radicals generated from the enzymatic or
auto-oxidation of dopamine and other
sources, compromised mitochondrial energy
metabolism resulting from an environmen-
tal molecule such as l-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) or oxi-
dative stress, excitatory amino acid toxicity,
and calcium toxicity (20). Because GDNF
is able to protect DA neurons against sev-
eral different types of injury in animal mod-
els of Parkinson’s disease (2), GDNF gene
therapy is likely to protect diseased human
neurons, regardless of the mechanism of
degeneration involved.
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Paradoxical Improvement of Impulse
Conduction in Cardiac Tissue by Partial
Cellular Uncoupling

Stephan Rohr,* Jan P. Kucera, Vladimir G. Fast,
André G. Kléber

Generally, impulse propagation in cardiac tissue is assumed to be impaired by a reduction
of intercellular electrical coupling or by the presence of structural discontinuities. Contrary
to this notion, the spatially uniform reduction of electrical coupling induced successful
conduction in discontinuous cardiac tissue structures exhibiting unidirectional conduction
block. This seemingly paradoxical finding can be explained by a nonsymmetric effect of
uncoupling on the current source and the current sink in the preparations used. It suggests
that partial cellular uncoupling might prevent the initiation of cardiac arrhythmias that are
dependent on the presence of unidirectional conduction block.

Cardiac tissue belongs to the broad class of

reaction-diffusion systems that support ex-

citation waves (I). In these systems, the
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reduction of diffusion, which corresponds to
uncoupling of gap junctions in the myocar-
dium, is generally believed to impair wave
propagation, promoting slow conduction,
conduction block, and initiation of spiral
waves (2). Disturbances of propagation can
also be caused by structural discontinuities
of the excitable medium, which correspond
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in the heart to discrete interconnections
between muscle layers (3), to the Purkinje
fiber ventricular junction (4), or to surviv-
ing tissue strands connecting islands of in-
tact myocardial tissue in infarct scars (5). In
all these structural discontinuities, a small
current source is connected to a large cur-
rent load, resulting in a current-to-load mis-
match that causes slowing of conduction or
conduction block. Both electrical uncou-
pling and the presence of discontinuous
tissue structures are well known to be in-
volved in the generation of life-threatening
cardiac arthythmias (6), and it is generally
assumed that they act synergistically in the
depression of conduction. Contrary to this
assumption, the present study shows that
uniform electrical uncoupling occurring in
discontinuous tissue structures improves
conduction.

Defined cardiac tissue geometries that
exhibited, in a manner analogous to that of
discontinuous tissue architectures in vivo,
unidirectional conduction block due to a
current-to-load mismatch were designed in
cultures of neonatal rat ventricular myo-
cytes with the use of photolithographic
techniques (7). The preparations consisted
of narrow cell strands (“strands”) connected
to rectangular cell monolayers (“expan-
sions”; Fig. 1A) in which impulse propaga-
tion was followed by multiple site optical
recording of transmembrane voltage (8).
The mismatch between the size of the cur-
rent source (strand) and the size of the
current load (expansion) during antero-
grade activation (strand — expansion) in-
duced a conduction block if the strand
width was <55 wm. This block was due to
the dissipation of depolarizing current from
the strand into the expansion (9). In con-
trast, during retrograde propagation (expan-
sion — strand), when the source was much
larger than the load, the entire preparation
was rapidly activated. During the experi-
ments, uncoupling of spatially defined re-
gions of the preparations was achieved by
placement of a microsuperfusion containing
10 pM palmitoleic acid over the region of
interest (10). Palmitoleic acid, which has
been found to accumulate in ischemic tissue
(11), has previously been described as a
potent uncoupler that does not affect action
potential shapes in cultured heart cells of
neonatal rats (12).

Initially, the isolated effects of uncou-
pling on either the current load or the
current source were investigated. As shown
in Fig. 1, uncoupling confined to the ex-
pansion induced successful anterograde
conduction. Under control conditions (Fig.
1C), the anterograde conduction block due
to the dissipation of depolarizing current
into the expansion was mirrored by the
decrement of signal amplitudes in the cell
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strand close to the expansion. After super-
fusion of the expansion for 1.5 min with
palmitoleic acid (Fig. 1D), the conduction
block was overcome as indicated by the full
depolarization of the entire preparation.
Successful 1:1 conduction persisted for 2.5
min before the expansion became com-
pletely uncoupled and propagation came to
an abrupt halt at the border of the superfu-
sion (Fig. 1E). If a gradual uncoupling pro-
cess due to the accumulation of palmitoleic
acid in the cell membrane is assumed (12),
this long period of successful conduction
indicates that conversion of unidirectional
conduction block occurred over a wide
range of reduced gap-junctional conduc-
tances. During washout of palmitoleic acid,
which was accompanied by progressive re-
coupling, the sequence was reversed as ac-

