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Abstract

In isolated chick retina, the visualization of electrochemical self-organized patterns is possible
due to the presence of macroscopic intrinsic optical signals (10Ss). Isolated circular waves, stand-
ing patterns, and self-sustained sequences of spirals are all easily obtained using an 10S approach.
In this paper we present the tight coupling and non-linear relationship between optical and elec-
trical wave concomitants, and potassium-induced whole tissue excitability changes. Elementary
statistical methods and time series analyses were applied to two sets of data: 1) solitary circular
retinal spreading depression waves, and 2) tissue response to exogenous potassium fast pulses.
The results were interpreted from the point of view of non-linear thermodynamical concepts and
volume phase transitions in polyanionic gels according to the Tasaki action potential model. From
these and previous results, it is clear that the glial network and extracellular matrix contribute to
the propagation and emergence of these patterns.
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1. Introduction

Solitary, circular retinal spreading depression (RSD) waves are concurrently: 1) an example of a two-dimen-
sional excitation wave propagating in excitable media [1]; 2) a self-organized two-dimensional electrochemical
pattern [2]; and 3) a model for functional syndromes of the central nervous system (CNS) [3]-[5]. Results from
the RSD experimental model can therefore have an interdisciplinary appeal for a range of researchers, from
theorists to physicians to medical image processing physicists.

In this paper we show that field potentials and intrinsic optical signals (10S) recorded at inner retina (inner
plexiform layer and vitreal border, respectively) are tightly coupled wave concomitants. Our results, however,
did not reveal any linear causality between them. The 10S and field potential time series were recorded simulta-
neously and optical changes were recorded at microscopic scale as close as possible to the electrode tip. 10S and
field potential time derivative peaks coincided in time in 44 waves of RSD recorded from 34 retinas.

When a propagating wave front invades the region around the electrode tip, the field potential of RSD waves
at the inner plexiform layer is usually dominated by a single potential drop. A single peak therefore dominates
the time derivative of the field potential time series recorded during passage of solitary circular wave fronts. In
the CNS of retinas, the external leaflets of glial and synaptic membranes—which are rich in negatively charged
polymers such as gangliosides or glycolipids, proteoglycans, and glycoproteins—interact through the negatively
charged gel (glycosaminoglycans [GAGs]) of extracellular space at the inner plexiform layer. The non-linear
neuronal/glial interaction in this system has been demonstrated at both membrane-channel and intracellular le-
vels [6]-[9] during light responses and RSD waves. The results presented here are interpreted from this point of
view for two sets of data: from 44 circular solitary spreading depression waves from 34 retinas, and seven fast
high-concentration exogenous KCI pulses recorded in five retinas.

Aside from circular solitary waves elicited by a light touch, KCI solutions are a classic trigger for RSD waves
and other electrochemical self-organized patterns, for example, as used for experimental hippocampal seizures.
With only a few pulse experiments, we recorded the full range of optical and field potential changes associated
with exogenous KCI that have been described in the RSD literature [4] [10]-[13].

Finally, we show that when a solitary front invades a patch of attached retina viewed from the side, the optical
changes occur first at the inner plexiform layer and an abrupt loss of transparency then marks the tissue’s change
from a quiescent to excited state. These results confirmed the early observations of Martins-Ferreira and Olivei-
ra e Castro about the source of the 10S during RSDs as well as more recent results [14] [15] obtained from con-
focal microscopes that measured light scatter in undyed live scotopic retinas. In our case an ordinary optical mi-
croscope was used, with the retina illuminated with laser light.

The main objective in our discussion of the results is to demonstrate the importance of the glial network geo-
metry in the shape of electrochemical waves and the probabilities of other spatial patterns. Additionally, in the
particular case of retinas, we want to show that the glial network geometry plays an important role in the origin
of the 10S associated with these electrochemical patterns. We propose that in the retinal model, the information-
al role of the polyanionic gel of the basement membranes and extracellular matrix [16]-[19] can be observed di-
rectly in the RSD wave propagation.

2. Materials and Methods
2.1. Preparation of the Eye-Cup

Chicken at the age of 5 to 21 days were used for the experiments. Chicken were bought directly after hatch and
kept in a proper stable at the University of Hohenheim until the day of the experiment, and killed by decapita-
tion. After decapitation, the eyes were removed from the eye socket. Eyes were sectioned close to the equator
with a razor blade and the vitreous body was removed with tweezers. The posterior eye-cups were immersed in
Ringer solution. The eye-cups were then glued in individual Petri dishes and placed in the setup, where they
were perfused with Ringer solution. Before we started collecting measurements, the retinas were allowed to re-
cover for 30 min. The keeping of chicken and all associated experiments were performed within the related laws
for Germany and the EU.

2.2. Ringer Solution

The solution used to perfuse the isolated retinas had the following composition: 100 mM NaCl, 6 mM KClI, 1
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mM MgSQ;,, 1 mM H,PO,, 1 mM CaCl,-2H,0, 30 mM NaHCO3, 10 mM TRIS, and 30 mM glucose (pH 7.4).
The temperature of the experiments was 30°C.

