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Stage-dependent dynamics and modulation of
spontaneous waves in the developing rabbit retina

Mohsin Md. Syed, Seunghoon Lee, Jijian Zheng and Z. Jimmy Zhou

Departments of Physiology and Biophysics and Ophthalmology, University of Arkansas for Medical Sciences, Little Rock, AR 72205, USA

We report here a systematic investigation of the dynamics, regulation and distribution of
spontaneous waves in the rabbit retina during the course of wave development prior to eye
opening. Three major findings were obtained in this longitudinal study. (1) Spontaneous
retinal waves underwent three developmental stages, each of which displayed distinct wave
dynamics, pharmacology and mechanism of generation and regulation. Stage I waves
emerged prior to synaptogenesis and appeared as frequent, fast propagating waves that did
not form spatial boundaries between waves. These waves could be inhibited by blockers of
gap junctions and adenosine receptors, but not by nicotinic antagonists. Stage I waves lasted
about one day (around embryonic day 22) and then switched rapidly to stage II, resulting
in slower and less frequent waves that could be blocked by nicotinic antagonists and had
a characteristic postwave refractory period and spatial boundaries between adjacent waves.
Immediately after the transition from stage I to stage II, the waves could be reverted back
to stage I by blocking nicotinic receptors, indicating the presence of mutually compensatory
mechanisms for wave generation. Stage III waves emerged around postnatal day 3—4 (P3-4),
and they were mediated by glutamtergic and muscarinic interactions. With age, these
waves became weaker, more localized and less frequent. Spontaneous waves were rarely
detected after P7. (2) GABA strongly modulated the wave dynamics in a stage- and
receptor type-dependent manner. At stage I, endogenous GABAy activation downregulated
the waves. The GABAy modulation disappeared during stage II and was replaced by a
strong GABA, c-mediated inhibition at stage III. Blocking GABA, ¢ receptors not only
dramatically enhanced spontaneous stage III waves, but also induced propagating waves in
>P7 retinas that did not show spontaneous waves, indicating a role of GABA inhibition in the
disappearance of spontaneous waves. (3) Spontaneous retinal waves were found in both the
inner and outer retina at all three stages. The waves in the outer retina (ventricular zone)
also showed stage-dependent pharmacology and dynamics. Together, the results revealed
a multistaged developmental sequence and stage-dependent dynamics, pharmacology and
regulation of spontaneous retinal waves in the mammalian retina. The presence of retinal
waves during multiple developmental stages and in multiple retinal layers suggests that the
waves are a general developmental phenomenon with diverse functions.
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Spontaneous waves of excitation in the developing
mammalian retina (Masland, 1977; Maffei & Galli-Resta,
1990; Meister et al. 1991) are believed to play an
important role in activity-dependent visual development
(Katz & Shatz, 1996), particularly the refinement of
eye-specific layers in the dorsal lateral geniculate nucleus
(ALGN) (Penn et al. 1998; Stellwagen & Shatz, 2002;
Grubb et al. 2003) and retinotopic maps in the superior
colliculus (McLaughlin et al. 2003), although the exact
function of the waves in retinogenicular development
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remains controversial (Huberman et al. 2003). Recent
studies have demonstrated that retinal waves exist
during an extensive developmental period (Bansal et al.
2000; Wong et al. 2000; Zhou & Zhao, 2000; Demas ef al.
2003), well beyond the critical period for eye-specific
layer formation in the dLGN (Robinson, 1991), suggesting
that the waves may play different roles at different
developmental stages. Rhythmic Ca’" transients and
propagating Ca’" waves have also been found in the
ventricular zone (VZ) of the retina (Catsicas et al. 1998;
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Zhou et al. 2002; Syed et al. 2004), indicating a likely role
of spontaneous retinal activity in the early development of
the retina itself (Pearson et al. 2002).

To understand the potentially diverse functions of
retinal waves at various stages of development, it is
important to determine the sequence of wave development
itself. Although retinal waves have been studied extensively
in a variety of species (Feller, 1999; Wong, 1999), little
is known about the entire developmental course of
retinal waves. It has remained unclear how the waves
initiate, progress and disappear during development, and
what mechanisms regulate the wave dynamics at various
developmental stages. Spontaneous waves in the inner
mammalian retina were previously known to develop
through two pharmacological stages: an early stage wave
mediated mainly by nicotinic interactions, and a late
stage wave driven by glutamatergic (Feller et al. 1996;
Zhou, 1998; Bansal et al. 2000; Wong et al. 2000; Zhou
& Zhao, 2000) and muscarinic (Zhou & Zhao, 2000)
systems. More recently, an even earlier stage was reported
in embryonic mice, during which some, but not all, waves
are resistant to nicotinic antagonists (Bansal et al. 2000).
However, it is unknown what mediates this early, nicotinic
receptor-independent activity.

As development proceeds, changes in retinal wave
dynamics have been found in a number of species (Wong
& Oakley, 1996; Bansal et al. 2000; Demas et al. 2003;
Sernagor et al. 2003b), consistent with the idea that the
changing wave pattern may encode changing cues for
visual development. The wave dynamics have also been
shown to be modulated by cAMP in the ferret (Stellwagen
et al. 1999; Bansal et al. 2000) and mouse (Bansal et al.
2000), by GABA, interaction in the turtle (Sernagor et al.
2003b), and by GABAy, activation in the chick (Catsicas &
Mobbs, 2001). However, it is unclear how the wave pattern
in any one species changes systematically over the entire
course of wave development, and whether the regulatory
mechanisms shape wave dynamics differently at different
stages of development.

This study systematically investigated the dynamics,
regulation and distribution of spontaneous waves in the
rabbit retina, starting from the first appearance of the wave
prior to synaptogenesis, to the last stage of the wave shortly
before eye opening. The results provided a comprehensive
view of the developmental process of spontaneous waves
in the mammalian retina. Preliminary results of this study
have been reported in abstract form (Zhao et al. 1999;
Zhou et al. 2002).

Methods

Calcium imaging and patch-clamp recording
in the flatmount rabbit retina

Retinal flatmounts were prepared from New Zealand
White and New Zealand Red rabbits aged between
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embryonic day 20 (E20, gestation period = 31 days) and
postnatal day 14 (P14) as previously described (Zhou,
1998; Zhou & Zhao, 2000). Embryonic rabbits were
delivered by Caesarian section from pregnant rabbits
(4-5 kg in weight), which were deeply anaesthetized with
1-2ml of pre-mixed (at a ratio of 100:8) ketamine
(100 mgml™') and xylazine (100 mgml™') (1.v) during
the surgery. After Caesarian section, the doe was killed
immediately with an overdose of sodium pentobarbital
(250 mg, 1.v.). All procedures involving the use of animals
were in accordance with the National Institutes of Health
guidelines as implemented by the institutional animal
care and use committee. Immediately after an animal was
killed by an overdose of sodium pentobarbital, retinas were
dissected in cold (~10°C) Hepes-buffered Ames medium,
which was modified from Ames medium (Ames & Nesbett,
1981) by replacing NaHCO; with 20 mm Hepes. Isolated
retinas were cut into ~3 X 5 mm pieces and mounted on
black filter paper (HABP, Millipore, Bedford, MA, USA)
with either the vitreal or ventriclar surface facing the paper,
depending on the experimental requirement.

