assumed that the effect of uncoupling on the
load dominates over the effect of uncoupling
on the source. This nonsymmetrical effect can
be explained by local differences in the char-
acteristics of depolarizing current flow in the

strand versus the expansion: current flow in .

the strand is highly parallel, resulting in a
planar activation wavefront, but it fans out
into the expansion, giving rise to a curved
activation wavefront. As suggested by recent
computer simulations (14, 15), this difference
in dimensionality of depolarizing current flow
has the consequence that uncoupling has a
smaller effect on the current source (reduc-
tion in one dimension) than on the current
load (reduction in two dimensions), thus fa-
voring the establishment of successful con-
“duction. Even though the findings of this
study are based on two-dimensional prepara-
tions, they are valid for three-dimensional
tissue as well (15).

The results presented show that if a cellu-
lar network contains structural discontinui-
ties, the modification of intercellular electri-
cal coupling can have effects on impulse prop-
agation that are largely different from those
encountered in linear or continuous excitable
structures. In general, the results show that a
decrease of diffusion can support propagation
of activation in discontinuous excitable me-
dia. For cardiac tissue, this might have the
consequence that uncoupling, which is
known to be involved in the generation of
clinically relevant cardiac arrhythmias (6),
might also exert anti-arthythmic effects; even
though cellular uncoupling induces an ar-
rhythmogenic slowing of conduction, the pos-
sibility of a concurrent suppression of unidi-
rectional conduction blocks in tissue regions
with discontinuous structures would, contrary
to present expectations, decrease the proba-
bility of occurrence of reentrant excitation.
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Calcium Waves in Retinal Glial Cells

Eric A. Newman* and Kathleen R. Zahs

Calcium signals were recorded from glial cells in acutely isolated rat retina to determine
whether Ca2™* waves occur in glial cells of intact central nervous system tissue. Chemical
{(adenosine triphosphate), electrical, and mechanical stimulation of astrocytes initiated
increases in the intracellular concentration of Ca2* that propagated at ~23 micrometers
per second through astrocytes and Miiller cells as intercellular waves. The Ca?* waves
persisted in the absence of extracellular Ca2™ but were largely abolished by thapsigargin
and intracellular heparin, indicating that Ca?* was released from intracellular stores. The
waves did not evoke changes in cell membrane potential but traveled synchronously in
astrocytes and Muller cells, suggesting a functional linkage between these two types of
glial cells. Such glial Ca2* waves may constitute an extraneuronal signaling pathway in

the central nervous system.

Giial cells, long considered to be passive
elements in the central nervous system
(CNS), are now known to generate active
responses (1), including intracellular Ca?™*
signals (2). Stimulation of astrocytes trig-
gers increases in the intracellular Ca?* con-
centration ([Ca?"],) that can propagate as
waves between cells coupled by gap junc-
tions (3, 4). These glial Ca?" waves have
been observed only in dissociated cell (3—7)
and organotypic (8) culture preparations,
which differ from cells in situ in several
respects (9). Because these waves may rep-
resent a form of intercellular signaling in
the CNS (5) and can potentially modulate
neuronal activity (10, 11), we tested
whether Ca?* waves occur in situ in glial
cells of acutely isolated rat retina.

The rat retina contains two types of
macroglial cells: astrocytes, which form a
two-dimensional syncytium at the vitreal
surface of the retina, and Miiller cells,
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which are radial glial cells whose end feet
terminate at the vitreal surface and whose
trunks project downward into the retina
(12). We detected [Ca’*], in these cells
with the fluorescent Ca’" indicator dye
Calcium Green-1 (13). The vitreal surfaces
of flat-mounted retinas were imaged with
video-rate confocal microscopy (14). Both
astrocytes and Miiller cells incorporated the
dye and were identified by their morpholo-
gy (Fig. 1A).

Stimulation of a single astrocyte evoked
increases in [Ca?*], in the simulated cell
and in neighboring astrocytes and Miiller
cells. This Ca’?™ response propagated out-
ward from the site of stimulation as a wave
across the retinal surface (Fig. 1, B to D).
Chemical, electrical, and mechanical stim-
uli were all effective in initiating Ca?*
waves. Pressure ejection of adenosine
triphosphate (ATP) (200 pM), carbachol
(1 mM), or phenylephrine (100 M) from
micropipettes onto astrocyte somata initiat-
ed Ca’* waves. In contrast to findings in
cultured cells (2, 5, 15), local ejection of
glutamate (2 mM) or its application in the
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bath (0.3 to 1 mM) was ineffective at evok-
ing [Ca?*], increases, but bath application
(10 to 100 uM) did potentiate the Ca**
responses initiated by other stimuli. Both
electrical stimulation (—2 pA, 40 to 200
ms, delivered through a micropipette) of
astrocyte end feet or somata and mechani-
cal stimulation (5- to 10-pm movement of
a micropipette tip pressed against an astro-
cyte cell body) also initiated Ca?* waves.