2.3. Retina Setup 1

The setup was enclosed in a Faraday cage on a vibration isolation table (Halcyonics MOD-1). A binocular mi-
croscope (Leica MS5) equipped with two beam splitters was used for observation of the retinas. To one of the
beam-splitters was connected an RGB-camera (Sony Power HAD), and to the other, a photomultiplier (RCA
6199 with a Hamamatsu adapter and a Physic Instruments high voltage power supply). Electrical recordings
were performed with extracellular glass micro-electrodes (tip diameter around 20 pm, pulled on a Zeitz puller)
filled with Ringer solution, see above. These were inserted in the retina using a micromanipulator (Eppendorf
PatchMaster) under optical control. The positioning of the measuring electrode was aimed at the inner plexiform
layer. The sharpness of field potential laminar profiles within retinas makes it easy to recognize the electrode tip
position (Fernandes de Lima and Hanke, 1997). The electrical potential of the tissue relative to the bathing solu-
tion was measured with a high impedance amplifier (WPI double channel electrometer FD223) connected to an
Ag/AgCI electrode in the glass micropipette versus another Ag/AgCI coil wire electrode immersed in the bath
(reference electrode).

2.4. Retina Setup 2

In Figure 1 we show the experimental setup used in the records shown in Figure 10 and Figure 11. In the fig-
ure we show (clockwise): a) The combined output from the two cameras. They were connected to two optical
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Figure 1. Clockwise: The three photos show the experimental recording setup used to record the RSD I0S along the width
of in situ retinas. The first photo shows the combined images (marked by arrows) of the two cameras. The camera positioned
above the retina provides a panoramic view of the retinal surface. The second camera is positioned at 90° from the first and
provides a lateral view of the in situ retina. The second photo shows the area illuminated with laser beam. The beam was po-
sitioned at 45° from the retinal surface and aimed at the border. The length of the pecten is 6.5 mm. The last photo shows the
outputs of the two cameras during a record whereby a wave was elicited and a second wave arose “spontaneously” within the
area illuminated with the laser (marked by asterisks). The gain of the second microscope amplification was smaller than the
one shown in Figure 10 and Figure 11. In this image, a part of the sclera (denoted S) contributes to the light scatter. The
“spontaneous” wave could be seen propagating within the retina (denoted R).
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microscopes (Leica camera 1 and Olympus camera 2) and their outputs were combined in a single frame before
recording with a video editor; b) The second camera was positioned at 90 degrees from the first and provided a
view of the retina width. A laser beam (640 nm, 5 mW) was positioned at the central retina. The second micro-
scope was focused on the illuminated area (region inside the square in the figure); and c) The first camera pro-
vided a panoramic view of the retina surface viewed from above. The last photo shows an elicited RSD wave
propagating in the first camera and another that “spontaneously” aroused within the laser-illuminated area
(marked by asterisks). In the second camera, the retina (denoted R) and parts of the sclera and Petri (denoted S)
dish scattered the laser beam.

2.5. Measuring Software

Data from retina setup 1 were digitized and stored on a computer using home-written routines in LabView® to-
gether with proper A/D-converter hardware. The photomultiplier and electrode outputs were stored simulta-
neously as a time series, while the camera output (via a NI video-grabber card) was stored as a video file (video
sampling rate 25 full frames per second, PAL solution).

The electrode output and the mean brightness of a 10 x 10 pixel matrix (50 um side length) that was posi-
tioned over the electrode tip within the video frames and sampled simultaneously with the photomultiplier out-
put and electrode/amplifier system output at 10 Hz were stored on a computer and visualized on a display in real
time. The photomultiplier output measured optical profiles at macroscopic scale over a 1 mm diameter circular
area.

Typical time series are shown in Figure 2. The figure shows raw data and the time derivative of the field po-
tential time series obtained using ORIGIN® software off-line.

The figure shows two optical profiles obtained at different spatial scales and the field potential measured in
the inner plexiform layer of in vitro retinas. All graphs are at the same time scale to show a complete optical
profile. Note that the field potential is correlated with the first optical component of the profile, whereas the
second is related to the metabolic tissue response.

2.6. Processing of Video Frames

The data in Figure 10 and Figure 11 were processed in the following way: the output from the two cameras was
combined before recording, and samples of the video-recorder data were digitized as gray scale. The first frame
of a video was used as background and the pixel brightness value subtracted from each subsequent frame. In the
figure, the brightness is displayed in false colors. ImageJ software was used to process the video frames.

2.7. Materials

All chemicals were obtained at least at p.a. grade from Sigma, Aldrich or Merck. Water was from a laboratory
distillery.

3. Results
3.1. General Statements about RSD Waves, Their Optical Profiles, and Field Potentials

All waves examined in this study were solitary circular waves that had been mechanically elicited by a light
touch. Recent panoramic views of such waves and their optical profiles are available in the literature [19] [20].
RSD waves are characterized by their circular shape and smooth continuous invasion of quiescent tissue, which
separates them from other forms of propagating excitation such as the excitotoxic response [21]. At this point, it
should be noted that the optic nerve exit, or papilla, does not interfere with either the shape or the intensity of
10S. However, the structure of the retinal tissue is changed drastically: there are no plexiform or nuclear layers,
only the radial glia and exiting axons [22] [23]. From excitable media theory it is known that wave curvature
and propagation velocity are tightly coupled variables [24]. Thus, the drastic change in retinal tissue structure
does not interfere with wave propagation. This observation has been described since the first report of Mar-
tins-Ferreira [25].

