included goat antibody to rat CD4, CD8, and F480;
hamster antibody to mouse TCRap and TCRy8
(PharMingen); rat antibody to mouse B integrin
(PharMingen); sheep antibody to mouse IgA (Sig-
ma); donkey antibody to mouse IgG (Jackson Im-
munoResearch); rat antibody to MHC class Il (OX-
3; Serotec); and rabbit antibody to B-catenin (2).

12. M. L. Hermiston and J. I. Gordon, unpublished
observations.

13. R. H. Riddell, in Inflammatory Bowel Disease, J. B.
Kirsner and R. G. Shorter, Eds. (Williams & Wilkins,
Baltimore, ed. 4, 1995), pp. 517-552.

14. D. K. Podolsky, N. Engl. J. Med. 325, 928 (1991).
15. P. Mombaerts et al., Cell 75, 275 (1993); B. Sadlack
etal., ibid., p. 253; R. Kthn et al., ibid., p. 263.

16. W. Birchmeier and J. Behrens, Biochim. Biophys.
Acta 1198, 11 (1994).

17. L.-K. Suet al., Science 256, 668 (1992); A. R. Moser,

W. F. Dove et al., J. Cell Biol. 116, 1517 (1992).

18. B. Rubinfeld et al., Science 262, 1731 (1993); L.-K.
Su et al., ibid., p. 1734; B. Rubinfeld et al., J. Biol.
Chem. 270, 5549 (1995).

19. B. Levin, in (13), pp. 461-473.

20. H. Komano et al., Proc. Natl. Acad. Sci. U.S.A. 92,
6147 (1995).

21. K. L. Cepek et al., Nature 372, 190 (1994).

22. N. A. Wright, C. Pike, G. Eli, ibid. 343, 82 (1990); D.
J. Ahnen et al., J. Pathol. 173, 317 (1994).

23. We thank D. O’Donnell for technical assistance, P.
Swanson for reviewing the histopathology, E.
Unanue for goat antibody to rat CD4, CD8, and
F480, W. J. Nelson for antibody to 3-catenin, and C.
Kintner for pSP72NCADAC. Supported in part by
NIH grants DK39760 and DK30292.

11 July 1995; accepted 20 September 1995

Concerted Signaling by Retinal Ganglion Cells

Markus Meister,” Leon Lagnado,i Denis A. Baylor

To analyze the rules that govern communication between eye and brain, visual responses
were recorded from an intact salamander retina. Parallel observation of many retinal
ganglion cells with a microelectrode array showed that nearby neurons often fired syn-
chronously, with spike delays of less than 10 milliseconds. The frequency of such syn-
chronous spikes exceeded the correlation expected from a shared visuai stimulus up to
20-fold. Synchronous firing persisted under a variety of visual stimuli and accounted for
the majority of action potentials recorded. Analysis of receptive fields showed that con-
certed spikes encoded information not carried by individual cells; they may represent

symbols in a multineuronal code for vision.

Current understanding of how the retina
transmits the visual scene to the brain is
based primarily on electrical recordings from
single neurons. As a consequence, the spike
trains from different optic nerve fibers have
commonly been treated as independent
messages about the environment. However,

pairwise recordings from retinal ganglion

cells in goldfish (1), rabbits (2), and cats
(3-5) have shown that this assumption is
violated—nearby cells of similar functional
type have a strong tendency to fire synchro-
nously. These measurements were all ob-
tained in darkness or under constant uni-
form illumination [but see (6)], when gan-
glion cells fire sporadically, and thus it was
not possible to assess the function of such
correlations in visual signaling. It has been
suggested that synchronous firing during vi-
sual stimulation would imply redundancy
among neuronal messages and thus an inef-
ficient use of the optic nerve (2).