Toload the calcium indicator dye Fura-2AM (Molecular
Probes, Eugene, OR, USA), retinal flatmounts were
incubated in Hepes-buffered Ames medium containing
10 um Fura-2AM and 0.001% pluronic acid for 1-6 h at
30°C. The extracellular matrix and immature Miiller cell
endfeet that covered ganglion cells were partially removed
with forceps, so that ganglion and displaced amacrine
cells could be loaded with the dye nearly uniformly in
local areas (>4 mm?) of the retina up to age P7-8.
Loading of Fura-2AM in the distal (ventricular) surface
of the retina was also nearly uniform at all ages tested
(E20-P8). During Ca** imaging, the recording chamber
was continuously superfused (3—4 ml min~') with Ames
medium at 35-37°C. Cells in the ganglion cell layer
were imaged with an intensified, cooled CCD camera
(I-Pantamax, Roper Scientific Instruments, Princeton,
NJ, USA) mounted on a fixed-stage, upright microscope
(Olympus BX50WI, Olympus USA, New York).

Whole-cell patch-clamp recordings were made from
ganglion cells in the flatmount retina (without filter paper)
as previously described (Zhou, 1998). Simultaneous
patch-clamp and Ca’" imaging was made from
Fura-2AM-loaded retina under a 40x water immersion
objective lens (NA=0.8) (Zhou, 2001). The voltage
and current traces were digitized at 10 kHz and stored
on computer hard drive via Power Laboratory (AD
Instruments, Colorado Spring, CO, USA) and sub-
sequently filtered (Gaussian digital) and redigitized at
lower rates depending on the resolution required. The
images were acquired at a rate of one frame per
second, with an exposure (integration) time of 0.6 s. The
presence of a dye-free patch pipette in the field of view did
not interfere with fluorescence imaging of retinal waves.
The pipette resistance was 5-7 MQ measured in Ames
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medium and a standard pipette solution containing (mm)
95 K-gluconate, 15 KCl, 5 NaOH, 0.5 CaCl,, 2 MgCl,,
5 EGTA, 2 ATP, 0.5 GTP, 2 ascorbic acid and 10 Hepes.
Drugs were applied to the retina by bath perfusion (dead
volume: ~2 ml). Ames and Hepes-buffered Ames media
were saturated with carbogen (95% O,, 5% CO,) and
oxygen, respectively. All pharmacological agents used in
this study were purchased from Sigma Chemicals (St Louis,
MO, USA) except CGP55845 and baclofen, which were
purchased from Tocris Cookson (Bristol, UK).

Data acquisition and analysis

Fluorescence images of the retina were collected and
analysed with the software Axon Imaging Workbench
(AIW, Axon Instruments, Union City, CA, USA) and
Metalmaging (MetaFluor and MetaMorph, Universal
Imaging Inc., Downing, PA, USA) software. To monitor
the excitability of the retina, oval zones were drawn in
various regions of the image field. The average fluorescence
intensity in each zone was plotted as a function of time F(¢).
The relative change in the emission fluorescence intensity
(AF/F) was defined as [F(t) — F,(t)]/F,(t), where F,(t)
was the baseline intensity, which was obtained by drawing
a curve that connected the fluorescence intensity values
in the absence of waves. For simplicity, AF/F from a
single zone, selected randomly from the field of view,
was shown in most figures, but similar results were also
found from most of the remaining zones in the field.
Thus, the measured AF/F from a single zone not only
reflected the Ca?* activities in the zone, but also indicated
the presence of a wave that passed through the zone. This
was also verified by measuring F(t) in a selected zone
with the software, while playing back the images in a
movie series, so that the appearance of the waves could
be observed simultaneously with the occurrence of AF(¢)
measured from the zone. The propagation of retinal waves
was imaged with a 10 x objective lens (NA =0.3) at an
acquisition rate of one frame per 0.9 s (with an exposure
time of 0.6 s). Differential images (AF) of the wave were
obtained by subtracting a control image (averaged from
four frames recorded immediately before a wave) from
images recorded during the wave. To measure the speed
(v) of the wave, the rate of displacement of the wavefront
in the direction of wave propagation was measured using
MetaMorph. Data were expressed as mean =+ s.p. Student’s
f test was used to determine the significance of the data.

Results

The earliest propagating wave in the developing
rabbit retina

To understand the developmental sequence of
spontaneous waves in the mammalian retina, we
began by examining the wave property when the waves
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first appeared in the rabbit retina. Ca’* imaging was
made from Fura-2AM-loaded retinas isolated from
rabbits starting at age E20, when ganglion cells were
differentiated but had not yet undergone chemical
synaptogenesis (Greiner & Weidman, 1982). At this age,
ganglion cells were quite passive in their membrane
electric properties, showing only small voltage-gated
currents and very small regenerative potentials (data not
shown). No propagating wave of spontaneous activity
was found from the ganglion cell layer (GCL) at E20
(6 rabbits) and E21 (5 rabbits). The earliest age at which
spontaneous waves were detected was E22, when ganglion
cells began to generate large action potentials. E22 was
also the age when ganglion cell axons first reached their
central visual targets (Crabtree, 1990), suggesting that
the earliest electric signals from the retina to the central
visual targets were in the form of propagating waves.
Figure 1 shows an example of patch-clamp recording
from a ganglion cell and simultaneous Ca®* imaging
from the area surrounding the patch-clamped cell in
a Fura-2AM-loaded E22 retina. The rhythmic bursts
of spikes in the ganglion cell were found to correlate
with the Ca®* rises measured from the surrounding area
(Fig. 1, n=3). Importantly, at E22 neither the bursts of
spikes in individual ganglion cells, nor the propagating
Ca?* waves in the GCL were sensitive to most neuro-
transmitter receptor antagonists, including blockers of
acetylcholine (both nicotinic and muscarinic) receptors,
ionotropic glutamate and GABA receptors and glycine
receptors (Figs1 and 2A, n=6), suggesting that the
earliest spontaneous waves were distinctly different from
the waves previously reported in older mammalian
retinas.

To investigate the mechanism underlying the
earliest spontaneous retinal wave, we tested whether
signalling via gap junctions was important in generating
the waves. As shown in Fig.2A, the gap junction

blocker 188-glycyrrhetinic acid (188-GA, 75 um)
blocked E22 waves completely (n=3), while a
cocktail of hexamethonium, atropine, 6-cyano-7-

nitroquinoxaline-2,3-dione (CNQX), AP7, picrotoxin
and strychnine failed to block the waves. Thus, gap
junction communication plays a crucial role in the
propagation of the earliest spontaneous retinal waves in
rabbits (see below).

