DM EM) complemented with
5% fetal bovine serum and 1% antibiotics and maintained as described
above for spinal cord astrocyte cultures. Astrocytes in culture were
identified by immunostaining with anti-glial fibrillary acidic protein
(GFAP). Approximately 80-90% of the cells were immunopositive for
GFAP. Studies described here were performed on spinal cord and brain
astrocytes maintained for 2-3 weeks in culture. Genotypes were deter-
mined from PCR of tail samples obtained at the time of cell isolation, as
described previously (Dermietzel et al., 2000).

Electrophysiology

Electrical coupling. Junctional conductance in WT and Cx43 KO spinal
cord astrocytes was characterized by using the dual whole-cell voltage-
clamp technique. Freshly dissociated pairs of astrocytes were voltage-
clamped at holding potentials of 0 mV, and 8§-10 sec duration command
steps (AV) in 20 mV increments from —110 to +110 mV or from —100
to +100 mV were presented to one cell with pClamp 6 software (Axon
Instruments, Foster City, CA). Junctional currents (/;) were recorded in
the unstepped cell; junctional conductance (G;) was calculated as —I;/AV
(Spray et al., 1981). Patch pipettes were filled with (in mm) 140 CsCl, 10
EGTA, and 5 Mg,ATP, pH 7.25. Cells were bathed in solution contain-
ing (in mMm) 140 NaCl, 2 KCl, 2 CaCl,, 1 BaCl,, 2 CsCl, 1 MgCl,, and
5 HEPES, pH 7.2.

Characterization of gap junction channels. Biophysical properties of
junctional channels present between pairs of spinal cord astrocytes were
characterized by an analysis of their voltage sensitivity and single-
channel conductances. Voltage sensitivity of G; was assessed by plotting
the ratio of G; at the end of the pulse (steady-state G;) to that measured
at the beginning of the pulse (instantaneous G;) for each voltage. Unitary
junctional conductances were measured in cell pairs in which only a few
channels were active by dividing peaks in all-point histograms of junc-
tional currents by the transjunctional voltage (V).
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Confocal microscopy

Intracellular calcium measurements. Confluent cultures of spinal cord
astrocytes plated on glass-bottomed microwells were loaded with Indo-1
AM (10 uM; Molecular Probes, Eugene, OR) at 37°C for 45 min, after
which they were rinsed with PBS and used for confocal microscopy.
Intracellular Ca®* was measured in loaded astrocytes bathed in PBS, pH
7.4, at room temperature. The ratio of Indo-1 fluorescence intensity
emitted at two wavelengths (390-440 nm and >440 nm) was imaged by
using UV laser excitation at 351 nm. Ratio images were acquired con-
tinuously at 1 Hz after background and shading correction by using a
Nikon real time confocal microscope (RCM 8000) with UV large pinhole
and Nikon 40X water immersion objective (numerical aperture, 1.15;
working distance, 0.2 mm). Indo-1 fluorescence ratio images were ac-
quired continuously before and 1-2 min after the induction of intercel-
lular calcium waves (see below). The ratiometric images were saved on an
optical disk recorder as the average of 32 frames and then played back for
measurements of changes in calcium level with Polygon-Star software
(Nikon, Tokyo, Japan). The gray levels (number of pixels per area)
within the regions of interest (circular spots with radii of 6.4 um,
containing ~200 pixels) were averaged and then used for analysis.

Velocity, amplitude, and efficacy of calcium wave spread. Calcium waves
in Indo-1 AM-loaded spinal cord astrocytes were evoked by mechanical
stimulation of one cell in the confocal field (171 X 128 um; 21,888 um?)
by a glass pipette with a 1-2 um outer diameter, as previously described
(Scemes et al., 1998). The velocity of calcium waves was calculated as the
distance (um) between the stimulated and the nonstimulated cells di-
vided by the time interval (sec) between the half-maximal calcium
increases within the stimulated and responding cells. Half-maximal cal-
cium increases were obtained from sigmoidal curves fit to the ascending
phase of each Indo-1 fluorescence ratio increase, using Origin 3.01
software.

Amplitudes of calcium wave were considered to be the maximal
increments in intracellular calcium observed in responding cells, calcu-
lated for each cell as the value of the Indo-1 fluorescence ratio rise at the
peak of the response divided by the basal fluorescence ratio value
acquired before the induction of the calcium waves.

The efficacy of calcium spread between glial cells is reported here as
the proportion of cells responding with an intracellular calcium increase
during the propagation of the wave in relation to the total number of cells
within the field of view.

To describe the overall properties of calcium waves under different
conditions, we here define a factor (E.V.A.) as being the product of the
relative values (test/control) obtained for the Efficacy, Velocity, and
Amplitude of the calcium waves.

Contribution of extracellular signaling and gap junction-mediated inter-
cellular communication to the propagation of calcium waves. The contri-
bution of ATP-mediated calcium waves between cultured astrocytes was
evaluated by exposing sibling cultures of WT and Cx43 KO spinal cord
astrocytes to 100 uM of suramin [8-(3-benzamido-4methylbenzamido)-
naphtalene-1,3,5-trisulfonic acid; Sigma] or PPADS (pyridoxal
phosphate-6-azophenyl-2'4’-disulfonic acid; Sigma), two P2 receptor an-
tagonists (see King et al., 1996; Bolego et al., 1997; Ralevic and Burn-
stock, 1998), and comparing the velocities, amplitudes, efficacies, and
E.V.A. factors of calcium spread with those of untreated cultures.