Figure 2 shows the optical profiles at two different spatial scales. With the exception of the sudden onset at
the microscopic scale, both profiles are similar. For 44 RSD profiles (measured at macroscopic scale) using data
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Figure 2. (a) and (b) are typical optical profiles of circular RSD waves, recorded at micro and macro space scales at 30°C. (c)
is the time derivative of the field potential time series. (d) shows the concomitant potential drop within the inner-plexiform
layer. In (a) the ordinate in arbitrary units shows the mean brightness of a 10 x 10 pixel matrix (about 50 pm side-length).
The graph in (b) shows the digitized output of a photomultiplier that samples a circular area 1 mm in diameter. The output is
proportional to the light scattered by the tissue and it is again in arbitrary units. The arrows in (a) and (b) show the time in-
terval between the first and second optical peaks of the same wave profile, as well as the duration of the first peak in relation
to the electrochemical variables of the RSD wave. In (c), the dV/dt time series of the field potential is given, where the shape
is typical for a solitary circular RSD wave. Peak amplitude and the duration of the transient are shown in the graph. In (d),
the field potential was measured with a glass micro-electrode (10 pm tip diameter) filled with KCI solution inserted in the
inner-plexiform layer against a silver/silver chloride coil immersed in the Petri dish. The amplifier output was filtered at 30
Hz (-6 dB/octave). Peak amplitude and the time of recovery to baseline are shown in the figure. The asterisk indicates the
position of the dV/dt peak. The abscissas are in minutes. Data acquisition and processing were performed in LabView® and
ORIGIN®, respectively.

from 34 retinas, the duration of the optical response was measured, as well as the area under the curve for the
total profile and the second or metabolic component (measured from the minimum between the peaks).

Profile duration ranged from 6.6 to 23.87 minutes (mean = 15.3, sd = 3.9) of which the second component
represented 82.3% to 94.2% of the total area (mean = 89.6, sd = 2.68). Two profiles, which accounted for 4% of
the waves, had a first optical component of smaller amplitude than the second component. In these waves the
second component represented 94% of the total area. However, other parameters, such as the interval between
peaks and the duration of the first peak, were as expected for solitary RSD waves measured at 30°C. Figure 2
shows the time interval between the two optical peaks of each profile, the width of the first optical component,
and the field potential of the wave. Our experimental values are typical of solitary circular waves obtained from
quiescent retinas at 30°C. The asterisk in the field potential graph indicates when the peak of the dV/dt time se-
ries occurs. Since this peak coincides with the peak of the dK/dt profile [13], the rising phase of the field poten-
tial is associated with the dissipation of electrochemical gradients. Meanwhile, the recovery phase is associated
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with the acceleration of the sodium potassium pump and energy consumption in the tissue. The inter-peak inter-
val is the period when the tissue is at absolute refractoriness. The relative refractoriness, on the other hand, has
the duration of the total optical profile [26]-[28].

The rise of the second optical peak is closely associated with a pH change (acid shift in the extracellular space)
due to glia secretion of lactic acid [29]. This is because in the isolated avascular retina, metabolism depends up
to 100% on glial glycolysis [14]. The second optical peak also shows an analogue of the metabolic response of
the tissue to the challenge of the synchronous electrochemical gradient dissipation at the wave onset.

3.2. Descriptive Statistics of Field Potentials and Their Relationships with the Micro-Scale
10S

Figure 3 shows the electrophysiological and optical concomitant signals for one of the 44 RSD waves from 34
retinas measured.

The simultaneously recorded time series are displayed at the same temporal scale of 10 minutes. The com-
plete optical profile shown in Figure 2 has a total duration close to 20 minutes. Figure 3 shows the RSD wave
concomitant signals using an expanded scale of 10 minutes, in order to show details of the onset phase. In Figure
3(d), the field potential and its time derivative are shown. The amplitude distribution of the 44 field potential
waves concomitant with RSD waves is shown in Figure 3(b), while 3C shows the scatter of the points that cor-
relate the field potential amplitude with the amplitude of its time derivative. A strong (0.88) linear correlation
was found between the two signals. The same degree of correlation and scatter has also been found between the
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Figure 3. In (a), the three simultaneously time series are shown on an expanded temporal scale (10 minutes). In (b) the bar
diagram shows the frequency count of the field potential amplitude for 44 RSDs. (c) shows the scatter plot of the field poten-
tial amplitude versus the dV/dt peak amplitude. Linear regression and correlation coefficient are depicted in the graph. (d)
has the field potential and d\/dt time series used to create graph C. Note the shape of the field potential with a characteristic
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amplitude of the derivative and the velocity of wave propagation [30]. The range of field potentials was 0.6 to
45 mV with a mean of 16 mV. The range of the time derivative peak was 0.3 to 37 mV/s with a mean of 12.8
mV/s. The smallest (0.6 mV) amplitude also had a shape different from the ones shown in the previous figures:
double peak kinetics with a long duration, taking 1.5 minutes to return to baseline. We note that this shape has
been published before together with the associated potassium activity [4]. In one wave, we could identify a 200
pV sharp potential drop that coincided with the peak of the time derivative of the micro-scale 10S. This wave
could be classified as a “zero-field potential wave” depending on the amplifier setup. These two waves had mi-
cro-scale 10Ss that were no different from the ones shown in Figures 2-4.