We next examined whether adenosine played a role in
spontaneous wave formation at E22. Application of the
broad-band adenosine receptor antagonist aminophylline
(100-500 um) completely and reversibly blocked the
earliest wave (Fig. 2B, n = 4). Because adenosine has been
reported to up-modulate retinal waves via the cyclic
AMP pathway in older (postnatal) ferrets and mice
(Stellwagen et al. 1999; Bansal et al. 2000), we also tested
the effect of the adenylate cyclase activator, forskolin.
Application of forskolin (10 um, n=3) increased the
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wave frequency tremendously (Fig. 2C). In the presence
of forskolin, the waves rapidly propagated across the field
of view one immediately after another, and the Ca®"
concentration in ganglion cells underwent continuous
oscillation (Fig.2C). Thus, the dynamics of the earliest
retinal wave in rabbits were regulated strongly by the cyclic
AMP pathway. In contrast, depleting intracellular Ca®*
stores with thapsigargin (2 um, n=2) did not block the
wave (Fig. 2D), even though thapsigargin caused a large,
transient increase in the baseline Ca®* level, presumably
due to the blockade of Ca** uptake into intracellular stores,
suggesting that the earliest retinal wave was not generated
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Figure 1. The earliest spontaneous waves in the developing
rabbit retina

Simultaneous Ca2* imaging and patch-clamp recording in the
ganglion cell layer of an E22 rabbit retina loaded with Fura-2AM.
Relative changes in fluorescence intensity (AF/F) were averaged from
the entire field of view (270 um x 270 um) under a 40x objective lens
(top trace), showing rhythmic CaZ* transients (downward deflections)
appearing in synchrony with bursts of spikes (V) recorded from a
current-clamped ganglion cell in the same field of view (the second
trace, filtered and digitized at 20 and 50 Hz, respectively). Neither the
Ca?* transients, nor the spikes were blocked by a cocktail of common
neurotransmitter receptor blockers, including 100 M hexamethonium
(Hex), 35 um CNQX, 100 uM picrotoxin (Pic) and 4 um strychnine
(Strych). The third (filtered and digitized at 1 and 2 kHz, respectively)
and fourth traces show an expanded view of a portion of the voltage
trace and fluorescence changes, respectively. The fluorescence changes
appeared to lead the spikes because the wave, which entered the field
of view from outside of the frame, reached the area of imaging (the
entire frame) before it reached the cell under patch clamp.
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by Ca?* release from thapsigargin-sensitive intracellular
Ca*" stores.

In addition to adenosine receptor antagonists, the
common purinergic receptor antagonist reactive blue-2
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Figure 2. Pharmacology of the earliest spontaneous Ca?*
waves in the ganglion cell layer of E22 rabbits

A, the waves (downward deflections in AF/F) were not affected by a
cocktail of antagonists, containing hexamethonium (Hex, 100 um),
atropine (2 um), CNQX (50 um), D-AP7 (100 um), picrotoxin (100 pum)
and strychnine (8 um), but they were completely blocked by the gap
junction blocker 188-GA (75 um). B, the spontaneous waves were also
reversibly blocked by the adenosine receptor antagonist,
aminophylline (500 um). C, forskolin (1 um) dramatically increased the
frequency of spontaneous waves. D, blocking Ca2* uptake into
intracellular Ca?* stores with thapsigargin (1 um) produced a large
transient increase in intracellular Ca2*, but did not block the rhythmic
spontaneous Ca?t waves. E, the purinergic receptor blocker, reactive
blue-2 (50 um), also completely blocked the spontaneous waves.
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Figure 3. Stage-dependent wave dynamics in the ganglion cell
layer (GCL)

Difference images (AF) were taken from Fura-2AM-loaded GCL at
three developmental stages. The dark areas indicate regions of
elevated intracellular Ca?* associated with the wave. Each row shows
two image frames of the same wave(s) together with a cartoon (right)
depicting the propagation pattern of the wave(s). A, a stage | (E22)
wave with a large wavefront and fast lateral propagation (upper row).
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(30-100 um) also effectively blocked the waves in E22
rabbits (Fig.2E) (n=3), raising the possibility of an
involvement of purinergic receptor activation in the waves.
Suramin, a different purinergic antagonist, also blocked
the wave, but only at a high concentration (500 um,
n = 2). However, another common purinergic antagonist,
pyridoxal-5'-phosphate-6-phenylazo-2’,4’-disulphonate
(PPADS, 100-800 pm), did not have a consistent effect
(n=4), even though PPADS could block ATP-activated
currents in ganglion cells (data not shown). The different
effects of these antagonists on the wave might be
attributable to the fact that different subclasses of P2X
and P2Y receptors have very different sensitivities to
various purinergic antagonists (Burnstock & Williams,
2000; Norenberg & Illes, 2000; von Kugelgen & Wetter,
2000). On the other hand, we could not rule out the
possibility that the blockade of the wave by reactive blue-2
and suramin could be a result of a non-specific effect
of the drugs, because attempts to exhaust endogenous
ATP with hexokinase (3—-10u/ml) failed to block the
wave (n=3). The possibility of a purinergic involvement
in retinal wave generation or regulation remains to be
further investigated.

Spontaneous retinal waves in rabbit developed
through three distinct stages

The unique pharmacological profile of the spontaneous
wave in E22 rabbits suggested that the waves prior to
synaptogenesis were generated by a distinct mechanism.
Based on this finding and on the pharmacological
properties of retinal waves previously described in older
rabbits (Zhou & Zhao, 2000), we classified spontaneous
waves in the inner rabbit retina into three stages. Stage
I waves appeared between E22 and E23. They were not
mediated by the common fast neurotransmitter receptors,
including acetylcholine, glutamate, GABA and glycine
receptors; however, they were abolished by the blockers
of gap junctions, adenosine receptors, and possibly,
purinergic receptors. Stage II waves occurred between E24
and P1, when the nicotinic system was the primary driving
force for the waves (Zhou & Zhao, 2000). Stage III waves
emerged at ~P4, after a transitional period (P2—-P3) during

When two stage | (E22) waves collided, they superimposed and passed
through each other (lower row). B, a stage Il (E29) wave propagating
as a two-dimensional plane wave (upper row). When two stage Il
(E29) waves collided, they annihilated each other (lower row). C, stage
Il waves (P5) were weaker (smaller AF/F, also shown qualitatively in a
lighter shade of grey in the cartoon) compared to other two stages.
They sometimes showed clear lateral propagation (upper row), but
most of the time appeared as a local burst of CaZt increases without
clear lateral propagation (lower row). Movies showing the propagation
of the waves in A (upper), B (upper) and C (lower) are provided in the
Supplementary materials.
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which the excitatory drive for the wave switched from a
nicotinic system to a system involving both glutamate and
muscarinic receptors (Zhou & Zhao, 2000). Stage III waves
were found between P4 and P8, the oldest age studied
with Ca’* imaging. Movies showing examples of stage
I-1IT waves are provided in the Supplementary Materials.