Heptanol, a potent gap junction channel blocker in astrocytes (Der-
mietzel et al., 1991), was bath-applied (3 mM final concentration) to
astrocytes cultured from both WT and Cx43 KO siblings to measure the
effects of gap junction blockade on the calcium wave spread between
these glial cells.

Measurements of P2 agonist and antagonist effects

Intracellular calcium levels. Changes in cytosolic calcium levels induced by
P2 receptor agonists were measured in WT and Cx43 KO spinal cord and
brain astrocytes loaded with fura-2 AM. Cells plated on glass-bottomed
microwells were loaded with fura-2 AM (10 um; Molecular Probes) at
37°C for 45 min, after which they were rinsed with PBS and viewed on a
Zeiss (Oberkochen, Germany) epifluorescence microscope. Intracellular
Ca?" was measured in loaded astrocytes bathed in PBS, pH 7.4. The
ratio of fura-2 fluorescence emitted at two excitation wavelengths (340
and 380 nm) was obtained by using a combined system of an optical filter
wheel (Sutter Instruments, Burlingame, CA) and a shutter (Uniblitz,
Rochester, NY) driven by an OEI computer (Universal Imaging, Media,
PA). The images were acquired with an intensified CCD camera (Quan-
tex) and analyzed with Metafluor Imaging System software (Universal
Imaging). Fura-2 fluorescence ratio images were acquired continuously
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Figure 1. Strength of electrical coupling between cultured wild-type

(WT) and Cx43 knock-out (KO) spinal cord astrocytes as determined by
dual whole-cell recordings. Measurements of junctional conductance
showed that pairs of WT spinal cord astrocytes (black bars) are weakly
coupled (3.34 = 0.94 nS; n = 43 cell pairs) and that electrical coupling is
significantly lower (0.94 * 0.42 nS; n = 50 cell pairs) in Cx43 KO
astrocytes (white bars).

at a rate of 0.3 Hz before and after the addition of purine and pyrimidine
receptor agonists. Intracellular calcium levels were obtained by measur-
ing the ratio of fura-2 intensity during excitation at 340 and 380 nm from
regions of interest after using the calibration equation: [Ca*"]; = Kp
{(R = Rpin)/(Rinax — R)} (F¥®°/F380 ), where [Ca?"]; is the calcu-
lated intracellular calcium concentration, K, is the dissociation constant
of the ion of interest with the dye (in this case K, = 224 nm; Grynkiewicz
et al., 1985), R is the ratio intensity, R,;, is the ratio of the intensity
obtained at zero calcium, R, is the ratio of the intensity at saturated
calcium, F?%_. is the fluorescence intensity measured at zero calcium at
380 nm (nonsensitive to calcium), and F**°___is the fluorescence inten-
sity measured with saturated calcium at 380 nm.

Pharmacology of P2 receptors. Noncumulative dose—response curves
were obtained for a series of P2 receptor agonists on fura-2 AM-loaded
astrocytes from brains and spinal cords of WT and Cx43 KO mice. An
interval of 5 min after several washes was maintained between the
addition of increasing doses (final concentration, 10 nm—-1 mm) of the
same agonist, and a 10 min interval was maintained between two suc-
cessive curves. After each application the cells were washed three times
with 1 ml of PBS. When the effects of P2 antagonists on agonist response
were investigated, the antagonists were diluted in PBS and kept in
contact with the cells for a period of 15 min before and throughout the
dose-response curve acquisition. The ECs, values (effective concentra-
tion that induced half-maximal increase in intracellular Ca?" levels) for
each agonist were calculated from the sigmoidal fittings of the dose—
response curves with Origin 3.01 software. The characterization of the
P2 receptor subtypes involved in the changes in intracellular Ca" levels
observed in brain and spinal cord WT and Cx43 KO astrocytes was
performed by ranking the ECs, values of the different agonists and
comparing the order of potencies with those determined by Ralevic and
Burnstock (1998) for each known P2 receptor subtype. The P2 receptor
agonists used were ATP, UTP (uridine 5’-triphosphate), 2-Me-S-ATP
(2-methylthioadenosine 5'-triphosphate), and ADP-B-S [adenosine 5'-O-
(2-thiodiphosphate]; the P2 receptor antagonists used were suramin and
PPADS.

RESULTS

Electrical coupling between WT and Cx43 KO spinal
cord astrocytes

Dual whole-cell recordings revealed that junctional conductance
between pairs of wild-type spinal cord astrocytes was low (3.34 *
0.94 nS; n = 43 cell pairs; Fig. 1). However, junctional conduc-
tance obtained for pairs of Cx43 KO astrocytes was even lower
(0.94 = 0.42 nS; n = 50 cell pairs; Fig. 1). These values are
statistically different (p < 0.05; Student’s ¢ test), indicating both
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Figure 2. Voltage sensitivity of junctional conductance (Gj) between
pairs of spinal cord astrocytes from WT (4, C) and from Cx43 KO (B, D)
mice. In pairs of WT spinal cord astrocytes, G; was insensitive to trans-
junctional voltages below 50 mV (V, = £ 60 mV), and a substantial
voltage-insensitive conductance was present even at 80 mV (4, C), indi-
cating that Cx43 is the dominant protein forming junctional channels. The
steeper voltage dependence of the junctional conductance between pairs
of Cx43 KO astrocytes (B) indicates that other connexins (most likely
Cx40 and Cx45) contribute to junctional conductance. Different symbols
in the graphs represent data points obtained from different cell pairs.