The relationship between the RSD wave’s electrophysiological and optical concomitant signals is then non-
linear, as can be seen in the figures. The close association of their maximum rate of rising suggests a tight
coupling between the change in ionic environment change within the extracellular hydrogel, and the fast change
in optical properties of the tissue.

3.3. Field Potential and Micro Optical Profiles of Exogenous Potassium Pulses

Potassium is the universal depolarizing agent and inducer of exocytosis for all excitable tissues, from CNS nerve
terminals to endocrine glands. It has also been long known that exogenous KCI produces spreading depression
waves in grey matter and reversibly changes the optical properties of retinas [10] [31]. If a salt solution is added
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Figure 4. In (a) the low amplitude field potential and dV/dt time series are given. Note the shape conservation for the field
potential and the decrease in the signal to noise ratio for the d\/dt peak amplitude. (b) shows a scatter plot of the time of oc-
currence for the temporal derivatives for the field potential and micro-scale 10S peaks. The linear regression line and corre-
lation coefficient are depicted on the graph (n = 44). (c1) and (c2) present the time series of micro-scale 10S and field poten-
tial for a RSD wave with low amplitude field potential (3.5 mV) and long inter-peak interval in the optical profile (5 min).
This value is twice the expected length at 30°C. The time derivative is shown to the side of each time series. The output of a
low-pass adjacent-averaging filter is superimposed on the original series and the expanded peaks in the insets.
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to the perfusion system without disturbance of the laminar flow, potassium activity rises slowly within the inner
plexiform layer (IPL) and tissue transparency increases until a wave is triggered [13]. Before the wave, the rise
in potassium activity does not change the field potential recorded within the IPL. By contrast, a sudden rise in
potassium activity at the IPL occurs either “spontaneously” [4] or as a result of ouabain application [21] [26],
and decreases the transparency of the tissue and produces a potential drop. When a RSD wave is triggered, the
time derivative of the field potential and the abrupt rise in potassium activity wave coincide in time [13]. In the
previous sections, we showed that the optical signal associated with RSD waves also coincide in time with the
field potential time derivative. In this section we will show that changes in optical properties and field potential
elicited by fast, high concentration pulses of KCI aspersed over the inner-limiting membrane.

Seven pulses from five retinas were used in the experiments. Figure 5 and Figure 8 show two alternative
ways of summarizing the complete experimental data: 1) the three simultaneously recorded time series already
shown in the previous section that shows temporal evolution of the optical changes and field potential; and 2)
the time/space evolution of the optical changes in a different retina depicted using the kymograph technique.
The latter shows how widespread these optical changes were in central retina.
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Figure 5. The three simultaneously recorded time series in a KCI short pulse experiment. The total time of the record is 62
minutes. Top: photomultiplier output time series. The macroscopic (1 mm) optical profiles of two circular spreading depres-
sion waves were recorded before the first KCI pulse response after pulses of 200 pul/250mM KCI solution. Note a sharp hy-
per-transparency phase in both pulse responses, which is much smaller in the second pulse. The optical profile of the first
response has a prolonged plateau that was still not completely back to baseline transparency level 21 minutes and 20 seconds
later when the second pulse was applied. The optical profile of the second pulse response was recorded for 7 minutes. Center:
the microscopic optical signal recorded very close to the electrode tip at the retinal surface (10 x 10 pixel matrix mean
brightness). From the movie and this time series, the optical artifact produced by reflections and shadows of the pipette and
flow turbulence caused by the pressure pulse could be estimated at 1.2 seconds for both pulses. Note that at this small patch
of retina, both pulses produced hyper-transparency that preceded the excitation associated with increase in light scatter. Bot-
tom: field potential time series. Note the slow negative shift of the baseline after the first pulse (duration 8 minutes) and the
absence of shift in field potential after the second pulse.
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It should be noted that in Figure 8 the recording electrode tip is covered in the digital frame by the superim-
posed time series and that it rests about 1 mm above and to the right of the center of the frame. With pressure
ejection of KCI solutions, very high (1 and 2 M) concentrations have been used in spreading depression experi-
ments: for example see, [11] [32] [33]. In all these reports brief KCI pulses did not cause any visible damage to
cortices, hippocampal slices, or in vitro retinas. In the submerged in vitro retina, 1 M KCI application very close
to the vitreal border (5 seconds) was used for the record shown by the authors [11]. We used 100 and 200 ul vo-
lumes of a 250 mM KCI solution (see methods section) ejected with Eppendorf pipettes that were held close to
the vitreal border of the central retina.