Stage | waves. Stage I waves appeared in the inner retina
prior to synaptogenesis. These waves were very strong,
sweeping across the entire field of view (1.15 x 1.15 mm)
(Fig. 3A, upper) at an average speed of 451 =92 ums™!
(n=20), much faster than the waves at stages II and III
(Fig. 5B). Stage I waves also appeared frequently, with an
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average interwave interval of 36 £ 18 s (n = 68) (Fig. 5B).
The distribution of the interwave interval (Fig.4C)
showed a minimum interval of <5s, indicating a lack
of prolonged postwave refractory period. Consequently,
stage I waves did not form a clear boundary between
neighbouring waves. When two waves collided, they
superimposed (Fig. 3A, lower), instead of annihilating
each other. Figure 4A shows, in the same retinal area, two
successive waves that were separated by only 8 s. The Ca**
increases during these two waves (measured as AF/F from
the small circles shown in Fig. 4A, upper) were additive
(Fig. 4B, arrows), indicating a superposition of the two
waves. This propagation pattern sharply contrasted the
wave patterns in the other two stages (see below).
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Figure 4. Comparison and transition between stage | and stage Il waves

A, difference images (AF) of two consecutive stage | waves (upper) and two consecutive stage Il waves (lower),
showing the spatial coverage of each wave. The two stage | waves originated in the same area within 8s, and
they superimposed on one another without a boundary between them (upper row). The two stage Il waves
were separated by 82 s, yet still formed a clear boundary between them. B, relative fluorescence changes (AF/F)
measured as a function of time from the small white circular regions indicated in A. The stage | waves (upper)
were very frequent and showed intensity changes (AF/F) that were additive between the closely successive waves.
Stage Il waves (lower) had a long refractory period and obeyed clear spatial boundaries, resulting in a much longer
interwave interval. Arrows indicate times when the images in A were taken. C, distributions of interwave intervals
at stage | (upper) and stage Il (lower), showing a minimum interwave interval of <5 s at stage | and 35 s at stage
Il. Waves that did not reach the central circle, such as the one at 82's, were not counted in the calculation of
interwave interval. The bin width in the histograms is 5s. D, blocking stage Il waves in the ganglion cell layer of
an E22 retina with hexamethonium (Hex, 150 um) induced the reappearance of stage | waves in the same retinal
area. Application of Hex (150 uMm) for the second time did not block the stage | waves.

© The Physiological Society 2004



J Physiol 560.2

Stage Il waves. The second stage of spontaneous waves in
rabbits began at E24, when the inner plexiform layer (IPL)
formed by neuronal processes containing microtubules
and vesicles first appeared (Greiner & Weidman, 1982),
indicating the onset of early conventional synaptogenesis
in the IPL. Pharmacologically, stage II waves (E24-P1)
differed dramatically from stage I waves, because they
could be readily blocked by nicotinic antagonists (Zhou
& Zhao, 2000). The transition from stage I to stage II
occurred around E23, when the nicotinic system emerged
as the major excitatory drive for the wave (occasionally,
one or two from a litter of seven to nine E22 pups
would show stage II wave pharmacology in the area of the
retina being studied, perhaps as a result of developmental
variations and/or developmental gradients within the
retina). The wave dynamics also underwent a drastic
transition from stage I to stage II (Fig. 4A-C). Although
stage II waves remained robust and propagating
(Fig. 3B, upper), their speed became significantly slower
(200 +£50 ums™!, n=20) compared to that of stage
I waves (451 92 ums™!, n=20), and the interwave
interval increased dramatically from 36 4+ 18s at stage
I to 113+25s (n=39) at stage II (Figs4C and 5B).
The minimum interwave interval at stage II was ~35s
(Fig. 4C), indicative of the presence of a long-lasting
postwave refractory process (Feller et al. 1997). It was at
stage II that spatial boundaries became evident between
neighbouring waves. When two waves collided, they
annihilated each other (Fig. 3B, lower), instead of super-
imposing on one another as in stage I (Fig. 3A, lower).
Figure 4A (lower) shows two consecutive stage II waves
separated by as long as 82 s. Yet, the two waves still formed
a clear border between them, such that the second wave
stopped right at the boundary of the preceding wave.

Interestingly, in an E22 retina, we observed the
coexistence of two mechanisms that supported stage I
and stage II waves, respectively. As shown in Fig. 4D, this
piece of retina initially generated typical stage II waves,
which occurred at an interwave interval of 2-3 min and
could be completely blocked by 150 um hexamethonium,
suggesting the transition from stage I to stage II waves had
already completed. Remarkably, soon after blocking these
stage II waves with hexamethonium, the same region of
the retina began to generate typical stage I waves, which
appeared at an interwave interval of less than 20 s and were
no longer sensitive to hexamethonium (150 um). Thus,
blocking stage IT waves could induce the reappearance of
stage I waves during the transitional period. This result is
consistent with our finding that the transition between
stages I and II waves occurred abruptly (between E22
and E23), perhaps by a switch between two different
mechanisms of wave generation.

Stage Ill waves. The emergence of stage III waves in the
rabbit began as retinal development progressed beyond
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the early stage of conventional synaptogenesis, when
vesicular glutamate transporters began to appear in the
mammalian IPL (Johnson et al. 2003) and early ribbon
synaptogenesis in IPL was just about to occur (McArdle
et al. 1977). During this period (P4-P8), the waves were
insensitive to nicotinic antagonists, but were dependent on
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Figure 5. Stage-dependent GABA, c modulation of inner
retinal wave dynamics

A, difference (AF) images of typical examples of stage |, Il and Ill waves
recorded under the control condition (upper row) and in the presence
of 100 um picrotoxin (lower row). Picrotoxin had no clear effect on
stages | and Il waves, but dramatically enhanced stage Ill waves. These
images were selected to show the wavefront size typically seen under
each recording condition. Scale bar: 0.5 mm. B, summary of the
stage-dependent effects of GABAa,c antagonists (100 um picrotoxin
(PIC), or 100 um SR95531 (SR)) on the percentage of waves that
propagated, the wavefront speed and the interwave interval. Asterisks
indicate values that are significantly (P < 0.012) different between
control (CTL) and Pic/SR95331.
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glutamatergic and muscarinic drives (Zhou & Zhao, 2000).
The transition from stage II to stage III took 2-3 days
(P2-P3), during which the emergence of glutamate and
muscarinic drives was quite rapid (between P1 and P2),
whereas the disappearance of the nicotinic drive took
place from P1 to P3/P4. Compared to stage I and stage II
waves, spontaneous waves at stage III appeared at a
much lower frequency. The average interwave interval
reached 228 77 s (n = 10) at stage III, up from 36 £ 18 s
and 113 +25s (n=39) at stages I and II, respectively
(Fig. 5B). Many (~45%, Fig.5) stage III waves did not
propagate or propagated only a very short distance
before dying out (Fig.5B); they appeared as localized,
non-propagating bursts. The amplitude of the Ca** rise
during a wave (AF/F) also became progressively smaller
after P4, often making it difficult to detect spontaneous
stage III waves. Because of the small amplitude and
limited lateral propagation of stage IIl waves, a quantitative
measurement of the wave speed was difficult. The average
wave speed of a selection of 12 strong and propagating
stage 11T waves was 159 +29 ums™!.

