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A transient network of intrinsically bursting starburst
cells underlies the generation of retinal waves

Jijian Zheng!2, Seunghoon Lee!? & Z Jimmy Zhou!

Pharmacologically isolated starburst amacrine cells (SACs) in perinatal rabbit retinas spontaneously generated semiperiodic
calcium spikes and long-lasting after-hyperpolarizations (AHPs), mediated by calcium-activated, cyclic AMP-sensitive potassium
currents. These AHPs, rather than a depletion of neurotransmitters (as was previously believed), produced the refractory period
of spontaneous retinal waves and set the upper limit of the wave frequency. Each SAC received inputs from roughly 10-30
neighboring SACs during a wave. These inputs synchronized and reshaped the intrinsic bursts to produce network oscillations at
a rhythm different from that of individual SACs. With maturation, the semiperiodic bursts in SACs disappeared, owing to reduced
intrinsic excitability and increased network inhibition. Thus, retinal waves are generated by a transient and specific network of
cell-autonomous oscillators synchronized by reciprocally excitatory connections.

Retinal waves are semiperiodic bursts of excitation occurring sponta-
neously in the developing retina of all vertebrate species that have been
examined thus far'2. Although the exact functions of retinal waves are
yet to be elucidated, increasing evidence from recent studies suggests
that the waves have a critical role in the establishment of precise
retinofugal pathways and that certain spatiotemporal properties of the
waves may encode specific developmental cues®®. However, despite
more than a decade of intense investigation, the mechanism responsible
for retinal wave generation remains largely a hypothesis. According to
the prevailing theory® adapted from other developing nervous systems
(for example, the spinal cord!?), retinal waves are initiated by random
local perturbations in an early recurrent network without a well-
defined pacemaker circuit, and the spatiotemporal pattern of the
waves is shaped by a refractory process governed by network depres-
sion, such as synaptic depression caused by the depletion of the readily
releasable pool of neurotransmitters. This theory (referred to as
‘recurrent network theory’” henceforth) for early network oscillations
in the developing retina is different from the classic pacemaker
model' =13 for most neuronal oscillations in the mature nervous system
in that it emphasizes the network origin of wave initiation and network
homeostasis for rhythmogenesis.

The recurrent network theory for retinal waves is based mainly on
three lines of observation. First, rhythmic activity has never been found
in the developing retina in the presence of pharmacological agents that
abolish retinal waves!, arguing against the presence of cell-autonomous
pacemakers. Second, the rhythm of retinal waves ( ~ 1072 Hz; refs. 1,9)
is much slower than the oscillation frequencies in most mature nervous
systems!>13, This argues against a refractory mechanism based on
conventional AHP or ion channel activation or inactivation; instead,
it favors network homeostatic processes, such as the depletion of

releasable neurotransmitters'®. Third, the recurrent network theory
provides an attractive explanation for the eventual disappearance of
retinal waves based on the developmental transitions in network
excitability (see below; ref. 14), whereas it is not known why low
frequency pacemakers, if they existed during development, are not seen
in the mature retina. However, all of the above observations have been
made only in general terms and have never been rigorously tested.
Consequently, the recurrent network theory has remained mysteriously
vague, with no specific mechanisms to account for such important
concepts as local perturbation and network homeostasis.

Retinal waves in mammals develop through three stages'>16. Stage I1
waves are so far the best characterized and appear in rabbits between
embryonic day 24 (E24) and postnatal day 3—4 (P3—4; ref. 15). Because
these waves are driven by nicotinic neurotransmission!®~1?, it is
believed that cholinergic (starburst) amacrine cells?® have a critical
role in stage I wave formation?!. In a previous study, we established
that SACs make reciprocal nicotinic and GABAergic synapses onto each
other and that mutual nicotinic excitation within the SAC network
drives SACs to burst during retinal waves!. As retinal waves progress
from stage II to stage III, the nicotinic synapses between SACs are
sharply reduced and the GABAergic synapses switch from excitatory to
inhibitory'%. These results demonstrate that in agreement with the
recurrent network theory, there is indeed a transient recurrent net-
work formed by SACs, such that once the activity is set in motion,
the network is able to mediate retinal waves. However, a funda-
mental question regarding the origin of retinal waves remains unan-
swered: how does this network generate retinal waves and produce the
wave rhythm?