To assess the importance of concerted
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firing in visual signaling, we used a micro-
electrode array to record simultaneously the
spike trains of 30 to 50 ganglion cells in an
isolated salamander retina (7). This prepa-
ration contains large hardy neurons and has
been used extensively to study the cellular
mechanisms of retinal processing. Figure 1A
illustrates the responses of two nearby neu-
rons to spatially uniform illumination that
regularly switched between two intensity
levels. Although each cell fired only a few
spikes per stimulus period, at times that
varied by several hundred milliseconds from
trial to trial, the spikes from the two cells
appeared to be tightly locked to each other
in time. The mean firing rate of each neu-
ron was strongly modulated by the periodic
stimulus (Fig. 1B), and as a result, the cor-
relation function between the two spike
trains showed a pronounced periodic com-
ponent (Fig. 1C). However, this stimulus-
induced correlation was dwarfed by a tall
peak near zero delay, with a full widch at
half maximum of only 20 ms (Fig. 1D). This

strong tendency to fire in near-synchrony’

shows that the two neurons did not respond
to light independently.

To quantify the strength of concerted
firing, action potentials from cells 1 and 2
were defined as a spike pair if they occurred
within 20 ms of each other. We then com-
puted a correlation index as the number of
spike pairs observed divided by the number
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expected if the two neurons responded in-
dependently (8). For the cell pair in Fig. 1,
this index was 12.4, so that tightly linked
pairs of spikes occurred about 12 times more
frequently than was expected. Such anom-
alous pairing accounted for 60% of all
spikes generated by cell 1 and 42% of spikes
generated by cell 2. We computed correla-
tion functions for all pairs among 32 cells in
this retina: 31% of the pairs showed clear
evidence of concerted firing, with a corre-
lation peak near zero delay whose shape was
similar to that shown in Fig. 1D, though it
varied in amplitude. Further statistical anal-
ysis revealed that synchronous firing events
generally extended over more than two
neurons (9). Overall, these patterns of con-
certed firing accounted for approximately
50% of all action potentials from the re-
corded sample of ganglion cells. Because the
electrode array typically monitored only
10% of the overlying ganglion cells, we
probably missed many synchronous firing
patterns. Thus, the fractional contribution
of concerted firing to the retinal output may
well exceed 50%.

The correlation index varied with the
distance between the two neurons’ recep-
tive fields (Fig. 2). It decreased from a
maximum of 20 at short distances by a
factor of e over 200 wm. In comparison, the
centers of these neurons’ receptive fields
had approximately Gaussian-shaped profiles
(10), with an average radius of 120 pm.
Concerted firing thus appears to be associ-
ated with overlap of receptive-field centers.
At distances between 400 and 1000 pm,
the correlation index dropped significantly
below 1, indicating that more distant cells
avoided firing together. When separated by
more than 1000 pm, ganglion cells ap-
peared to signal independently as assessed
by this test. When the ganglion cells were
sorted by functional type (10), it was found
that pairs of “fast OFF” cells (Fig. 2A)
exhibited more synchronous firing than did
pairs of “slow OFF” cells (Fig. 2B), whereas
pairs of ON cells produced the weakest
correlation index (Fig. 2C). ON and OFF
cells generally fired independently of each
other, although some pairs with strong cor-
relations were found at short distances (Fig.
2D). The shape of the correlation function
(Fig. 1D) and its dependence on overlap of
receptive fields (Fig. 2), as well as the dom-
inance of synchronous firing among neu-
rons with transient responses (Fig. 2A), are
remarkably similar to the observations of
Mastronarde (3) on cat ganglion cells under
uniform illumination. In contrast to that
study, we generally did not observe a sharp
well in the cross-correlogram between an
ON cell and an OFF cell. Furthermore, the
negative correlation among cells of the
same class at distances greater than 400 wm
has not been reported previously.
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Apparently, synchronous firing is a ma-
jor component of retinal activity even dur-
ing visual stimulation. The role of these
correlations in retinal signaling depends on
whether synchronous spike pairs are driven
by the stimulus or by a noise source outside
the visual pathway. To examine this, we
measured the receptive fields of spike pairs
by reverse correlation to a pseudorandom
flickering checkerboard (11, 12). In all cas-
es, the spike pair was visually driven. Its
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Fig. 1. Responses of two OFF-type ganglion cells
to periodic flashes. The stimulus consisted of full-
field illumination with white light, square-wave
modulated with a period of 1 s between intensities
of 9.4 X 10-6 W/m? (357 isomerizations/s per
rod)and 11.1 X 10~ W/m? (422 isomerizations/s
per rod). The recording lasted for 1300 s, yielding
2333 spikes from cell 1 and 1774 spikes from cell
2. (A) Firing times of cell 1 (upward ticks) and cell 2
(downward ticks) during 10 successive flashes.
(B) Average firing rates of cell 1 (thick line) and cell
2 (thin line), computed by histogramming of the
spike times relative to the preceding light step in
20-ms bins. (C) Cross-correlation function be-
tween the two spike trains (76), obtained by his-
togramming of the pairwise differences between
spike times of cells 1 and 2 in 25-ms bins. (D) The
central peak of (C) on an expanded time scale with
2-ms bins.
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sensitivity profile was generally smaller
than that of the two parent cells and was
located in the region of overlap between
the two parent receptive fields (Fig. 3). If
the two neurons operated independently,
the spike pair’s reverse correlation should
approximate the sum of the two parent
profiles, rather than their intersection (13).
Thus, spike pairs encoded information not
contained in the individual spike trains of
the two parent ganglion cells.