The Ca’* waves spread outward radially
from the point of stimulation and propagat-
ed synchronously in astrocytes and Miiller
cells. Within the temporal resolution of our
measurements (~1 s), Ca?* waves arrived
at astrocytes and adjacent Miiller cells si-
multaneously (Fig. 1C). All astrocyte re-
gions, including somata, processes, and end
feet, exhibited increased [CaZ*], upon arriv-
al of a Ca?* wave, and the propagation of
waves was often observed within processes
of individual cells. In Miiller cells, increases
in [Ca?*], were observed in cell end feet at
the retinal surface and in primary cell pro-
cesses within the ganglion cell and inner
plexiform layers. There was no increase in
[Caz"']i in cell somata (in the inner nuclear
layer), however, indicating that Ca?* waves
initiated at the proximal end of Miiller cells
did not propagate into the distal half of the
cell. Movies of glial Ca®* waves can be
viewed at http:/fenlil.med.umn.edu/www/
phsl/work/caw.hem.

The time course of the [Ca’*], increas-
es observed in astrocytes differed from that
in Miiller cells (Fig. 1E). In astrocytes,
[Ca?*], remained elevated for ~10 to
100 s after the arrival of a wave. In Miiller
cells, in contrast, the arrival of the Ca?*
wave often triggered a more transient in-
crease in [Ca’*]; or initiated a series of
[Ca**], oscillations.

The propagation velocities of the Ca’*
waves were nearly identical regardless of the
stimulus used to initiate them, suggesting
that once initiated, the waves were all prop-
agated by the same mechanism. The veloc-
ity [measured from wavefront images (Fig.
1D) 1.5 s after stimulation] averaged 25.3 *
5.4 (mean = SD,n=10),219 7.6 (n =
13), and 23.1 £ 6.7 (n = 17) wm/s, respec-
tively, for chemical (ATP), electrical, and
mechanical stimuli (Fig. 1F). The propaga-
tion velocity slowed as the wave spread
outward from the point of stimulation. Cal-
cium increases in both astrocytes and Miil-
ler cells were observed at distances as large
as 180 pm from the point of stimulation
and with latencies as long as 10.6 s.

The increases in [Ca*], observed in as-
trocytes and Miiller cells distant from the
site of stimulation might not result from
propagated Ca’* waves but perhaps arise
from the direct excitation of these cells by
the stimulus. The latter explanation is high-
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ly unlikely for several reasons. (i) The onset
of Ca®* responses in cells distant from the
stimulus was usually abrupt and could have
latencies as long as 10.6 s. (ii) The propa-
gation velocity of Ca’* waves was nearly
identical for chemically, electrically, and
mechanically initiated waves. (iii) The
Ca’* waves evoked by ejection of ATP did

not spread preferentially in the direction of
ejection or bath perfusion but rather spread
uniformly in all directions.

Additional experiments confirmed that
stimuli did not directly trigger Ca’* respons-
es in distant cells. After initiation of a Ca?*
wave by mechanical or electrical stimula-
tion, the stimulated astrocyte was refractory

Distance (jum)
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Fig. 1. Propagation of Ca?* waves in glial cells. (A) Astrocytes (circles) and end feet of Mliller cells
(triangles) in a confocal fluorescence image of the vitreal surface of the rat retina labeled with Calcium
Green-1. (B) The retinal surface with six measurement regions outlined. The stimulating pipette is
touching region 1. Regions 1, 3, and 5 outline astrocytes; regions 2, 4, and 6 outline adjacent Mller cell
endfeet. (C) Change in fluorescence, normalized to baseline fluorescence (AF/F), for the six regions in
(B). Onset of the mechanical stimulus is indicated by vertical dashed line; arrival of the Ca2* wave is
marked by arrows. (D) Spread of a Ca?* wave initiated by a mechanical stimulus. The fluorescence
image is shown in black and white. Superimposed yellow rings mark the leading edge of the Ca2* wave
(where the change in fluorescence between successive panels exceeded a threshold value). Interval
between panels, 0.93 s. (E) Increases of Ca2* within one astrocyte (trace 1) and three Muller cells (traces
2 through 4), initiated by a mechanical stimulus. (F) Propagation velocity of Ca2* waves initiated by
mechanical (circles), electrical (squares), and chemical (ATP, triangles) stimuli. Mean distance to the
outer edge of the Ca?* wave rings is plotted. Scale bars: (A), 20 um; (B), 25 wm; and (D), 50 pm.
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Fig. 2. Normalized fluorescence-difference images of Ca2* waves evoked by repeated stimulation. The
pseudocolor images represent a comparison of the mean fluorescence of 15 consecutive images after
stimulation and the mean fluorescence of 20 images before stimulation. (A) Ca?* wave evoked by a
mechanical stimulus. (B) Stimulation at the same site (circle) 180 s later elicited no response. (C) Ca?*
wave evoked by stimulation at a second site (triangle) after an additional 90 s. Dashed circles indicate the
response region in (A). Scale bar, 50 pm.
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Fig. 3. Generation of Ca2* waves by
the release of Ca?* from interal
stores. (A) Ca2* wave evoked by an
electrical stimulus. (B) Different region
of the retina shown in (A), stimulated
after 31 min in 0 mM Ca2* and 0.5
mM EGTA. (C) Ca?* wave evoked by
an electrical stimulus under control
conditions. (D) Different region of the
retina shown in (C), stimulated 16 min
after the addition of 1.5 uM thapsigar-
gin. (E) Fluorescence image showing
reting, stimulating pipette [left, made
visible by coating with Dil (1,1’-diocta-
decyl-3,3,3',3'-tetramethylindocarbo-
cyanine perchlorate)], and patch pi-
pette (right, used to introduce heparin
and Calcium Green-1 into the cell). A
heparin-containing astrocyte (cell 2)
and two untreated astrocytes (cells 1
and 3) are outlined. (F) Ca2* wave
evoked by ejection of ATP in same