Here we report that stage II retinal waves in rabbits originated from
cell-autonomous bursts of SACs and that the refractory process was
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dictated by a slow AHP, which together with network interactions
generated the wave rhythm.

RESULTS

The cell-autonomous activity in developing SACs

When recorded under whole-cell current clamp in the whole-mount
perinatal rabbit retina, displaced SACs underwent semiperiodic bursts
of spikes and prolonged AHPs (Fig. 1a,b). These bursts were of two
related types. The first type, defined as a compound burst, consisted of
spikes riding atop an excitatory postsynaptic potential (EPSP, Fig. 1a,
left inset), which had a waveform similar to that of the rhythmic
synaptic currents in SACs recorded under voltage clamp (Fig. 1c, inset).
This indicated that this type of burst coincided with the synaptic
excitation during a spontaneous retinal wave. Dual patch-clamp
recording from neighboring SACs and ganglion cells (Fig. 1d) also
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Figure 1 Cell-autonomous activity in E29-P1 SACs. (a) Current-clamp
recording (/, = 0) from a displaced SAC in Ames medium, showing
rhythmic compound bursts associated with retinal waves and a simple
burst (asterisk) in between waves. Retinal waves were identified based on
the rhythmic EPSPs or EPSCs recorded from SACs and ganglion cells (GC).
(b) Photomicrograph of a displaced SAC after whole-cell recording with a
sulforhodamine-filled pipette. Scale bar, 50 um. (c) An antagonist cocktail
(see main text for composition) reversibly blocked rhythmic synaptic inputs
to a voltage-clamped (W, = =70 mV) SAC. (d) Dual current-clamp recording
from a SAC (top) and a ganglion cell (bottom), showing close correlation
between bursting spikes in the ganglion cell and compound bursts in the
SAC during retinal waves. Notice the presence of EPSPs in both the SAC
and the ganglion cell during the waves; however, pronounced AHPs were
found only in the SAC, not in the ganglion cell. The brief spikes (asterisks)
in the SAC were not correlated with the spikes in the ganglion cell or with
retinal waves. (e) The antagonist cocktail reversibly blocked rhythmic spikes
in a current-clamped (/, = 0) ganglion cell. The results in ¢ and e indicate

confirmed that the compound bursts in SACs were closely correlated
with the rhythmic bursts in ganglion cells. The second type of burst,
defined as a simple or intrinsic burst, was similar to the first type,
except that it did not contain the EPSP component (Fig. la, right
inset). Compared to compound bursts, simple bursts were usually
followed by a shorter AHP and, on rare occasions, contained only a few
brief spikes without a prominent AHP (Fig. 1d, asterisks). Simple
bursts typically appeared long after (>20 s) a compound burst and
were not synchronized with the spikes in neighboring cells (Fig. 1d),
suggesting that they were not associated with retinal waves. Dual patch-
clamp recording from SAC and ganglion cell pairs found prolonged
AHPs in SACs but not in the ganglion cells tested (Fig. 1d, inset).