Figure 5 shows the simultaneously recorded time series in one experiment in which two RSD wave record-
ings preceded two exogenous potassium pulses (200 ul/ 250 mM). In Figure 5 we can see that the optical profile
of a KCI excitation wave can have a different profile from the RSD waves elicited by mechanical stimulation
that are far away (~ 3 to 5 mm) from the recording point. There is no clear distinction between the electrochem-
ical and metabolic peaks but plateaus of increased light scatter that fall slowly to the baseline level of tissue
transparency are present. The field potential also has a sharp initial component and a small shift of the baseline
to relative negative potential in the first pulse, and much faster kinetics following the second pulse that was de-
livered 20 minutes after the first. In Figure 6 and Figure 7, the optical changes close to the electrode tip and the
field potentials elicited by these two KCI pulses are shown in a highly expanded time scale in order to follow the
optical changes and field potentials in the critical transition from stimulation to wave propagation.
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Figure 6. Same experiment as shown in Figure 6. The uIOS and field potential time series are shown in an expanded time
scale in order to highlight the details of the optical and field potential responses to the first KCI pulse. Top row: the optical
signal shows that the hyper-transparency exceeds the artifact and precedes the light scatter, which is the hallmark of propa-
gation. The time derivative for the time series is shown on the right hand side. Note that the stimulus artifact influences the
first part of this derivative but not the peak at 9.6 seconds. Bottom row: field potential simultaneously recorded. Note the two
components: a potential rise followed 10 seconds later by a potential drop that is also the hallmark of propagation. The time
derivative also has two components and the second is closely associated with the second component of the pIOS.
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Figure 7. Same experiment as shown in Figure 6. The ulOS and field potential time series are shown in an expanded time
scale in to highlight the details of the optical and field potential responses to the second KCI pulse. Top row: the optical sig-
nal shows that hyper-transparency and light scatter overlap with a less defined peak after the initial response. Bottom row:
the field potential has only the initial potential rise and no component associated with light scatter increase. The duration of
the field potential response is the duration of the pulse. No artifact from turbulence can be seen in the field potential time se-
ries.

The stimulation artifact in the optical signal provides information about the relative durations of the stimulus
and its optical response. There are two clear components in both, the electrical and optical responses, and the
second component of both derivatives happen together. In the optical response to the second pulse, the two opt-
ical components overlap and there is a small second component in the time derivative. The field potential is very
short and dominated by the initial potential rise. No second component was found in the time derivative. The
sharp field potential rise was recorded in five of the seven pulses and absent in two. The plateau shape of the
KCl-elicited wave was also recorded in five of the seven pulses.

Figure 8 shows a digital frame of the recorded DVD movie of another two-pulse experiment, which was used
to construct the kymographs shown below. The color frames were first transformed into gray levels, as shown.
The glass electrode and its shadow are visible in the frame. The structure to the left of the electrode is a dynamic
electrochemical structure called a “standing pattern”. From this structure, excitation waves spread up to the
electrode tip region that is concealed by the superposition of the A/D converter output (a movie of this experi-
ment is available as additional material for the electronic version). The asterisk indicates a small lesion that de-
veloped around the original electrode insertion point. The lesion formed after the first KCI pulse whereby a
standing pattern arose around the insertion point, the outline of which can still be seen in the frame. When such
a lesion develops, the electrode has to be moved because it becomes isolated from the electric field of ap-
proaching waves. The three lines labeled a, b, and ¢ cut the standing pattern at different levels and these lines
were used to create the kymographs shown below the frame. The alignment of the kymographs very clearly
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Figure 8. The figure summarizes the findings of another two-KCI pulse experiment from a different retina where hy-
per-transparency was the first optical tissue response. The digitized frame shows the superimposed time series of the plOS
(top) and the field potential (bottom) of the going on record. The original color frame has been transformed into grayscale at
8 bits. The bright structure in the frame is a standing pattern that arose after the second KCI pulse, from which the excitation
propagated. The electrode shadow is better seen than the glass electrode itself. The tip is behind the superimposed time series.
The asterisk indicates the location of a small bright spot that is a micro lesion that developed around the electrode tip from an
earlier electrode insertion. The electrode was therefore moved from the center of the frame and its tip is behind the superim-
posed time series in the image. These micro lesions will always split RSD wave fronts (see additional material). Three lines
labeled a, b and c cut the standing pattern at different levels. Each line was used for the stacking of the kymographs shown
below. The kymograph is a digital processing technique that is used for the visualization of movement, vibrations, or
changes over time. The brightness of the pixels in each line is positioned side by side over time, such that the length of the
total stack equals the 62 minutes of the recorded experiment. 3442 lines were stacked with a sampling rate of 2 Hz. The three
aligned stacks then show the optical changes at three different levels of central retina. From the stacks it is apparent that hy-
per-transparency appears simultaneously in all three lines following both KCI pulses, demonstrating how fast the tissue re-
sponds to the pulses over a wide area. The evolution of the dynamic standing pattern can also be followed. Brightness does
stay static within the pattern, but it changes. Note the RSD wave’s propagation within each line and the interaction of a RSD
wave with the standing pattern that is different at each level.

O,
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shows the difference in spread of the circular RSD waves and the KCI elicited waves: the circular wave front
reaches each line at different times, whereas the optical KCI initial pulse response is synchronous over the cen-
tral retina (about 3 mm). As in the experiment shown in Figures 5-7, the initial optical response is an increase in
tissue transparency observed in both KCI pulses.