that Cx43 contributes a major component of junctional conduc-
tance and that other connexins also provide gap junctional chan-
nels in these cells. Consistent with this finding, voltage sensitivity
of G;in WT and Cx43 KO spinal cord astrocytes differed mark-
edly. In WT astrocytes the relaxation of junctional currents was
observed only in response to 50 mV < Vj < —50 mV, whereas in
Cx43 KO astrocytes the currents decayed substantially at lower
voltages (compare Fig. 24,C with 2B,D). In addition, asymmetry
was common in Cx43 KO astrocyte cell pairs (see triangles in Fig.
2B), and junctional conductance measured at high voltages (G,
or residual conductance; see Spray et al., 1981) was lower for the
Cx43 KO than for WT spinal cord astrocytes.

Electrophysiological characterization of gap junction
channels expressed in spinal cord astrocytes
Single-channel recordings obtained from pairs of spinal cord
astrocytes revealed differences between WT and Cx43 KO mice.
In WT astrocytes, most common junctional channels were 70-90
pS (with a 30 pS substate observed at high V;; Fig. 34), similar to
properties of Cx43 channels in other systems (Moreno et al.,
1994a,b); however, both larger and smaller channels also were
detected occasionally (Fig. 34,B). In 10 cell pairs in which unitary
conductances were resolvable, all pairs exhibited 70-90 pS chan-
nels, two showed channels with unitary conductances >150 pS,
and two pairs showed 40-50 pS channels. In Cx43 KO spinal cord
astrocytes, 30-50 pS channels (Fig. 3C) and larger, >150 pS
channels (Fig. 3D) were predominant. In 10 pairs of Cx43 KO
astrocytes, 30-50 pS channels were found in all pairs, and chan-
nels with conductances >150 pS were present in two recordings.

Properties of calcium wave spread between WT and
Cx43 KO spinal cord astrocytes

As a further test for differences in intercellular communication
between wild-type and Cx43 knock-out spinal cord astrocytes,
mechanically evoked calcium wave spread was evaluated in these



1438 J. Neurosci., February 15, 2000, 20(4):1435-1445

A 300 % )
200
100 ﬂ WT
0
gj (pS)
B.
]
-204 wT
-300
c 9] (pS)
"o
-10d Cx43 KO
-200
-300
D gj (pS)
. 0-|
-100 Cx43 KO
-200
-300

Figure 3. Characteristics of junctional channels between WT (4, B) and
Cx43 KO (C, D) spinal cord astrocytes. The channels most frequently
observed between pairs of WT astrocytes displayed unitary conductance
of ~70-90 pS (A4) and showed a 30 pS substate, although 150 pS channels
also were seen in 20% of the recordings (B). In pairs of Cx43 KO
astrocytes the most common current fluctuations had sizes corresponding
to 30-50 pS (C) without displaying measurable substates; as in WT, large
conductance channels (>150 pS) also were observed in ~20% of the cell
pairs (D).

cultures (Figs. 44,B, 54,D). In response to a brief touch of one
astrocyte (indicated in representative examples in Fig. 44,B),
intracellular Ca?" levels increased in a progressively larger area
of the field. For both WT and Cx43 KO spinal cord astrocytes the
spread was rapid and extensive (Figs. 44,-4, 4B,-B.; 54,D)
Measurements of velocity, amplitude, and efficacy of Ca*" wave
propagation are presented in Table 1 and show no significant
differences (p > 0.05; Student’s 7 test) in any of the parameters;
furthermore, the products of these parameters (E.V.A. factor)
were very similar, with a ratio near unity.

These data are strikingly different from those previously ob-
tained by our laboratory by using cortical astrocytes (Scemes et
al., 1998), in which calcium wave propagation between Cx43 KO
cortical astrocytes was shown to be attenuated when compared
with that of WT siblings. [For brain astrocytes the ratio of the
calculated E.V.A. factors (KO/WT) is 0.46, indicating that dele-
tion of Cx43 reduces this overall index of calcium wave propaga-
tion by one-half.] To account for such a difference in calcium
wave propagation between Cx43 KO spinal cord astrocytes and
between Cx43 KO brain astrocytes, we considered three possibil-
ities: (1) that the remaining gap junction channels expressed in
Cx43 KO spinal cord astrocytes might be sufficient to allow
diffusion of second messengers throughout the syncytium,
thereby fully supporting wave propagation in the absence of
Cx43; (2) that the propagation of calcium waves between WT and
Cx43 KO spinal cord astrocytes might be an entirely gap junction-
independent mechanism, supported by the diffusion of purines
and pyrimidines liberated by the stimulated cells and activating
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P2 receptors of the surrounding cells; or (3) that both gap
junction-dependent and independent mechanisms might be in-
volved, but that the extracellular component of the calcium wave
propagation between Cx43 KO spinal cord astrocytes might be
modified in such a way that even small amounts of ATP released
from the mechanically stimulated cells would be sufficient to
stimulate most cells in the field.