Notably, we found the progressive weakening of the
spontaneous stage III wave with age was associated with
the maturation of the GABAergic and glycinergic systems,
because picrotoxin and strychnine were very effective in
enhancing stage III waves, dramatically increasing the
wave frequency and transforming localized bursts of Ca**
into large propagating Ca** waves (Fig.5). This result
suggests a possible role of the inhibitory GABAergic and
glycinergic systems in the progressive weakening and
final disappearance of stage III spontaneous retinal waves
around the time of eye opening (P11) (see below).

Stage-dependent GABAergic regulation
of wave dynamics

GABAa,c. To determine whether, in addition to
adenosine, acetylcholine and glutamate, other neuro-
transmitters also contributed to the changing dynamics of
retinal waves, we investigated the possible involvement of
GABA in modulating the spatiotemporal properties of the
waves in rabbit. We first examined the effects of ionotropic
GABA receptor antagonists on wave dynamics at various
developmental stages (Fig.5). When SR95531 (100 um)
or picrotoxin (100 M) was applied to the retina to block
GABA, or GABA,,c receptors, respectively, changes
in wave dynamics were observed in a stage-dependent
manner. At stage I, picrotoxin had no significant effect
on any of the wave parameters examined (Fig.5),
including the percentage of waves that were propagating
(control: 100%, n=40; picrotoxin/SR95531: 100%,
n=40), the wavefront speed (control: 449 +92 ums™!,
n=25; picrotoxin/SR95531: 463 £ 80 um s7l, n=25)
and the interwave interval (control: 37 &21s, n=60;
picrotoxin/SR95531: 37 £ 18 s, n = 20) (Fig. 5).
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At stage II, ionotropic GABA currents constituted a
significant component of the neurotransmitter input to
ganglion and starburst amacrine cells during spontaneous
waves (S. Lee and Z. J. Zhou, unpublished observation
from patch-clamp recordings). However, blocking this
component with picrotoxin or SR95531 had no significant
effect on the dynamics of stage II waves. As shown
in Fig. 5B, all (100%) stage II waves were propagating,
regardless of whether they were in control conditions
(n=40) or in the presence of picrotoxin or SR95531
(n=40). The wavefront speed was 187 £27 ums™!
(n=13) in control and 216+55ums~' (n=16)
with picrotoxin/SR95531. The interwave interval was
also not significantly different: 106 £36s (n=18) in
control and 126 &+ 46 s (n= 16) with picrotoxin/SR95531
(Fig. 5B).

In contrast, as the spontaneous waves became weaker,
less frequent and more localized during stage III,
picrotoxin or SR95531 became increasingly effective
in changing the wave dynamics. In the presence of
picrotoxin (100 um), all of the small and non-propagating
spontaneous waves, which accounted for about 45% of
the rhythmic bursts seen under the control conditions
(n=10 retinas), were converted to large and propagating
waves (Fig.5A). The average wavefront speed, which
became easily measurable in the presence of picrotoxin,
was 361 £75ums™ (n=15), much higher than the
average speed of the strongest stage III waves in control
conditions (159 £29, n=12). The interwave interval
was reduced from 228 £77s (n=20) in controls to
110£31s (n=20) in the presence of picrotoxin or
SR95331 (Fig.5B). These results demonstrated that
endogenous activation of ionotropic GABA receptors
modulated the wave dynamics in an age-dependent
manner (Fig.6B, E, G and H), exerting a strong
inhibitory effect only during stage III. The developmental
profile of this ionotropic GABAergic inhibition matched
the developmental expression pattern of the K™—Cl™
cotransporter, KCC2, in the inner mammalian retina
(Vu er al. 2000), suggesting a progressive inhibition
produced by the shifting of the Cl~ equilibrium potential
toward a more hyperpolarized potential.

GABA;. In order to find out if GABAp receptors were
also involved in the modulation of wave dynamics in the
rabbit, we investigated the effects of the GABAg agonist
baclofen (50 um) and antagonist CGP55845 (50 um)
at all three stages of wave development (Fig.6). At
stage I, baclofen completely and reversibly blocked the
spontaneous wave (1 = 3), an effect that was eliminated by
a high dose of CGP55845 (Fig. 6A, n=2). Application of
CGP55845 alone increased the frequency of spontaneous
waves dramatically (n=5) (Fig.6C), suggesting that
GABAjg receptors were endogenously activated during
spontaneous waves and played an inhibitory role in
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wave generation. At stage II, application of baclofen
reduced the frequency of spontaneous waves by 15 & 13%
(n=3), but did not completely block the wave (Fig. 6D)
(n=23). However, blocking endogenous GABAg activity
with CGP55845 had no significant effect on the wave
dynamics (n = 5), suggesting that the endogenous GABAg
system no longer played a significant role in modulating
the wave dynamics at this stage. As shown in Fig. 6F and
G, CGP55845 also did not have any significant effect
on stage III wave dynamics (n=4), indicating a lack of
endogenous GABA modulation of the wave at this stage.
The exogenous GABAjp agonist baclofen could block
stage III waves under the control condition, but not
when the waves had already been enhanced by picrotoxin

Stage |
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(Fig. 6F—H) (n=2). These results suggest that the down-
regulation of wave dynamics by the endogenous GABAj
system was transient, occurring only at stage I. As the waves
progressed to stages II and III, the endogenous GABAjg
influence on the wave quickly diminished, even though
GABAGg receptors remained functional, presumably to play
different functional roles.

Transition from a GABAg- to a GABA,-mediated
regulation of wave dynamics

The above results showed that the GABAergic system
in the developing rabbit retina played an important
and stage-dependent role in modulating the spontaneous

Baclofen

A WW»TWMWMWWW//

Figure 6. Modulation of wave
dynamics by GABA, c and GABAg
activation

A, activation of GABAg receptors with
baclofen (100 uMm) completely and
reversibly blocked stage | (E22)
spontaneous waves in the ganglion cell
layer. The GABAg antagonist CGP55485
(50 um) increased the frequency of
spontaneous waves at this age and
prevented the blocking effect of
baclofen. B, picrotoxin (100 uMm) had no
significant effect on wave frequency at
stage I. C, CGP55845 (50 uM) increased
stage | wave frequency in a retina that
was never exposed to exogenous GABAg
agonist, confirming the presence of
endogenous GABAg inhibition of
spontaneous waves. D, at stage I,
baclofen (100 wum) only slightly reduced
the wave frequency, but CGP55485

(50 M) did not have any significant
effect on the waves, suggesting a lack of
endogenous GABAg modulation of stage
Il wave frequency. E, the GABAA
antagonist, picrotoxin (100 um), also did
not have any significant effect on stage |l
wave frequency. F—H, baclofen (100 um)
blocked the spontaneous wave, but
CGP55485 alone had no significant
effect on the wave, suggesting a lack of
endogenous GABAg effect on stage Il
waves. Picrotoxin (100 M) dramatically
increased stage Il wave frequency. With
the enhancement by picrotoxin, stage Ill
waves were no longer blocked by
baclofen (100 um).