retinal area as shown in (E). (G) Change in fluorescence of regions shown in (E) and (F). Large [Ca?*]; increases occurred in untreated cells but not in the
heparin-filed cell. Panels (A) through (D) and (F) are normalized fluorescence-difference images. Black circles indicate stimulation sites. Scale bars for all panels,

50 pm.

for several minutes (Fig. 2). During this re-
fractory period, stimulation at the same site
initiated a weak, local response or no re-
sponse at all. However, stimulation of anoth-
er astrocyte close to the refractory cell initi-
ated a large Ca®* response in the surround-
ing glial cells (in all 13 trials conducted),
demonstrating that these cells were capable
of conducting a propagated Ca?* wave.
The propagated increases in [Ca?*], in
astrocytes and Miiller cells apparently arise
largely from the release of Ca?* from inter-
nal stores, mediated by an inositol 1,4,5-
trisphosphate (IP;) receptor, rather than
from an influx of extracellular Ca?*. Nor-
mal Ca?* waves were observed when no
external Ca®?* was present (Fig. 3, A and
B). In contrast, bath application of thapsi-
gargin (1.5 pM, for 10 to 16 min), which
depletes internal Ca®* stores (16), reduced
the Ca®* response (Fig. 3, C and D). The
Ca?* response was also reduced in cells in
which [P, receptors were blocked by hepa-
rin (17) introduced into the cells through a
patch pipette (18) (Fig. 3, E to G). Astro-
cytes and Miiller cells near heparin-filled
cells showed normal Ca?* responses as
Ca’* waves swept past. In contrast, the
Ca?* response of heparin-treated cells (af-
ter 15 min of dialysis) was reduced to
18.7 * 7.8% (n = 12) of untreated neigh-
boring cells, whereas the Ca?* response of
control cells, dialyzed with patch pipette
solution without heparin (for an average of
20 min), was 80.3 * 27.2% (n = 6) of
untreated neighbors. The reduction caused
by heparin was significantly greater than
that caused by dialysis without heparin
(P < 0.0001, Student’s unpaired ¢ test).
The electrophysiological consequences
of propagated Ca?* waves were examined.
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Waves evoked little change in cell mem-
brane potential or input resistance in glial
cells, which were monitored in whole cell,
current-clamp recordings. Ca?* waves elic-
ited by ejection of ATP were associated
with weak depolarizations: 0.15 * 0.20 mV
(n = 19; P < 0.005, one-population t test)
in astrocytes and 0.16 * 0.13 mV (n = 20;
P < 0.001) in Miiller cells. Electrical and
mechanical stimuli did evoke depolariza-
tions as large as 37 and 8 mV, recorded from
astrocytes and Miiller cells, respectively.
These responses probably represented depo-
larizations conducted electrotonically from
the stimulated cell because (i) the depolar-
ization often occurred before the arrival of
the Ca** wave, (ii) the depolarization was
sometimes observed even when the Ca’*
wave failed to reach the cell, and (iii) the
amplitude of the depolarization declined
rapidly as the distance between the stimu-
lation site and the cell increased.

Our results demonstrate that glial cells
in freshly excised CNS tissue support the
propagation of Ca?* waves. The Ca’*
waves we observed resemble those in cul-
tured cells in some respects. The waves
have similar propagation velocities (2, 5, 7,
8) and both are generated by the release of
Ca?* from internal stores (2, 4, 7), medi-
ated, at least in part, by IP; receptors (19).
In contrast to cultured cells (2,.5), howev-
er, astrocytes in the retina were unrespon-
sive to glutamate and did not exhibit oscil-
lations in [Ca?*], when stimulated.