To evaluate the extent to which calcium wave propagation
between spinal cord astrocytes from WT and Cx43 KO mice
involved gap junction-dependent and independent pathways, we
analyzed the properties of calcium wave spread after treating the
cells with the gap junction channel blocker heptanol and with two
P2 receptor antagonists, suramin and PPADS. Representative
examples of each type of experiment are illustrated in Figure 5,
and values from all experiments are presented in Table 1.

In both WT and Cx43 KO spinal cord astrocytes bathed in 3
mMm heptanol, the velocity, amplitude, and efficacy of calcium
wave propagation were reduced (Fig. 5B,E, and WT,/WT,_ and
KO,/KO, values in Table 1). However, the reduction was more
severe in the WT than in the Cx43 KO spinal cord astrocytes, as
reflected by the ratio of E.V.A. factor obtained for each group
(KO,/WT,, = 5.7; Table 1). This result indicates that calcium
wave propagation in WT spinal cord astrocytes is more vulnera-
ble to inhibition by the gap junction channel blocker than in KO
astrocytes.

The contribution of the extracellular calcium signaling pathway
was evaluated by the use of two P2 nucleotide receptor antago-
nists, suramin and PPADS. In the presence of suramin (100 um)
the E.V.A. factor for WT and Cx43 KO spinal cord astrocytes was
reduced to 61 and 50% (WTJWT,. KOJ/KO,; bottom part of
Table 1), which was primarily attributable to decreased velocity of
the waves (p < 0.001; Dunn’s Method). As a consequence, the ratio
of the E.V.A. factor for WT and Cx43 KO spinal cord astrocytes
was close to unity (KO/WT, = 1.02; top part of Table 1).

By contrast, in the presence of the P2 receptor antagonist
PPADS (100 uMm) the calcium waves propagated between Cx43
KO astrocytes with an E.V.A. (KO,/WT,) factor that was 0.19 of
that measured between WT cells in the same condition (Table 1;
see also Fig. 5C,F). Noteworthy, the action of this P2 antagonist
on the propagation of calcium waves between WT astrocytes was
minor [EV.A (WT/WT,) = 0.86; see bottom part of Table 1]
when compared with the marked attenuation imposed by this
agent to the propagation of waves in KO astrocytes [E.V.A.
(KO,/KO,) = 0.16; bottom part of Table 1]. This low E.V.A. factor
in Cx43 KO spinal cord astrocytes was attributable both to reduc-
tion in velocity and also to a reduced number of cells participating
in the response (p < 0.001; Dunn’s Method; Table 1).

Taken together, these results indicate that both gap junction-
dependent and independent mechanisms participate in the prop-
agation of calcium waves between WT and Cx43 KO spinal cord
astrocytes. However, the relative contribution of the extracellular
pathway to the propagation of intercellular calcium waves differs
in these two types of cells; calcium wave spread between WT
spinal cord astrocytes is supported mainly by a gap junction-
dependent mechanism, whereas waves propagating between Cx43
KO spinal cord astrocytes are supported mainly by the extracel-
lular component involving diffusion of an agent activating P2
receptors, presumably ATP. Furthermore, because PPADS dif-
ferently affected wave propagation between WT and KO astro-
cytes, it was hypothesized that Cx43 KO astrocytes might express
a different P2 receptor subtype that was more sensitive to PPADS
blockade than that of the WT cells.
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Wildtype

Cx43 KO

Because it has been shown that anandamide and oleomide
abolish dye and electrical coupling without affecting the calcium
wave propagation (Guan et al., 1997), whereas 18B-glycyrrhetinic
acid and heptanol block both gap junction coupling and calcium
wave propagation, it was proposed that heptanol and 188-
glycyrrhetinic acid might block the extracellular component of
the calcium waves (Guan et al., 1997). To determine the extent to
which heptanol affected the extracellular component of calcium
wave propagation in our studies, we incubated astrocytes with 3
mM heptanol, and ATP (5 uM; near the ECs, value determined
from dose-response experiments shown below) was applied to
the cells. As shown in Figure 6, heptanol neither prevented nor
attenuated intracellular calcium rise in response to 5 um ATP
(Fig. 6B), whereas the P2 antagonist suramin (100 um) totally
abolished the response to this same concentration of ATP (Fig.
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Figure 4. Intercellular calcium wave propagation
in confluent cultures of WT (A4) and Cx43 KO (B)
spinal cord astrocytes. Cells were loaded with 10 um
Indo-1 AM and excited at 352 nm while being im-
aged simultaneously at emission wavelengths of 380
and 410 nm, using a Nikon real time confocal mi-
croscope. The pseudocolor display shows a range of
ratiometrically determined changes in intracellular
calcium levels from resting ( yellow-green) to high
levels (bright red). Images A,~A, and B,-B, were
acquired at 1 sec intervals after a single cell
(marked by a white cross) was stimulated mechani-
cally during the ratiometric confocal imaging. The
pseudocolor scale for Indo-1 fluorescence ratio
(from 0.5 to 3.0) is displayed at the right side of the
figure.

0.50

6C). ATP sensitivity was fully restored by rinsing the cells for 5
min in PBS (Fig. 6D).

Pharmacological characterization of P2 receptors in
WT and Cx43 KO spinal cord astrocytes

To determine whether Cx43 KO spinal cord astrocytes express a
different P2 receptor subtype from those of their WT sibling cells,
we examined the order of potency of P2 receptor agonists by
measuring the changes in intracellular calcium levels in fura-2
AM-loaded WT and Cx43 KO astrocytes.