Stage Il
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wave dynamics. The overall effect of GABA modulation
was to reduce the level of spontaneous activity, through
selective activation of two different families of GABA
receptors (Fig.7). During early development (stage I),
when the GABA, system was not yet inhibitory
presumably due to a lack of KCC2 expression, the down-
modulation of spontaneous retinal waves was mediated by
the GABAj system. At stage II, neither GABA, nor GABAg
system had a significant effect on the wave dynamics. As
the waves progressed to stage III, the GABA, ¢ system
became strongly inhibitory and took over the role of down-
regulating the waves, while the GABAp system no longer
participated in the endogenous modulation of the waves.
These results revealed a coordinated, stage-dependent
GABAergic modulation of retinal waves mediated by
a transition from a metabotropic to an ionotropic
GABAergic action.

Effects of gap junction blockers

Unlike the changing contributions of various neuro-
transmitter systems to the spontaneous retinal waves,
a contribution of gap junctions to wave generation
was implicated at all stages of wave development. The
gap junction blocker (188-GA, 75um) was effective
in completely blocking spontaneous retinal waves at
stages 1 (Fig.2A, n=3), I (Fig.8B, n=26) and III
(n=4). When applied at a low concentration (15 um),
188-GA reduced the amplitude and restricted the lateral
propagation of stage II waves (Fig.8B), suggesting
a dependence of stage II wave propagation on gap
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Figure 7. Developmental transition from GABAg to a GABA, /¢
modulation of retinal wave dynamics

Changes in spontaneous wave frequency (compared to control)
caused by picrotoxin (PIC, 100 um) and CGP95531 (CGP, 50 um) are
shown at three different stages. CGP significantly increased the wave
frequency at stage |, but not at stage Il or lll, whereas PIC significantly
increased wave frequency at stage lll, but not at stage | or Il. Asterisks
indicate changes that are statistically significant (P < 0.01). Error bar:
standard deviation.
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junction communication. The inhibitory effects of
188-GA could also be mimicked by octanol-1 (100 um,
Fig. 8A). However, another common gap junction blocker,
carbenoxolone (100-200 um), did not block the waves.
The stereoisomer of 188-GA, 18x-GA, also did not
have a significant effect on the waves up to the highest
dissolvable concentration of 75 um (n=4), possibly due
to a lack of effective concentration or a lack of sensitivity
of the gap junctions involved to this drug. Because of the
potential side-effects of gap junction blockers in general,
the possibility of a non-specific effect of 188-GA and
octanol-1 on retinal waves cannot be completely ruled out.
On the other hand, the very lack of an effect of 18x-GA
may serve as a control, arguing against a non-specific effect
of 18 8-GA on the waves.

Ventricular retinal waves also developed
through three pharmacological stages

We previously reported spontaneous waves in the VZ
of E24-P0 rabbit retinas (Syed et al. 2004). The waves
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Figure 8. Effects of gap junction blockers on stage Il wave

A, octanol-1 (100 um) reversibly blocked the spontaneous waves in
the ganglion cell layer of an E30 retina. B, waves in an E29 retina were
completely blocked by 188-GA (75 um). C, a low concentration of
18B8-GA (15 um) did not completely block the wave initiation but
reduced the lateral propagation of the wave at E29. Scale bar: 0.5 mm.
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in the VZ and the inner retina (IR) shared a similar
speed and frequency and were closely correlated in both
space and time. Drugs that blocked IR waves, including
hexamethonium and 188-GA, also blocked VZ waves;
however, atropine blocked only VZ, but not IR waves
between E24 and PO (stage II). We concluded that VZ
waves were initiated in the IR and backpropagated to the
VZ (Syed et al. 2004).

In this study we investigated whether VZ waves also
existed at more than one developmental stage and, if so,
how they progressed through various stages. We discovered
that, if the retina was mounted loosely on a damp filter
paper instead of a dry one, the VZ waves could be better
preserved and became detectable in the same age window
(E22-P8) as were IR waves, although the probability of
finding VZ waves decreased considerably after P2. VZ
waves could also be categorized into three stages on
the basis of pharmacology. Like IR waves, stage I (E22)
VZ waves were insensitive to hexamthonium (300 pm)
(Fig. 9A, n=13), but could be blocked by aminophylline
(150 um, n=3) (Fig.9B) and 18B8-GA (75 um, n=2)
(data not shown). However, in contrast to stage I IR
waves which were insensitive to muscarinic antagonists
(Fig.2A), E22 VZ waves could be completely blocked
by atropine (1 um, n=2) (Fig.9C), suggesting that VZ
waves required additional muscarinic communication. At
stage II (P24-P1), VZ waves were inhibited by nicotinic
(hexamethonium, 100 um), muscarinic (pirenzepine,
2 uMm, Fig. 9D-E) and gap junction (188-GA, 75 um, data
not shown) blockers, but not by CNQX (40 um) (Fig. 9F)
or CNQX (40 um) + AP7 (100 um), as we previously
found (Syed et al. 2004). At stage III (>P2), the VZ waves
were blocked by CNQX (25-40 um) + AP7 (100 pum)
(n=3) and the muscarinic antagonist pirenzepine (2 um,
n=2) (Fig.9G). We also found a transitional period
between stages II and III (P2-P4), during which both
hexamethonium (150 M) and CNQX could block the VZ
wave (Fig. 9G, n=2). The nicotinic antagonist ceased to
block VZ waves after P5 (Fig. 9H) (n = 2). Taken together,
these data suggested that VZ and IR waves progressed
through three similar developmental stages and had
similar transitional periods. The main pharmacological
difference between VZ and IR waves at stages I and II
was that atropine blocked only VZ but not IR waves,
consistent with our previous finding that stage I VZ waves
are dependent on IR waves, but not vice versa, suggesting
the waves spread from the inner to the outer retina (Syed
et al. 2004). However, in this study, we did not investigate
whether stages I and III VZ waves were correlated with
IR waves in spatial and temporal domains.

Figure 10 shows examples of VZ waves at the three
different stages. While stage I and stage II VZ waves
were always propagating, we found most stage III VZ
waves were localized, similar to their counterparts in
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Figure 9. Three pharmacological stages of VZ waves

A-C, stage | (E22) VZ waves were not blocked by the nicotinic
antagonist, haemamethonium (Hex, 300 um), but were completely
blocked by aminophylline (150 um, B) and atropine (1 um, C).

D—F, stage Il (E29) VZ waves could be blocked by Hex (150 um, D) and
the muscarinic antagonist pirenzepine (PZ, 2 uM, E), but not by CNQX
(30 uM, F). G, At P3, the VZ waves were blocked by CNQX (30 um),
Hex (150 M) and pirenzepine (2 um). H, Hex (300 um) no longer
blocked VZ waves at P7 (stage IlIl).
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the IR. To determine whether the GABA,,c system
also restricted the late VZ waves, we examined the
effect of picrotoxin on stage II and III VZ waves. As
shown in Fig. 114, stage II (E30) VZ waves were not
significantly affected by picrotoxin, consistent with the
lack of ionotropic GABA modulation of IR waves at
this stage (Fig. 5). However, the cholinesterase inhibitor,
neostigmine (4 M), which did not have a significant effect
on IR waves, dramatically enhanced the amplitude and
the propagation of stage II VZ waves (Fig. 11A) (n=6),
suggesting that cholinesterase activity restricted the
backpropagation of the wave from IR to VZ. Interestingly,
at stage III (>P2), neostigmine (4 um) alone only slightly
enhanced VZ waves (Fig. 11B) (n=4), but application of
picrotoxin (100 uMm) together with neostigmine drastically
enhanced both the amplitude and lateral propagation
of stage III VZ waves (Fig.11B) (n=3), suggesting
that both GABA, ¢ inhibition and cholinesterase activity
reduced stage III VZ waves. Thus, endogenous ionotropic
GABA inhibition played an important role in down-
regulating both IR and VZ waves at stage III, although
it was not clear if this inhibition downregulated
VZ waves directly or mainly through an inhibition of
IR waves.