Two ganglion cells with overlapping re-
ceptive-field centers share input from a
common group of photoreceptors. In some
species, stochastic fluctuations within the
photoreceptors seem to account for the
variation in the retinal response (14), and

such noise has also been proposed as the
source of correlations among ganglion cells
(2, 4). To test whether shared photorecep-
tor signals can account for the synchronized
firing observed here, we deliberately intro-
duced stochastic fluctuations in the recep-
tors by stimulation with a flickering check-
erboard. For pairs of ganglion cells with
overlapping receptive fields, two types of
correlation function were observed. One
type was consistent with an origin in shared
photoreceptors (Fig. 4A). It showed broad
peaks or valleys near zero delay, whose
shape depended on the response class of the
component cells. Its time course slowed
systematically as the mean stimulus inten-
sity was decreased, probably reflecting
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Fig. 2. The correlation index for each pair of cells among 32 neurons, as a function of the distance
between the centers of their receptive fields, determined under periodic flash stimulation as in Fig. 1. Each
cell was classified according to its visual response properties (70). Large dots identify pairs of fast OFF
cells (A), slow OFF cells (B), ON cells (C), and pairs composed of an ON and an OFF cell (D). For
comparison, the small dots in (A), (B), and (C) identify all ON-ON and OFF-OFF pairs.

Fig. 3. The receptive-
field profiles of two indi-
vidual cells (A and C) and
their synchronous spike
pairs (B), determined by
reverse comelation to a
fickering checkerboard
stimulus [pixel size 90
wm, flicker interval 120
ms, and mean intensity
1.69 X 1074 W/m? (see
12)l. White comresponds
to the maximal sensitivity
in the center of the recep-
tive field, 50% gray corre-
sponds to zero sensitivi-

ty, and darker grays cor- A

1 mm

0 Max

respond to sensitivities antagonistic to that of the center. (D) shows the contours at one standard deviation
from the center for Gaussian fits to the profiles in (A) and (C) (thin lines) and in (B) (thick line). The top and

bottom rows of plots are from two different cell pairs.
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changes in photoreceptor response kinetics
during the shift from cones to rods and
adaptation within the rods (15). In dark-
ness, the correlation function was of similar
shape but was less strongly modulated, sug-
gesting that at least part of the dark activity
derived from photoreceptor fluctuations
similar to those produced by dim flickering
light (4). However, the correlation function
derived from other cell pairs had a single
sharp peak near zero. Its shape was indepen-
dent of the mean light intensity and per-
sisted unaltered in darkness (Fig. 4B),
which is inconsistent with an origin in the
slow fluctuations of photoreceptors. This
class of correlation functions accounted for
the high values of the correlation index in
Fig. 2, and showed a similar distance depen-
dence at all light levels, including darkness.