In Figure 9, the optical and field potential responses are shown in highly expanded time scale in order to re-
veal the details of their temporal evolution. The optical and electrical artifacts caused by the turbulence created
by the pulses clearly interrupted the optical response and changed the second pulse field potential. It is obvious
that during the second pulse, the electrode tip moved within the tissue and affected the initial response, which
made amplitude comparisons difficult.

However, both field potential responses are qualitatively similar and in these two pulses, the initial rise in
field potential was absent. The non-linearity between these macroscopic concomitants is also demonstrated in
the exogenous KCI experiments. The kymograph also shows the fluctuation in brightness of the standing pattern
and the complex interaction of the pattern with a propagating RSD. In this experiment both standing patterns
disappeared without leaving lesions. Indeed, the field potential and potassium activity within such a pattern has
previously been reported [4] along with the spectral dependence of its 10S [17]. From these experiments we
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Figure 9. The graphs in this figure are from the same experiment shown in Figure 9. The time series recorded for the two
KCI pulses are shown in expanded time scale. The first and second KCI pulses were 100 pl and 200 pl in volume, respec-
tively. Both of the KCI pulses produced optical and mechanical artifacts that lasted for 2 and 3.5 seconds, respectively. The
mechanical disturbance is seen at the field potential time series due to the turbulent flow of the pulse, with a stronger effect
caused by the second pulse. Top row: nIOS with two optical components well-separated in time. Bottom row: field potential
time series. After the very small artifact, the field potential baseline shifted very slightly toward a positive direction before a
slow ramp became faster before the main potential drop that coincided with an increase in tissue light scatter around the
electrode tip. In the second pulse, the mechanical artifact of the pulse displaced the baseline, which is perhaps the reason for

the lack of field rise associated with other pulses.
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conclude that the optical profiles of KCI pulse excitation waves can have an optical profile distinct from RSD
waves. All the optical changes associated with increased extracellular potassium activity were also observed, but
not in all pulses or retinas. When present, the hyper-transparency phase preceded the increase in light scatter.
Finally, the field potentials frequently showed a potential rise along with two components in its time derivative,
but not in all pulses.

3.4. The Light Scatter Signals in “in Situ” Retinas Viewed from the Side

In the methods section we describe the experimental setup used to record the 10S across the inner retina. In
Figure 10 this arrangement is summarized. Two cameras were adapted to two microscopes: one camera had a
panoramic view of the retina from above, while the second was focused on the side view of a patch of central re-
tina illuminated by a red laser beam. The images of the two cameras were combined into a single frame and rec-
orded together, and then processed offline.

Figure 11 shows a sequence of frames that begin one second before a RSD wave invades the area, and then
follow the optical changes in the transition from quiescence to excitation wave.

In part E of Figure 10 we show the processed frame together with the drawings of Ramon y Cajal of Miller
cells in the chicken retina. The characteristic circular patterns of the glial membrane around the ganglion cell
bodies are visible in both figures. Below is the inner plexiform layer, which occupies one third of the retina
width. Above the ganglion cells is the nerve fibers layer that converges toward the optic nerve papilla. The end-
feet of the Miiller cells form the border between the retina and basement membrane of the inner-limiting mem-
brane. To construct the frames shown in Figure 10 and Figure 11, a sequence of 300 frames was digitized from
the original video, beginning one second before a front-wave invaded the area. The 300 frames represent 10
seconds of recording time (i.e., the rising phase of the field potential). The frames were saved in grayscale (8
bits) and the first frame used as the background, i.e., the value of the brightness of every pixel in this frame was
subtracted for all subsequent 299 frames. Then we employed a false colordisplay. In part F of Figure 11, the
mean brightness of three small rectangular matrices is displayed as time series. We measured the mean bright-
ness only in the inner retina in order to compare the behavior of the optical changes within the plexiform and
both nuclear layers. At the inner plexiform layer, the brightness changes within the second before the wave and
has an abrupt step at the transition from quiescence to excitation (~100 msec). We used red laser light because
the scatter of red light matches the membrane depolarization obtained with the voltage-sensitive dye 4ANEPPS
[4] [34] and thus closely follows the field potential of a wave [17].

4. Discussion

In this section we will argue for: 1) a prominent role of intrinsic and membrane-associated polyelectrolytes (po-
lyanions) in the generation of the field potential recorded at the inner plexiform layer; and 2) a prominent role of
the glial membrane network in the generation of the 10S of dynamic structures in in vitro retinas. We found that
glial membrane channel activity measured in situ had the same shape and duration of the rise of the extracellular
field potential [6]. Intracellular, the glia light-flash response and RSD wave responses were very similar, sug-
gesting that the b-wave of the ERG and field potential drop of RSD waves shared the same mechanism of glial
membrane depolarization [7]-[9] [35]. By contrast, ganglion cells had a very short burst of activity at wave onset
and the response of horizontal cells to light appeared to be unaffected by RSDs (idem).