A Stage | (E22)
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Discussion

Developmental stages of spontaneous waves
in the mammalian retina

The above results provide a systematic characterization
of the developmental process of spontaneous waves in
both the inner and outer rabbit retina, starting from
the initial wave appearance prior to synaptogenesis to
the final stage of spontaneous waves before eye opening.
As summarized in Fig. 12, our study established three
distinct developmental stages of spontaneous waves in the
rabbit retina prior to eye opening. These stages coincided
with three specific periods of retinal development:
pre-synaptogenesis, early conventional synaptogenesis
and early ribbon synaptogenesis in the IPL (McArdle
et al. 1977; Greiner & Weidman, 1982; Robinson, 1991;
Johnson et al. 2003). They are also consistent with
the three stages of waves previously reported in the
mouse retina (Bansal ef al. 2000). More importantly, we
found that each stage of wave had a distinct dynamic
pattern and pharmacological profile. Stage I waves in
the inner rabbit retina were novel in many aspects:
they were dependent on gap junction communication
but independent of nicotinic interactions; they were fast
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Figure 10. Stage-dependent dynamics of VZ waves

0.5 mm

A, difference images (AF) of a VZ wave at E22 (stage ), showing a strong intensity (large AF) and clear lateral
propagation of the wavefront. B, two stage Il (E29) VZ waves forming a spatial boundary between them. C, a
stage Ill (P5) VZ wave, showing a low intensity (AF) and localized (non-propagating) spatial pattern. The cartoon
drawn in the last frame of each row shows the direction of wave propagation (arrows), the initial wave size (dark
region) and the spatial coverage (grey region) of the waves.
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propagating and lacked the prolonged refractory period
typically found at other developmental stages; and, as a
result, they appeared at a high frequency and did not
observe any boundaries between neighbouring waves. The
insensitivity of stage I waves to nicotinic antagonists seems
to resemble the pharmacology of the localized activity
previously reported in the embryonic mouse retina, where
two types of spontaneous activities have been observed:
non-propagating, curare-insensitive Ca*" transients in
small clusters of ganglion cells, and large propagating
waves that were blocked by nicotinic antagonists (Bansal
etal.2000). It should be distinguished, however, that stage I
waves in rabbit were always propagating and uniformly
insensitive to nicotinic blockers. Thus, they were different
from all previously reported retinal waves.

We showed that after the transition from stage I
to stage II, the wave dynamics in the rabbit retina
changed completely, concomitant with the emergence of
the nicotinic drive for stage II waves. Remarkably, we
found the transition from stage I to stage II was plastic.
Blocking nicotinic receptors could revert early stage II
waves back to stage I in about 15min, indicating an
ability of the network to generate more than one kind
of spontaneous wave at one time. This result may explain
in part why mice lacking the o3 nAChR (nicotinic acetyl-
choline receptor) subunit have no stage II retinal waves but
exhibit an embryonic form of patterned activity (Bansal
et al. 2000). A similar phenomenon has also been reported

A Stage ll
Control Pic NS

B stage Il

Control NS NS + Pic

Figure 11. Modulation of VZ wave dynamics by GABA, ¢ and
cholinesterase inhibitor

A, difference (AF) images of stage Il (E30) VZ waves, showing the
spatial extent of the wave (dark regions) in control, picrotoxin (Pic,
100 uM) and neostigmine (NS, 4 um). The waves were dramatically
enhanced by NS, but not by Pic at this stage. B, VZ waves at P3,
showing a localized pattern in control, a modest enhancement in the
presence of NS (4 um) and a dramatic enhancement of wave intensity
and lateral propagation in the combined presence of NS (4 um) and Pic
(100 pm). All frames were selected to show the typical wavefront size
under each recording condition. Scale bar: 0.5 mm.
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in the developing spinal cord, where a blockade of one
neurotransmitter system (ACh at E4, or glutamate at
Ell) causes a different system (GABA) to emerge as
the new driving force for the spontaneous activity
(Chub & O’Donovan, 1998; Milner & Landmesser,

Outer Retina (VZ)

y S |

Retrograde signals via VZ waves

Inner Retina

Stage I Stage Il
~E22 ~E24-P1 ~P4.PB
presynaptogenasis cony synaplogenasis ribbon synaptoganesis

fast, frequent, strong airong weak
propagating propagating localized
averlapping nanoverapping nonoverapping
nonrefraciory refractory refraciory
- nictinic Glutamatergic/muscarinic
gap junclion gap junclion gap junclion
adenasing adenosine adenosine
GABA, — GABA, -

Forward signals via correlated spikes

Central Visual Targets

Figure 12. Developmental stages of spontaneous waves in the
rabbit retina prior to eye opening

Spontaneous waves in the inner retina developed through three
stages. Stage | waves were frequent, fast-propagating and
non-refractory (did not form boundaries, as indicated by the overlap
between two waves). They were inhibited by gap junction and
adenosine receptor blockers and were downmodulated by GABAg
activation. Stage Il waves were propagating, refractory and
non-overlapping, and were inhibited by nicotinic and gap junction
blockers. Stage Ill waves were weak and localized. They were sensitive
to glutamatergic, muscarinic and gap junction blockers, and were
strongly inhibited by GABAa,c activation. All three stages of IR waves
propagated to the outer retina (ventricular zone), thus sending both
retrograde signals to the outer retina via VZ waves and forward signals
to the central visual targets via correlated spikes.
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1999). It has been proposed that the early spinal cord
network maintains its homeostatic regulation of network
firing properties by having multiple mechanisms that
are capable of compensating one another when the
excitability of one mechanism is reduced (O’Donovan,
1999). Our results suggest that a similar mechanism
may also exist in the developing mammalian retina.
However, because the waves (stage I) that reappeared
10-15 min after the blockade of the nicotinic system were
dramatically different from the original (stage II) waves
(Fig. 4D), our results also demonstrated that the coexisting
mechanisms, though capable of mutual compensation, are
not functionally equivalent. It should also be pointed out
that the reversion of stage II waves to stage I after nicotinic
blockade was rarely seen. Blocking stage II waves in E29
rabbits, for example, never resulted in an induction of
stage I waves. It is thus likely that these compensatory
mechanisms only coexisted during the transitional period
between two different stages.