The application of increasing concentrations of different P2
receptor agonists to cultured WT and Cx43 KO spinal cord
astrocytes induced dose-dependent increases in intracellular cal-
cium concentration (Figs. 7, 84, Table 2). Figure 7 shows repre-
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Table 1. Properties of intercellular calcium waves between spinal cord astrocytes

Velocity Amplitude Efficacy (number

Genotypes (pm/sec) (folds) of cells) EV.A. n
WT, 21.23 = 0.60 1.60 = 0.02 0.93 = 0.03 570
KO, 23.09 = 0.99 1.59 = 0.02 0.89 = 0.04 339
KO/WT, 1.09 0.99 0.96 1.04

WT, 6.21 = 1.02 1.31 £ 0.05 0.29 = 0.09 22
KO, 15.06 + 2.10 1.32 = 0.05 0.67 = 0.09 82
KO, /WT, 2.43 1.01 2.31 5.67

WT, 14.20 = 1.49 1.35 = 0.04 1.00 = 0.65 117
KO, 12.15 = 1.47 1.50 = 0.04 0.89 = 0.05 47
KOyWT; 0.86 1.11 0.89 1.02

WT, 24.83 = 1.13 1.37 £ 0.19 0.82 = 0.08 153
KO, 8.43 = 1.10 1.59 = 0.04 0.39 = 0.20 118
KOy/WT, 0.34 1.16 0.48 0.19

WT, 21.23 = 0.60 1.60 = 0.02 0.93 = 0.03 570
WT, 6.21 = 1.02 1.31 = 0.05 0.29 = 0.09 22
WT,/WT, 0.29 0.82 0.30 0.07

WT, 21.23 = 0.60 1.60 = 0.02 0.93 = 0.03 570
WT, 14.20 = 1.49 1.35 = 0.04 1.00 = 0.65 117
WTyWT, 0.67 0.84 1.09 0.61

WT, 21.23 = 0.60 1.60 = 0.02 0.93 = 0.03 570
WT, 2483 = 1.13 1.37 £ 0.19 0.82 = 0.08 153
WT,/WT, 1.17 0.86 0.85 0.86

KO, 23.09 = 0.99 1.59 £ 0.02 0.89 = 0.04 339
KO, 15.06 = 2.10 1.32 = 0.05 0.67 = 0.09 82
KO,/KO, 0.65 0.83 0.75 0.40

KO, 23.09 = 0.99 1.59 £ 0.02 0.89 = 0.04 339
KO, 12.15 + 1.47 1.50 + 0.04 0.89 = 0.05 47
KO/KO, 0.53 0.94 1.01 0.50

KO, 23.09 = 0.99 1.59 £ 0.02 0.89 = 0.04 339
KO, 8.43 = 1.10 1.59 = 0.04 0.39 = 0.20 118
KO,/KO, 0.37 0.99 0.44 0.16

Properties of mechanically induced calcium waves between spinal cord astrocytes. Velocities, amplitudes, and efficacies of calcium wave spread between cells were measured
from wild-type (WT) and Cx43 knock-out (KO) spinal cord astrocytes. The E.V.A. factor was obtained by multiplying the relative values (KO/WT) obtained for the Efficacy,
Velocity, and Amplitude for each treatment. The lower cases ¢, A, s, p correspond to experiments performed under control conditions and after heptanol, suramin, and PPADS
treatments, respectively. n corresponds to the number of cells from which the velocity, amplitude, and efficacy data (mean + SE) were obtained. The bottom part of the table
shows the relative values (treated /untreated) obtained for the velocity, amplitude, efficacy as well as the E.V.A. factor of WT and KO spinal cord astrocytes; these relative values

were calculated from the mean values listed in the top part of the table.

sentative results obtained for WT spinal cord astrocytes exposed
to different concentrations of ATP, with minimal effective ATP
concentrations estimated to be in the range of 1.0 uM and max-
imal responses being induced by 100 um ATP. The dose—
response curves and respective ECs,, values obtained for the P2
receptor agonists in WT spinal cord astrocytes are shown in
Figure 8A4. Based on the ECs, values, the responses of WT spinal
cord astrocytes to the P2 agonists could be ranked in the follow-
ing order of potency: 2-Me-S-ATP > ATP > UTP = ADP-B-S.
Similar to what was described previously for rat spinal cord
astrocytes (Salter and Hicks, 1994, 1995), the order of potency
obtained here for WT mouse spinal cord astrocytes suggests a
predominant participation of the P2Y1 receptor subtype in elic-
iting rises in intracellular calcium. The possible involvement of
the P2X receptor subtype, which is sensitive to 2-Me-S-ATP, was
ruled out in experiments in which application of the specific P2X
agonist, a,B-Me-S-ATP (0.1 um-1.0 mm), did not induce any
change in the intracellular calcium levels of these cells (n = 20;
data not shown).

A dramatically different response to P2 receptor agonists was

obtained for Cx43 KO spinal cord astrocytes (Fig. 8B, Table 2).
Whereas ECs, values were similar for ADP-B-S in WT and Cx43
KO spinal cord astrocytes, the KO astrocytes were markedly
more sensitive to ATP and UTP and markedly less sensitive to
2-Me-S-ATP (Fig. 84,B, Table 2). This resulted in a shift in the
order of potency of P2 receptor agonists (ATP = UTP >
ADP-B-S = 2-Me-S-ATP) obtained for Cx43 KO spinal cord
astrocytes, suggesting that these cells express the P2Y2 type as
the dominant P2 receptor.