Our results further suggest that the prop-
agation of Ca’?* waves through astrocytes
and Miiller cells is linked. Such linkage is
consistent with the findings of chemical
tracer studies (20), which show that astro-
cytes and Miiller cells are coupled. The

synchronous spread of Ca?* waves in these
cells suggests that, as waves spread outward
through the astrocyte syncytium, they may
secondarily propagate into Miiller cells di-
rectly coupled to the astrocytes.

The propagation of calcium waves
through a glial syncytium represents an ex-
traneuronal signaling pathway that may in-
fluence neuronal activity (10, 11). The ab-
sence of membrane potential changes sug-
gests that Ca?* waves do not lead to the
voltage activation of ion channels in glial
cells, which have been postulated to influ-
ence potassium buffering and neurotrans-
mitter uptake (1). But an increase in
[Ca?*], within glial cells could lead to the
release of neuroactive substances (10, 21)
and to the modulation of neuronal activity.
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Joining the Two Domains of a Group | Ribozyme
to Form the Catalytic Core

Michael A. Tanner and Thomas R. Cech*

Self-splicing group | introns, like other large catalytic RNAs, contain structural domains.
Although the crystal structure of one of these domains has been determined by x-ray
analysis, its connection to the other major domain that contains the guanosine-binding
site has not been known. Site-directed mutagenesis and kinetic analysis of RNA splicing
were used to identify a base triple in the conserved core of both a cyanobacterial
(Anabaena) and a eukaryotic (Tetrahymena) group | intron. This long-range interaction
connects a sequence adjacent to the guanosine-binding site with the domain implicated
in coordinating the 5’ splice site helix, and it thereby contributes to formation of the active
site. The resulting five-strand junction, in which a short helix forms base triples with three
separate strands in the Tetrahymena intron, reveals exceptionally dense packing of RNA.

Catalytic RNAs are convenient for inves-
tigating how RNA-RNA interactions de-
termine the global folding of the molecule;
their structure can be revealed by their
activity. In group I introns, RNA forms the
active site and directs the cleavage and
ligation reactions at the 5" and 3’ splice
sites (I). The catalytic core of group I in-
trons consists of two structural domains,
P4-P6 and P3-P9 (2, 3). A portion of P4-P6
has been proposed to interact with the sub-
strate helix P1 (2, 4), which contains the 5’
splice site, and P3-P9 contains the binding
site for the guanosine nucleophile (5).
When provided as separate molecules, the
P4-P6 and P3-P9 domains of the Tetrahy-
mena group | intron can self-assemble into
an active structure (6). These domains as-
sociate with nanomolar apparent dissocia-
tion constants, suggesting that they interact
through multiple tertiary contacts.
Comparative sequence analysis has been
valuable for identifying potential long-
range interactions in group I introns 2, 7).

Department of Chemistry and Biochemistry, Howard
Hughes Medical Institute, University of Colorado, Boul-
der, Colorado 80309-0215, USA.

*To whom correspondence should be addressed.

Within the transfer RNA (tRNA) subgroup
of group I introns, there is a weak triple
correlation between the fifth base pair of P4
and the fifth base of J8/7 (8) (Fig. 1). All
but one have an A:C or G-C base pair at
this position in P4, and a G or U nucleotide
at J8/7-5. The lone exception, Azoarcus,
has a C:G base pair and a C at J8/7-5 (9,

Fig. 1. The secondary
structure of the Anabaena
tRNAY intron with the
proposed tertiary interac-  PS

Anabaena
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10). Although. this single example of co-
variation in the tRNA subgroup is tantaliz-
ing, it does not provide substantial evidence
for the interaction. Thus, a biochemical
approach was undertaken.

The well-characterized tRNA intron
from the cyanobacterium  Anabaena
PCC7120 (11, 12) was used to test the
importance of base pair 5 in P4 and ]8/7
base 5 by site-directed mutagenesis (Fig. 1)
(13). Orientation of the G-C base pair in P4
was found to be critical because a base pair
flip resulted in a rate of splicing that was
2500 times lower (compare Fig. 2, A and
B). The J8/7-5 G to U change (found in
many tRNA introns) had wild-type activity
(14), but a G to C change resulted in a 2200
times lower splicing activity (Fig. 2C).
When the double mutant of P4 base pair 5
(G-C to CG) and J8/7-5 (G to C) was
tested for splicing, activity was restored; it
was only eight times lower than that of wild
type, a 300-fold rescue (Fig. 2D). The bi-
phasic kinetics of reaction of the double
mutant indicated that it has a residual fold-
ing problem (Fig. 3). Restoration of most of
the activity with the double mutation sug-
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