Being inserted in the extracellular space of the inner plexiform layer, the electrode tip is surrounded by polya-
nions of the glycosaminoglycans (GAGS) that are associated with glia and synaptic membranes, as well as nega-
tively charged glycolipids (gangliosides), glycoproteins, and proteoglycans that are intrinsic to these membranes.
These polyelectrolytes react to electrical fields and create interfacial potentials when the screening of the nega-
tive charges is changed. Typically, polyanions undergo marked volume changes when hydrated. Mucins (the
largest of the proteoglycans) for example, can experience a 600-fold change in volume within seconds after ex-
ocytosis. Such a change happens in goblet cells when protons and calcium ions screen the very large and tightly
folded mucin macromolecule [36], and the fast hydration of the resultant negatively charged carbohydrates is
responsible for the volume changes [37]. Thesevolume changes have been described as “volume phase transi-
tions” by T. Tanaka (1992) [38].

Other scientists measured field potential drops in hydrated hydrogels [39] and monitored the effect of differ-
ent KClI solutions (0.8 mM and 5 M) and pHs. In the presence of low concentration KCI solutions, they observed
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Figure 10. (a) A chicken eye with the boxed area shown in more detail in (c). (b) Part of the retinal tissue can be seen from
above and additionally the retina can be seen from the side, from which the layer structure can be recorded. Part (c) shows
this in more detail. The given frame has the side view at high resolution, and the inset shows the complete retina from above.
Part (d) of the figure shows a reproduction of an old drawing from Cajal of Mueller cells to highlight their global structure.
Part (e) shows a side view under laser illumination in false colors at the time a wave passes. Part (f) shows the brightness of
different layers in time at the passage of a wave front. Whereas the IPL has a significant sudden jump at the wave front, the
signal changes in the INL and GCL are, when present at all, small. According to part (d) of this figure see: Cajal S. R. In:
Thorpe S. A., Glickstein M., translators. 1892. The structure of the retina. Springfield (IL): Thomas, 1972 [40].
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Figure 11. Sequence of frames showing a retina while a spreading depression front is passing, illuminated from the side by a
red laser. The construction of these frames and the layer structure of the retina are shown in Figure 10. The IPL first and al-
most exclusively shows an optical change as a consequence of the incoming wave.

potentials of 120 mV, while in high concentrations, the potential dropped to about half of that value. Addition-
ally, it was found that the field potential of the hydrogels was much smaller at pH 3 than at pH 7. This demon-
strates that the anionic hydrogel possesses significant negative potential in salt solutions.

It is known that fast volume transitions of biological polyanions can be completely reversible, as shown by
the expansion and contraction of heparin-sulfate due to pH, and of histamine after exocytosis from mast cells
[41]. This is because when a wave approaches a patch of the inner plexiform layer, polyanionic macromolecular
complexes undergo quaternary structural changes that in turn add to the field potential. There is therefore a tight
coupling between field potential and optical changes, since light scatter is influenced by geometry.

Two additional pieces of experimental evidence suggest mechano-electrical coupling in RSD waves: 1) the
mechanical displacement of retinas [42] at wave onset; and 2) liberation of heat with further absorption [43] that
is compatible with relaxation then recovery of structure. In electrochemical systems, the field potential is im-
portant for long-range correlations within the system. In our experimental model, it appears that these long-
range correlations depend on the integrity of the inner-limiting membrane. Retinas were cut horizontally such
that the inner retina was separated from the inner nuclear layer and outer retina [42]. In these reduced prepara-
tions, RSD waves could be recorded for hours with electrical and optical signals identical to those recorded from
intact retinas. By contrast, it has previously been shown that the thinnest cut made at the inner limiting mem-
brane stops the waves [44]. More recently, we observed the collapse of retinal excitability in the presence of
protamine that had been added to the maintenance solution in nanomolar concentration [45]. At 22 nM, the col-
lapse was complete in three minutes and persisted for hours. At the same time, the tissue transparency increased.
In retinas transparency and physiological state are synonymous, that is, in order to be functional, retinas must be
transparent. It then follows that protamine rendered the retinas unexcitable without any sign of toxicity. In a re-
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lated example, protamine blocks transport in epithelium without interfering with the tissue potential (i.e. the
cells maintain polarity) [46] [47]. In axons, protamine also induces collapse of excitability without change in the
membrane potential. Since this cationic peptide makes stable heteropolymers with heparin in plasma [48], the
polymerization of the polyanions at the inner limiting membrane could explain the protamine effect on retinal
excitability. Such an effect is a glia response, since only the endfeet of glia are present at the inner limiting
membrane. It should be noted that in the chicken retina, Miiller cells have no gap junctions [4] [49]. At the epi-
thelium, it has also been observed that protamine changes the structure of the basement membrane while sparing
the structure of the gap junction [46] [47].

The detection of circular waves where the relatively large optic nerve papilla does not interfere with the pat-
tern clearly indicates that the radial glia and the extracellular matrix are sufficient to maintain propagation. In
these two dimensional patterns, curvature and velocity are related [24]. While the lack of cell bodies or synaptic
terminals does not affect propagation, micro lesions will always split the waves. In Figure 9 the asterisk shows a
small dot that is a micro lesion that appeared around the microelectrode. When this happens, the tissue loses
transparency around the electrode and the electrode is isolated from the field potential of approaching waves.
This indicates that there is a break in long-range correlations cause by the small lesion that splits the wave front
in two (not shown). The split of waves by micro lesions and the lack of effect of the optical papilla on RSD
wave propagation has been noted literally hundreds of times, for example see [50] and the first report on RSD
waves in chick retina [25].