These results thus indicate that in spinal cord astrocytes lacking
Cx43 there is a change in P2 receptor subtype from a P2Y1 to a
P2Y2 subtype. It is noteworthy that, besides the change in the
order of potency, the concentration of ATP and UTP necessary
to induce a half-maximal calcium rise was decreased by one and
two orders of magnitude, respectively, in Cx43 KO spinal cord
astrocytes (ECs, = 0.5 uM for both ATP and UTP) as compared
with WT siblings (ECs, = 4.0 uM for ATP; EC5, = 32.0 uM for
UTP). These data indicate that, in contrast to their WT siblings,
Cx43 KO spinal cord astrocytes are substantially more sensitive
to these two endogenous nucleotides (Table 2).
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Figure 5. Propagation of calcium waves between cultured WT (A-C)
and Cx43 KO (D-F) spinal cord astrocytes under control conditions (4,
D) and in the presence of heptanol (B, E) and PPADS (C, F). Changes in
the Indo-1 fluorescence ratio recorded in the mechanically stimulated cell
(open squares) and in three other cells (located no further than 60 um
from the stimulated cell; closed symbols) are plotted as a function of time.
Note that heptanol greatly attenuated the propagation of calcium waves
between WT spinal cord astrocytes (B) and that PPADS blocked the
spread of calcium signaling between Cx43 KO spinal cord astrocytes (F).
Arrows indicate the time at which a cell was stimulated mechanically; the
time interval between the responses of the stimulated cell and other cells
was used to calculate the velocity of calcium wave propagation (see
Materials and Methods).

Effects of suramin and PPADS on the ATP responses
of WT and Cx43 KO spinal cord astrocytes

Exposure of WT and Cx43 KO spinal cord astrocytes to either
suramin (100 um) or PPADS (100 um) greatly reduced the re-
sponses induced by ATP (Table 2). However, the antagonism
imposed by these two P2 receptor blockers to ATP action was
more pronounced in Cx43 KO spinal cord astrocytes than in WT
cells (Fig. 8C,D, Table 2). This difference was particularly marked
for PPADS, which at 100 um was eightfold more potent in
blocking ATP responses of Cx43 KO spinal cord astrocytes (Ta-
ble 2). Such a difference presumably accounts for the greater
inhibition of Ca®* wave propagation by PPADS than by suramin
in Cx43 KO spinal cord astrocytes (see Table 1).

In WT spinal cord astrocytes suramin and PPADS significantly
reduced the maximal response induced by ATP (from 4.1 to 0.4
um Ca?"; Table 2) without affecting the ECs,, values (Fig. 7C),
providing evidence that the antagonism is noncompetitive. For
Cx43 KO spinal cord astrocytes, however, PPADS was more
potent than suramin in reducing the maximal response to ATP
(from 1.9 to 0.1 um Ca?* and to 0.3 um Ca** for PPADS and
suramin, respectively; Table 2) and in shifting the ECs, value
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(from 1.5 to 44.4 um and to 132 uM, for suramin and PPADS,
respectively; Fig. 8D).

These results showing that the blockade of P2 receptors by
PPADS and suramin is different in WT and in Cx43 KO astro-
cytes further support the data described above indicating that
WT and Cx43 KO spinal cord astrocytes express different P2
receptor subtypes. Furthermore, they indicate that the differential
sensitivity of the two P2 receptor subtypes to ATP may account
for the changes in calcium wave properties observed between WT
and Cx43 KO spinal cord astrocytes.

Purinoceptors also are altered in Cx43 KO astrocytes
from the brain

Because the data described above indicated that deletion of the
Cx43 gene resulted in a change in P2 receptor subtype expression
in spinal cord astrocytes, we evaluated whether such alteration
also occurred in astrocytes from the brain by analyzing the order
of P2 agonist potency in these cells.

In contrast to WT spinal cord astrocytes, WT brain astrocytes
exhibited an order of agonist potency (ATP = UTP > 2-Me-S-
ATP = ADP-B-S) suggesting that these cells express P2Y2 re-
ceptors (Fig. 94). Although the ECs, values differed somewhat,
this order of agonist potency for WT brain astrocytes was the
same as that obtained for Cx43 KO spinal cord astrocytes (com-
pare Figs. 8B, 94 and values in Table 2). For Cx43 KO brain
astrocytes the order of agonist potency obtained (ADP-B-S >
UTP >ATP > 2-Me-S-ATP; Fig. 9B) resembled that described
for the P2Y3 purinoceptors in chick brain (Webb et al., 1996).

Although the order of P2 agonist potency was different in brain
astrocytes cultured from WT and Cx43 KO mice, the ECy, values
obtained for ATP and UTP were very similar (ECs, = 3-5 uM in
WT and ECs, = 3-12 uM in Cx43 KO astrocytes; Fig. 94,B).
Thus, in terms of the propagation of intercellular calcium waves
through the extracellular space, it seems likely that expression of
either of these two P2Y receptors would affect wave propagation
in a similar way.