Stage III waves in the rabbit are critically dependent
on glutamatergic and muscarinic inputs, but not on
nicotinic excitation (Zhou & Zhao, 2000). As the retina
continued to mature, stage III waves became weaker,
less frequent, and spatially more restricted. They were
rarely detected after P6—7. The steady decline of stage III
waves with age indicated that spontaneous waves would
disappear shortly after P8, probably around eye opening
(P11). P8 is also the age when rabbit ganglion cells
first show light responses (Masland, 1977). However, it
should be noted that patch-clamp recordings occasionally
found rhythmic activities from starburst and ganglion
cells even after eye opening (S. Lee and J. Z. Zhou,
unpublished observation). These events occurred in semi-
periodic bursts at a frequency (~0.2 Hz) much higher
than that of stage III waves (~0.004Hz), but they
were not observed consistently and could sometimes
be disrupted by light stimulation. As the retina further
matured, these events were replaced by even more frequent
(nearly continuous) bursts of synaptic events (S. Lee and
J. Z. Zhou, unpublished observation), suggesting that
they might represent an early form of the spontaneous
synaptic activity found in the mature retina, although one
cannot rule out the possibility that these bursts might be
considered yet another stage (stage IV) of spontaneous
retinal waves, that appear around eye opening and
disappear quickly thereafter. Multielectrode recordings
from the GCL of the mouse retina found rhythmic
activities around eye opening that were temporally
correlated (Demas et al. 2003).

Stage-dependent GABAergic modulation
of retinal waves

Our results demonstrated an important role of GABA
in regulating the dynamics of mammalian retinal waves,
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consistent with previous reports in lower vertebrates that
GABAjg activation modulates retinal waves in the early
chick (Catsicas & Mobbs, 2001) and GABA, activation
modulates retinal waves in the turtle (Sernagor et al.
2003b). Importantly, we showed that the GABAergic
regulation of retinal wave dynamics was stage dependent,
involving an interesting transition from a GABAg to a
GABA, ¢ system as development proceeded from stage I
to stage III. By using two different families of receptors
for the same transmitter, the GABAergic system was able
to achieve different levels of regulation at different stages.
This is reminiscent of the stage-dependent involvement
of the nicotinic (at stage IT) and muscarinic (at stage III)
systems in the generation of the IR waves in rabbit (Zhou
& Zhao, 2000).

Because the early-developing neural network is highly
excitable due to the early excitatory actions of GABA
and glycine receptor channels (Ben-Ari, 2002), the
regulation of spontaneous bursts of excitation in many
early-developing networks is thought to be mediated
by homeostasis (O’Donovan, 1999). Our finding of the
GABAergic inhibition of retinal waves now suggests
that neurotransmitter-mediated inhibition also plays
an important role in regulating the pattern of early
spontaneous retinal waves. This inhibition may be
particularly important for stage I waves, since these
waves did not have a prolonged postwave refractory
period. Although the cellular mechanism of the GABAg
modulation of stage I waves in the rabbit remains to
be uncovered, it seems that the cyclic AMP pathway is
likely to be involved (Catsicas & Mobbs, 2001), since
activating adenylate cyclase with forskolin enhanced the
wave tremendously (Fig. 2). Thus, the adenosine (probably
via A2 receptors) and GABAp systems may act in
opposition to regulate the wave dynamics at this early stage
of development.

Our result that GABA,,c antagonists dramatically
increased the amplitude, frequency, speed and lateral
propagation of stage III waves and induced propagating
waves in older (>P6) retinas that did not show
spontaneous waves suggests an important role of the
GABA, c-mediated inhibition in the decline and eventual
disappearance of stage III retinal waves. This conclusion
is also consistent with a similar finding in the turtle
retina (Sernagor et al. 2003b). While our results clearly
demonstrated a role of the GABAergic system in shaping
the wave dynamics at stage I and stage III, it is currently
unclear and puzzling why blocking endogenous GABA
transmission (both GABA,,c and GABAg) apparently
did not affect the wave dynamics at stage II (Fig.3B),
even though patch-clamp recordings from rabbit starburst
amacrine and ganglion cells showed robust GABA, inputs
to these cells during the wave (S. Lee and Z. J. Zhou,
unpublished observation). Application of picrotoxin to
the ferret retina at a similar stage also did not result
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in a detectable change in wave dynamics (Stellwagen
et al. 1999). Interestingly, a recent report in the turtle
(Sernagor et al. 2003a) suggests that GABA input during
spontaneous waves may be important for the expression
of the K*—Cl~ cotransporter, KCC2. Thus, it is possible
that the GABA input during stage II waves may be critical
for the development of GABA, ¢ inhibition at stage III,
even though GABA does not affect the wave dynamics at
stage II.

Spontaneous waves existed over an extensive
developmental period and appeared in more
than one retinal layer

It has been previously reported that spontaneous retinal
activity plays a critical role in the refinement of
retinogeniculate and retinocollicular connectivity (Penn
et al. 1998; Stellwagen & Shatz, 2002; Grubb et al. 2003;
McLaughlin et al. 2003), although the exact function
of the waves in retinogenicular development remains
controversial (Huberman et al. 2003). Our observation
of both VZ and IR waves at all three stages of wave
development suggests that rhythmic spontaneous retinal
activity is a general developmental phenomenon that
is not limited to a single critical period or a single
developmental event. The first appearance of the waves
at E22 closely correlates in time with the initial arrival
of ganglion cell axon terminals at the central visual
targets (Crabtree, 1989, 1990; Gayer et al. 1989). Our
results show that spontaneous retinal waves are present
and may play a role during the entire developmental
period of retinogenicular and retinocollicular projections
prior to eye opening. Thus, in the case of the
developmental sequence of retinogenculate projections,
stage I waves correspond to the initial innervation of
optic nerve at the dLGN; stage II waves occurred during
both the initial establishment of overlapping contra-
and ipsilateral retinogeneculate connectivity and the
subsequent refinement into eye-specific segregation in the
alpha sector of the dLGN, which becomes nearly adult-like
at E29-P3 (Gayer et al. 1989; Crabtree, 1990); and stage
IIT waves may correspond to a period of more advanced
connectivity refinement in the dLGN, such as ON/OFF
segregation (Wong, 1999).

The presence of waves in both the inner and outer
retina indicates that the waves are a property of both
differentiated and undifferentiated/differentiating cells.
Thus the developmental function of retinal waves is likely
to be diverse, involving not only the establishment of
precise retinofugal projections, but also the development
of the retina itself, such as retinal cell cycle (Pearson
et al. 2002) and receptive field formation (Sernagor &
Grzywacz, 1996). As retinal waves progress from one
stage to another (Fig. 12), their functional role will also
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evolve. Since the spatiotemporal pattern of spontaneous
activity is thought to be important in encoding certain
developmental cues (Spitzer & Gu, 1997), it seems natural
that the wave dynamics are regulated differently at each
stage for specific functions. We showed that different
neurotransmitter systems shape the wave dynamics at
different stages. Conversely, one may speculate that
the normal development of these transmitter systems
may in turn rely on the cues provided by the wave
in a stage-specific manner. A full appreciation of the
developmental functions of retinal waves would require
the understanding of the complex developmental process
and regulation of the waves.
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