To produce the sharp peak in the corre-
lation function (Fig. 1D), the input signal
shared by the two observed ganglion cells
must consist of very brief events that depo-
larize the postsynaptic ganglion cells for
only 10 to 20 ms. Furthermore, these depo-
larizations must be strong, reliably trigger-
ing action potentials in both ganglion cells,
even though each of them also receives
input from other unshared sources. By con-
trast, the shared input can be loosely cou-
pled to the visual stimulus, with trial-to-
trial variations in the response time of up to
several hundred milliseconds in dim light
(Fig. 1A) and spontaneous activity in dark-
ness (Fig. 4B). Given the circuitry of the
inner retina, this shared input might be
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Fig. 4. Correlation function between two ganglion

cell spike trains under random flicker stimulation

asin Fig. 3, performed at various mean intensities:

2.32 X 1072 W/m? (bright); 2.63 x 1073 W/m?

(medium); 1.69-x 10~4 W/m? (dim); and in dark-

ness. (A) An ON and an OFF cell separated by 140
m. (B) Two OFF cells separated by 130 pm.
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delivered by a bipolar cell, an amacrine cell,
or a third ganglion cell (through gap junc-
tions). Bipolar cells produce slow poten-
tials, which are unlikely to trigger precisely
synchronous ganglion cell spikes. Action
potentials in a third ganglion cell could
have the desired effect, but we rarely en-
countered correlation functions with a dip
at zero as would be expected from direct
transmission between ganglion cells (5, 16).
[t appears more likely that the synchroniz-
ing input derives from an unobserved spik-
ing neuron, for example, a spiking amacrine
cell (3, 17).

It has been proposed that the primary
task of the retina is to reduce redundancy in
the messages that encode visual scenes. Re-
dundancy results because nearby points in a
natural image are likely to have similar
intensities (18), because the local intensity
tends to vary slowly, and because the ab-
sorption spectra of different photoreceptor
pigments overlap substantially. In this view,
lateral inhibition, temporal adaptation, and
spectral antagonism all act to produce a
more de-correlated and compact represen-
tation of the visual scene at the level of the
optic nerve (19). At first sight, the finding
of strong correlations among retinal gangli-
on cells appears to contradict this hypoth-
esis and suggests an inefficient use of the
optic nerve, with many nerve fibers carry-
ing the same signal. On the other hand, any
given ganglion cell can participate in sev-
eral groups of synchronously firing cells.
Thus, the retina might use a combinatorial
code for vision, whose elementary symbols
are multineuronal firing patterns rather
than single action potentials from individ-
ual cells. The analysis in Fig. 3 provides
some support for this proposal, because the
spatial receptive field of a spike pair was
different from that of the component single
neurons and was often more sharply defined
in space. Presumably, this reflects the recep-
tive field of the interneuron that delivered
the shared excitation to ganglion cells. Vice
versa, each characteristic group of synchro-
nous spikes among ganglion cells signals the
firing of the corresponding interneuron.
Thus, spikes from interneurons, such as am-
acrine cells, could be multiplexed into the
retinal output without adding more fibers to
the optic nerve (20).

[t appears that retinal ganglion cells
should not be considered independent
channels of information about the visual
environment. The present work shows that
a sizable proportion of ganglion cell activity
violates this assumption and earlier paired
recordings suggest that this finding holds
true in a variety of species. These patterns
of concerted firing must be considered
when one interprets the function of visual
centers in the brain. In particular, if con-
certed firings form the symbols of a distrib-
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uted neural code, one expects to find neural
circuitry that detects such activity in optic
nerve fibers.
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Pheromone Response in Yeast: Association of
Bem1p with Proteins of the MAP Kinase
Cascade and Actin

* Thomas Leeuw, Anne Fourest-Lieuvin, Cunle Wu,

Janet Chenevert,* Karen Clark,T Malcolm Whiteway,
David Y. Thomas, Ekkehard Leberer:

Haploid cells of the yeast Saccharomyces cerevisiae respond to mating pheromones with
polarized growth toward the mating partner. This morphological response requires the
function of the cell polarity establishment protein Bem1p. Immunochemical and two-
hybrid protein interaction assays revealed that Bem1p interacts with two components of
the pheromone-responsive mitogen-activated protein (MAP) kinase cascade, Ste20p and
Ste5p, as well as with actin. Mutants of Bem1p that are associated with defective
pheromone-induced polarized morphogenesis interacted with Ste5p and actin but not
with Ste20p. Thus, the association of Bem1p with Ste20p and Ste5p may contribute to
the conveyance of spatial information that regulates polarized rearrangement of the actin

cytoskeleton during yeast mating.