DISCUSSION

It is shown here that spinal cord astrocytes form a weakly coupled
syncytium, with functional gap junction channels formed by Cx43
and other connexins. The strength of coupling, measured as the
junctional conductance between cell pairs (3 nS), is four to six
times lower than that described for cortical astrocytes [in rats, 13
nS, Dermietzel et al. (1991); in mouse, 17 nS, Spray et al. (1998)];
this difference is expected to reflect on the functionality of the
astrocytic syncytium, specifically in the dissipation of ionic gra-
dients, neurotransmitters, and metabolites. Furthermore, based
on the values of junctional conductance (~1 nS) obtained here for
pairs of Cx43 KO spinal cord astrocytes (compared with 3 nS
obtained for WT spinal cord astrocytes; see Fig. 1), it is estimated
that approximately two-thirds of the total coupling is attributable
to Cx43 and that the other connexins contribute the remaining
one-third of coupling. This is strikingly different from the 5%
contribution calculated for connexins other than Cx43 in cortical
astrocytes (Spray et al., 1998), signifying that the contribution of
other connexins to astrocytic syncytial properties is more signif-
icant and important in the spinal cord than in the brain. The
voltage sensitivities and single-channel properties of gap junctions
between Cx43 KO spinal cord astrocytes are similar to those for
Cx26, Cx30, Cx40, and Cx45 (Bukauskas et al., 1995a,b; Moreno
et al., 1995; Hellmann et al., 1996; Valiunas et al., 1999), and the
presence of these connexins has been confirmed in spinal cord



1442 J. Neurosci., February 15, 2000, 20(4):1435-1445 Scemes et al. ¢ Intercellular Communication between Spinal Cord Astrocytes

B. C. . D.
3 mM heptanol 5 100 u M suramin

40 40 3 40
s s

s — 5 3.0
S30 S0 %2 3

= 2 = Fao

:::-. 20 £-=' 20 &u 15 l Ng l
Sl | P, 310! | S 8.,
» ", o ;
% % @ & & ‘ ' LI I w @
0 20 4 6 & o 60 . h
time (sec) time (sec) time (sec) time (sec)

Figure 6. Changes in intracellular calcium levels in fura-2 AM-loaded WT astrocytes exposed to 5 um ATP before (A4) and after (B) exposure to the
gap junction channel blocker heptanol and to the P2 receptor antagonist suramin (C). Note that heptanol (3 mM) did not attenuate the effect of ATP
(compare 4 and B), whereas suramin (100 uM) greatly diminished the response ( C), which was reestablished 5 min after washout (D). n = 60 cells from
two independent experiments. Arrows indicate times of ATP addition.
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Figure 7. Intracellular calcium levels measured in WT astrocytes loaded with fura-2 AM in response to increasing ATP concentrations. n = 20 cells

in each panel.

Table 2. Maximal Ca”>* responses (in uM) of spinal cord astrocytes to P2 agonists

(Agonist] ATP UTP MeS ADPBS ATP-suramin ATP-PPADS
gonis _—
(M) WT KO WT KO WT KO WT KO WT KO WT KO
1078 _ 0.0 _ 0.0 _ 0.0

3% 1078 ~ 0.01 ~ 0.02 0.02 ~

1077 _ 0.07 _ 03 02 0.05 0.03

3% 1077 0.0 0.4 ~ 0.4 0.4 _ 0.02 _

10-° _ 15 0.08 0.4 ~ ~ 0.09 0.01 0.0 0.03 0.04 _
3% 10°° 14 17 ~ 12 0.9 ~ _ _ 0.04 _ 0.08 _
103 32 _ ~ 0.9 0.06 0.4 0.1 03 0.09 0.3 _
3% 1073 ~ ~ 0.7 _ _ 0.9 02 05 _ 0.4 ~
1074 41 1.9 14 _ 02 1.0 03 0.4 02 0.4 0.05
3x 1074 _ _ 15 _ 05 _ 0.9 0.4 0.2 _ 0.09
1073 1.6 1.7 12 03 0.1

Changes in intracellular calcium basal levels (um) induced by exposing fura-2 AM-loaded spinal cord astrocytes from WT and Cx43 KO animals to purinergic agonists (ATP,
UTP, 2-Me-S-ATP, ADP-B-S) and to ATP in the presence of 100 um suramin and PPADS. The values displayed in the table were obtained from 60-90 cells of two to three

independent experiments.

astrocytes via RT-PCR, Northern blots, and immunocytochemis-
try (E. Scemes, unpublished observations). Because Cx43 forms
nonselective channels whereas Cx26, Cx40, and Cx45 are more
permissive to the transfer of cations than anions (Veenstra et al.,
1994; Beblo et al., 1995; Beblo and Veenstra, 1997; Wang and
Veenstra, 1997) (see also Spray, 1996), it is expected that the
spinal cord astrocytic syncytium in Cx43 knock-outs will favor the
exchange of positively charged molecules in comparison to what
occurs in cortical astrocytes from these animals. Thus, it could be
speculated that even weak coupling through cation-favoring chan-
nels will facilitate the dissipation of K" ions throughout the
spinal cord astrocytic syncytium, whereas the limited diffusion of

anionic signaling molecules, such as IP;, may compromise coor-
dination of the network via gap junction-mediated propagation of
calcium waves.