When a wave invades a patch of retina, several electrochemical concomitants are recorded in the first 10
seconds: the field potential drop, an abrupt rise in potassium activity, and a pH shift in the alkaline direction. At
the peak of dK/dt, calcium, sodium and chloride activities fall. All these changes in ion activity have been inter-
preted in terms of transmembrane movements through channels. The fact that ion activity also falls or rises de-
pending on the screening of countercharges is rarely discussed. It is possible that both mechanisms play a part in
ion activity changes. The interaction between ions and polyelectrolytes is called the lyotropic effect and ions
with the same charge can have different effects [51] [52]. For instance, the chaotropic potassium and organo-
tropic sodium exert different effects on polyanions. The same is true for calcium and magnesium [53].

Membranes are lipid bilayers with protein and sugar complexes either integrated or associated. Short pulses of
ion solutions change the surface potential of lipid bilayers [54]. The short KCI pulses would then change the
endfeet surface potential. If we take an estimate of 15,000 glial cells per mm? and about 12 endfeet per cell [4]
[14], we arrive at 180,000 endfeet per mm? The synchronous hyper-transparency that we observed with four
KCI pulses can be explained by a glia membrane mass response to the sudden increase in surface potential. Glia
depolarization, on the other hand, is the main contributor to light scatter. The relationship between membrane
potential and the 10S is linear for neurons in culture. In this experimental situation the contribution to the 10S
was much larger in the fine axon sprouts and very small in the cell bodies. The linear relationship was measured
over the physiological range of potential (AS/S depended linearly on AV/V in the range —100 mV to 100 mV).
What is lacking in the culture dish is the extracellular matrix gel. Thus this finding is also compatible with the
non-linearity measured in intact tissue due to the gel’s non-linear response to pH and ionic environment. Potas-
sium activity increases the potential of bilayers [54] and at the same time decreases the interfacial potential of
polyanionic gels [40]. Depending on what effect predominates around the electrode tip, a rise or fall in field po-
tential can be measured.

All the electrochemical wave concomitants have a maximum at the IPL [11] [55] and in the experiment
shown in Figure 10 and Figure 11, we saw that the 10S associated with RSD is also maximal at the IPL. Using
a laser confocal microscope, Reichenbach and Bringmann (2010) [14] showed that light scattering is strong in
the two plexiform layers of freshly isolated retinas, being strongest at the IPL in the scotopic retina of the guinea
pig. The same observation has been made by Franze et al. (2007) [15]. Light scatter is maximal at IPL in live re-
tinas. Using red laser light we replicated the findings of Martins-Ferreira [56] on terms of the origin of the 10S
associated with RSD. The increase in light scatter at the IPL preceded the wave front and was maximal at this
layer, yet the absence of synaptic terminals at the optic nerve papilla does not affect the 10S or propagation ve-
locity of solitary waves. Thus it is fair to conclude that the glial network and matrix are sufficient for I0S gener-
ation.

The other feature observed with the exogenous potassium pulses was the shape of the optical profiles. After
an initial fast recovery, the optical signal falls to a plateau with slow recovery. This pattern was present in the
response to five of the seven pulses in four of the five tested retinas. The simplest explanation for this shape is
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that the two components observed with circular wave fronts are fused in the profile of the KCI response. The
second component of the RSD profiles is closely associated with lactate secretion by glia and a slow pH shift in
the acid direction at the extracellular space [29]. The metabolism of the avascular chicken retina in vitro is 100%
dependent on glycolysis driven by the glial sodium pump [14] [21] [57]. This pump in turn is driven by extra-
cellular potassium activity [58], unlike the pumps of neurons and muscle that are driven by intracellular sodium
activity [59]. As is the case of the muscle membrane pump, the behavior of the glial pump is adaptive [58]. The
maximum rate is reached at 12 mEqg/l potassium (idem). Regardless of whether this explanation is the correct
one, the fact is that responses to KCI pulses can generate a different profile from circular RSD waves elicited
mechanically or electrically. In recent papers we have shown that excitotoxic responses also differ in optical
profiles from circular wave fronts [21]. Thus, optical profiles can be used in the classification of excitation states
of tissue.

5. Conclusion

In conclusion, the RSD waves and other electrochemical patterns observed in isolated retinas provide a widow
to the non-linear neural-glial dynamics of all gray matter. If the excitable media theory context is applied to
these patterns, then results from the retina can be extended to cortex and heart tissue provided that geometrical
and metabolic considerations are taken into account. The probabilities of solitary wave fronts, standing patterns,
and self-sustained sequences of waves will be different in each tissue but the rules for emergence and propaga-
tion will be similar in the one spatial dimension of action potentials, two dimensions of RSD waves in retina,
and more complex three dimensions of cortical SDs and each heartbeat. The non-linear behavior of polyanionic
gels, for example, will very likely play an important role in all electrochemical patterns of excitable tissue. The
membrane model that is explicit about the role of polyanionic gels in explaining mechanical, optical, and ther-
mal events concomitant with excitation is the Ichigi Tasaki membrane model [60].
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