Haploid cells of S. cerevisiae secrete the
peptide pheromones a and « factors to in-
duce the conjugation of cells with opposite
mating types. The pheromones bind to spe-
cific receptors and thereby trigger differen-
tiation processes (1). The responding cells
adopt a polarized cell shape with membrane
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projections directed toward the pheromone
source (2). Polarized morphogenesis in the
direction of an external signal is a charac-
teristic feature of differentiated cells. Exam-
ples include chemotactic responses in neu-
trophils and Dictyostelium, polarized growth
of T cells toward antigen-presenting cells,
and the development of cell polarity during
differentiation of epithelial and neuronal
cells (3). The molecular mechanisms by
which the positional information of an ex-
ternal signal is translated into the establish-
ment of cell polarity are poorly understood.

In conjugating yeast cells, development of
cell polarity requires the small Rho-like
guanosine triphosphate (GTP)-binding pro-
tein Cdc42p and its guanosine diphosphate
(GDP)-GTP exchange factor Cdc24p, as well

as the Src homology 3 (SH3) domain—con-
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taining protein Bemlp that associates with
Cdc24p (4-6). These proteins also partici-
pate in regulation of the development of cell
polarity during budding; this process is under
the control of an internal program that in-
cludes the function of bud-site selection pro-
teins, which specify the site of bud formation
(7, 8). During mating, this internal program
must be overridden by spatial information
imposed by the external pheromone signal in
order to specify the site of cell growth.

The binding of pheromones to their re-
ceptors activates a heterotrimeric GTP-
binding protein (G protein) common to
both cell types. Through the action of the
Ste20p protein kinase, the G protein 8 and
v subunits stimulate a MAP kinase cascade
whose components constitute a signaling
complex by association with the scaffold
protein Ste5p (9). Ste20p phosphorylates
Stellp, a MEK (MAP or extracellular sig-
nal-regulated kinase kinase) kinase ho-
molog, in vitro (10) and is therefore likely
to be a constituent of this signaling com-
plex. The STE20 and BEMI genes can
function as high-dosage suppressors of a G
protein B subunit mutant that is partially
defective in signaling (11, 12).

Specific antibodies to Ste20p, Bemlp,
Ste5p, and actin (Fig. 1A) were used to
investigate the relative distribution of these
proteins in yeast cell fractions (13). About
50% of total Ste20p and >60% of total
Bem1p sedimented with the particulate frac-
tion, which also contained Ste5p and actin
(55 and 65%, respectively, of total protein)
(14). Washing the particulate fraction with
increasing concentrations of NaCl solubi-
lized increasing amounts of Ste20p, Bemlp,
actin, and, to a lesser extent, Ste5p (Fig. 1B).
These proteins were completely solubilized
with 1% SDS but remained in the particu-
late fraction after treatment with NP-40 or
Triton X-100 at concentrations that are
known to release membrane-bound proteins.
The results suggest that Ste20p, Bem1p, and
Ste5p are not directly bound to membranes
but rather are associated with complexes of
high density. Sucrose density gradient cen-
trifugation resolved these complexes into
two fractions: a heavy fraction migrating at
46 to 48% (w/w) sucrose that contained
actin, and a light fraction migrating at 38 to
40% sucrose that did not contain actin (Fig.
1C). Marker enzymes for Golgi vesicles and
the plasma membrane—guanosine diphos-
phatase (GDPase) and adenosine triphos-
phatase (ATPase), respectively—did not co-
localize precisely with these fractions. These
observations are consistent with the view
that Ste20p, Bemlp, and Ste5p are constit-
uents of a large protein complex that is partly
bound to the actin cytoskeleton and is not
directly bound to the membrane.

We next investigated whether Ste20p,
Ste5p, and Bemlp are associated in vivo.