However, although the spinal cord astrocytic syncytium is less
well coupled than that of the brain, the velocity, amplitude, and
efficacy of calcium wave propagation between WT spinal cord
astrocytes do not differ from that previously described for cortical
astrocytes (Scemes et al., 1998). This suggests either that (1) the
degree of coupling in spinal cord astrocytes is sufficient to allow
the diffusion of second messengers to support wave propagation
or (2) the extracellular pathway plays an important role in calcium
wave propagation within the astrocytic syncytium. The first pos-
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sibility is supported by the results obtained here showing that
heptanol prevented calcium wave propagation between WT spi-
nal cord astrocytes (see Table 1) and that this gap junction
channel blocker does not affect the extracellular component of
the wave, as seen by the responses of astrocytes to ATP when in
the presence of heptanol (see Fig. 6). Taken together, these data
support previous studies indicating that gap junction channels are
the main, although not the exclusive, route for calcium wave
propagation between astrocytes (Charles et al., 1992; Enkvist and
McCarthy, 1992; Venance et al., 1995; Naus et al., 1997; Scemes
et al., 1998).

The most surprising finding obtained in this study is that
astrocytes from Cx43 null mice displayed altered functional ex-
pression of P2Y receptor subtypes. For intercellular communica-
tion within the spinal cord the shift in P2Y receptor subtype from
P2Y1 to P2Y2 observed in Cx43 KO cells renders the extracel-
lular component of calcium waves the main route by which cal-
cium signaling is achieved. Because the P2Y?2 receptor subtype
expressed in Cx43 KO spinal cord astrocytes is one to two orders
of magnitude more sensitive to ATP and UTP than the P2Y1
receptor expressed in the WT sibling cells (see ECs, values in
Table 2 and Fig. 8), it is proposed that the same amount of ATP
released from the stimulated cells would be sufficient to activate
receptors in cells located much farther from the point of stimu-
lation than would occur in WT cells expressing the less-sensitive
P2Y1 receptor subtype. Such supposition is supported by the
present results showing that the properties of calcium wave prop-
agation between Cx43 KO spinal cord astrocytes are similar to

those of WT sibling cells and that waves in Cx43 cells are greatly
reduced by PPADS, a P2 receptor antagonist. For calcium waves
traveling between brain astrocytes, however, the change in P2
receptor subtype from P2Y2 to P2Y3 is unlikely to have such an
effect, because they display the same ECs, values for ATP and
UTP (see Fig. 9). Thus, the extent of diffusion of ATP or UTP
through the extracellular space is not expected to exceed the
distance of second messenger diffusion through gap junctions.
Indeed, attenuation of calcium wave propagation between Cx43
KO cortical astrocytes was reported previously (Scemes et al.,
1998).

Although gap junctions may provide the main route by which
astrocytes communicate with one another, it is clear that the
extent to which junctional channels contribute to the propagation
of intercellular calcium waves may vary in different CNS regions
and under certain pathological conditions. For instance, the ex-
tent to which calcium waves propagate between cultured astro-
cytes derived from hypothalamus is one-half of that obtained for
hippocampal astrocytes, although their strength of coupling ap-
pears to be similar (Blomstrand et al., 1999). Under pathological
conditions, such as inflammation and neurodegenerative disor-
ders of the CNS, the relative contribution of gap junction-
dependent and independent mechanisms to the propagation of
intercellular calcium waves may be altered; treatment of human
fetal astrocytes with interleukin-1p shifts the mode of intercellu-
lar calcium wave propagation from a gap junction-dependent to a
gap junction-independent mechanism that is paralleled by a de-
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Figure 9. Dose-response curves obtained for P2 receptor agonists mea-
sured in fura-2 AM-loaded WT (A4) and Cx43 KO (B) brain astrocytes.
Based on the ECy, values obtained for ATP, UTP, 2-Me-S-ATP, and
ADP-B-S, the order of agonist potency indicates that WT brain astrocytes
express P2Y2, whereas Cx43 KO brain astrocytes express the P2Y3
receptor subtype. Each point in the graphs corresponds to the relative
increment in intracellular calcium (from basal levels to maximal re-
sponses) induced by increased concentrations of agonists. The results
were obtained from 60-80 cells in at least three independent
experiments.

crease in Cx43 expression and an increase in mRNA encoding the
UTP-sensitive P2Y2 receptor (John et al., 1999).

Such an interplay between gap junctions and paracrine/auto-
crine signaling provides a high degree of plasticity for intercellu-
lar communication between astrocytes. Although we interpret
our results to suggest that this interplay may reflect the influence
of gap junctional communication on expression patterns of other
genes, the mechanism by which Cx43 and P2 receptor expression
is linked is unknown. One possible way by which this might occur
would involve the different selective diffusion of signaling mole-
cules through gap junction channels formed of different connex-
ins. Such a mechanism recently was proposed for osteoblastic cell
lines in which transcriptional activities of osteoblast-specific pro-
moters were modulated in opposite directions by overexpressing
either Cx43 or Cx45 (Lecanda et al., 1998). Alternatively, the
expression of Cx43 might recruit a specific type of P2 receptor to
the membrane preferentially (as occurs via the direct binding of
Z.0-1; Giepmans and Moolenaar, 1998; Toyofuku et al., 1998) or
selectively might affect P2 receptor gene expression directly or via
a binding protein.

The different P2 receptor subtypes functionally expressed in
brain and spinal cord astrocytes and the different P2 receptor
subtypes exhibited when Cx43 is absent provide further evidence
that the physiological properties of astrocytes in these CNS
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regions are not identical. In terms of intercellular communication
through calcium waves, such differences between brain and spinal
cord astrocytes are likely to affect the extent to which the coor-
dination of cooperative cell activity is achieved under normal and
pathological conditions.
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