tivation captured increasingly larger areas
of the expansion (Fig. 1, F and G) before
successful anterograde conduction recurred
after 4 min (Fig. 1H). After 10 min of
washout, control conditions with antero-
grade conduction block were reestablished
(Fig. 1I). Establishment of successful con-
duction during partial uncoupling of the
expansion could be observed in all prepara-
tions tested (n = 5). In four of these prep-
arations, activation invaded the expansion
concentrically, which indicates a spatially
uniform degree of uncoupling. In these cas-
es, establishment of successful conduction is
explained by the palmitoleic acid-induced
increase of the internal resistance (r,) of the
expansion, which resulted in a homoge-
neous reduction of the load, thus leading to
an improvement of the current-to-load mis-
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Fig. 1. Two-dimensional optical mapping of establishment of successful conduction across an abrupt
tissue expansion during partial uncoupling of the expanding region. (A) Videomicrograph showing the
patterned growth myocyte culture, which consisted of a narrow cell strand connected to a large
rectangular cell monolayer (truncated to a semicircle by the field of view of the microscope). (B)
Schematic drawing of the preparation (yellow) with overlaid white discs corresponding to the optical
recording sites and a black circle indicating the field of view of the microscope. The preparation was
stimulated in the anterograde direction at 2 Hz. The blue lines correspond to the region undergoing local
superfusion with palmitoleic acid (width, 500 wm). The false-color coding of the subsequent panels
corresponds to maximal signal amplitudes reached during anterograde activation [red, full-sized action
potentials; dark blue, absence of depolarization; for calculation see (8)]. Color maps were calculated
from the discretely spaced recordings by quintic interpolation (76). (C) Under control conditions, the
preparation exhibited anterograde conduction block. (D) During partial uncoupling of the expansion,
successful anterograde activation was established. (E) After prolonged exposition to palmitoleic acid,
the expansion became completely uncoupled. (F through H) With increasing washout time, activation
captured increasingly larger areas of the expansion before invading the entire preparation. (I) After
prolonged washout, unidirectional conduction block was reestablished.
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match. In the remaining case, activation of
the expansion followed a tortuous pathway
suggesting that uncoupling was spatially
nonuniform (13). In this case, the possibil-
ity cannot be excluded that, in addition to
uncoupling, the formation of a funnel-like
pathway of activation eased anterograde
conduction across the abrupt expansion (9).
In contrast to uncoupling of the expansion,
partial uncoupling confined to the strand in
front of the expansion failed, as expected,
to initiate successful conduction (n = 6)
(13). In these cases, the increase of r; of the
strand resulted in a reduction of the current
source, thus aggravating the current-to-load
mismatch.

The results of these experiments illus-
trated the isolated effects of uncoupling on
the current source or the current load, but

A Anterograde
activation

Detector 1

Local
superfusion

_ Detector 17

100 ym

cellular uncoupling occurring during disease
in vivo will embrace entire discontinuous
structures. In this situation, both the cur-
rent source and the current load will be
diminished. Because, in respect to the es-
tablishment of successful conduction, the
effect of a reduction of the current source is
opposite to a reduction of the current load,
persistence of conduction block might be
anticipated. Contrary to this expectation,
the parallel uncoupling of the source and
the load induced successful conduction as
shown in Fig. 2. In this experiment, the
local superfusion containing palmitoleic
acid was placed so that it simultaneously
affected the strand and the expansion (Fig.
2A). Under control conditions, anterograde
conduction failed, as illustrated by the dec-
rement in maximal signal amplitudes in the

cell strand due to the electrotonic interac-
tion with the nonactivated expansion (Fig.
1B, left panel). At the same time, retro-
grade conduction was unhindered, as judged
from the monophasically rising upstrokes of
the action potentials (Fig. 2B, right panel)
and the linear evolution of the activation
times (Fig. 2B, middle panel). Six minutes
of exposure to 10 uM palmitoleic acid in-
duced bidirectional conduction block, with
disruption of conduction coinciding with
the borders of the superfusion (Fig. 2C).
Then, during the washout-induced progres-
sive recoupling, successful bidirectional
conduction was established (Fig. 2D). After
10 min of washout, control conditions with
unidirectional conduction block were re-
stored (Fig. 2E). Establishment of successful
anterograde conduction was observed in all
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preparations where the simultaneous un-
coupling of both the strand and the expan-
sion was induced by either a local superfu-
sion (n = 5) or by adding palmitoleic acid
directly to the bath solution (n = 5). With
the exception of three experiments in
which activation of the expansion followed
a tortuous pathway, successful anterograde
conduction was characterized by a concen-
tric activation of the expansion, indicating
a spatially uniform partial uncoupling.
These results show that in discontinuous
structures exhibiting unidirectional con-
duction block, uniform uncoupling embrac-
ing the entire tissue leads to successful bi-
directional conduction. Thus, it has to be

Fig. 2. Establishment of successful anterograde conduction
across a tissue expansion during the simultaneous uncoupling of
strand and expansion. (A) Schematic illustration of the experimen-
tal arrangement: Activation of the patterned growth preparation
(gray) was recorded by 17 linearly arranged detectors (indicated
by circles). The detector numbers correspond to the numbers
associated with the signals in the subsequent panels. The prepa-
ration was stimulated alternately in the anterograde (left scheme)
and retrograde (right scheme) direction at 2 Hz. The region
marked with dashed lines corresponds to the area that was elec-
trically uncoupled by a 700-pm-wide superfusion containing 10
M palmitoleic acid. (B) Under control conditions, the preparation
exhibited unidirectional conduction block in the anterograde direc-
tion (note the gradual reduction in signal amplitudes) and unhin-
dered retrograde propagation (full-sized action potentials at all
recording sites). Relative activation times for both directions of
propagation are depicted in the center graph (solid circles, antero-
grade propagation; squares, retrograde propagation); their linear
rise during retrograde propagation suggests that the preparation
was homogeneously coupled. From this it can be inferred that
unidirectional conduction block in the anterograde direction was
entirely due to the current-to-load mismatch represented by the
abrupt expansion. (C) After complete uncoupling of the center
region of the preparation with 10 uM palmitoleic acid for 6 min,
propagation was blocked in both directions with signal amplitudes
decreasing to zero within a short distance (100 um), coinciding
with the borders of the superfusion. (D) During washout, success-
ful bidirectional conduction was established with a large delay in
the anterograde and a slowing of conduction in the retrograde
direction. (E) After 10 min of washout, unidirectional conduction
block was reestablished.

843




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 uM) 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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