To distinguish whether the rhythmic bursts in SACs originate from
cell-autonomous activities or from network interactions, we isolated
SACs pharmacologically by adding, to the physiological solution (Ames
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the blockade of spontaneous retinal waves and the wave-associated synaptic inputs to the SAC. (f,g) Cell-autonomous rhythmic bursts persisted in the
presence of the antagonist cocktail in (f) a whole-cell current-clamped (/, = 0) SAC and (g) an on-cell, loose patch-clamped SAC (W, = O mV).
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Figure 2 Cell-autonomous activities of SACs under Ca* imaging. (a) Ca2* imaging from ganglion cells and displaced amacrine cells loaded with Fura2-AM
in a PO retina. Cells with larger somas (for example, circled in blue) were presumably ganglion cells. (b) Two smaller cells (circled in red in a) were identified
as SACs by Lucifer yellow injection after Ca2* imaging. (c) An antagonist cocktail blocked spontaneous waves (synchronous downward deflections) and all
activities in the ganglion cells (blue traces, measured from the blue circles in a) but spared the intrinsic activity in the SACs (red traces, measured from the
red circles in a). (d) Ca* imaging from four neighboring SACs (marked 1-4) in a P1 retina under the control, antagonists (100 pM hexamethonium and
100 uM picrotoxin) and wash-out conditions. (e) Overlay of cross-correlograms for the six possible pairwise comparisons of the four traces in d, showing a
high level of correlation near a lag time of O s, which was reversibly abolished by the antagonists. Because asynchronous, independent oscillators of similar
intrinsic frequencies may still exhibit a certain degree of correlation, small ‘bumps’ in the cross-correlation coefficient (<0.25) were still visible at random
lag times for some pairs of SACs in the presence of the antagonists. Scale bar, 50 um.

medium; ref. 22), an antagonist cocktail consisting of 75 pM
18p-glycyrrhetinic acid, 100 pM hexamethonium, 40 pM 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX), 200 uM AP7 (p(-)-amino-7-
phosphonoheptanoic acid), 100 uM picrotoxin, 2 pM strychnine and
1 uM atropine. This cocktail blocks common electric and chemical
synapses in the retina, including those that are essential for stage I (gap
junction), stage II (nicotinic receptors) and stage III (glutamate and
muscarinic receptors) retinal waves in rabbits!®, Notably, although this
cocktail completely abolished both the rhythmic spikes in current-
clamped ganglion cells (Fig. 1le, n = 6) and the rhythmic synaptic
current in voltage-clamped SACs (Fig. 1¢c, n = 25), it did not block the
rhythmic bursts or the characteristic AHPs in SACs under current
clamp (Fig. 1f, n = 8). This indicated that these bursts and AHPs were
cell-autonomous activities independent of network interactions. We
also observed similar intrinsic bursts in the presence of the nicotinic
blocker hexamethonium alone (which is sufficient to block stage II
waves and the associated rhythmic synaptic inputs to SACs (refs. 15,18,
n = 12) and hexamethonium together with picrotoxin (n 10),
suggesting that these bursts were not induced artificially by the com-
bination of the antagonists. To rule out the possibility that whole-cell
current-clamp recording might have inadvertently induced bursts by
altering the excitability of the cell, we also recorded from SACs using
on-cell, loose patch clamp and observed similar bursts of spikes in the
presence of the antagonist cocktail (Fig. 1g, n = 5). Finally, calcium
imaging from the ganglion cell layer of retinas loaded with Fura-2AM
(n = 9 retinas, Fig. 2a,b) showed that the antagonist cocktail blocked
correlated spontaneous waves but spared the cell-autonomous activ-
ities in SACs (Fig. 2c,d). Under the control condition, the cross-
correlograms between neighboring SACs showed a sharp peak around
a lag time of 0 s, indicating a high level of synchrony (Fig. 2e, left).
However, this synchrony was reversibly abolished by the
hexamethonium together with picrotoxin (Fig. 2e, center and right).

Similar results were obtained from four other retinas (Supplementary
Fig. 1 online).

In the presence of the antagonist cocktail, all bursts in SACs became
simple bursts (Fig. 1f, n = 18), as expected because retinal waves and
the rhythmic synaptic inputs (EPSPs) associated with the waves were
blocked under this condition. Under whole-cell patch clamp, the
distribution of interburst interval (Fig. 3a) in the cocktail had an
interval of 15 * 7s (mean * s.d.; n = 68). These bursts were
semiperiodic, and the interval between two successive bursts varied
in a wide range, from <10 s to 40 s (median: 13 s). A similar interburst
interval distribution (mean =+ s.d.: 19 + 16 s; median: 14 s, n = 26) was
obtained by on-cell, loose patch recording, but the variability in
interburst interval was larger, ranging from <10 s to 80 s (Fig. 3b).
The median interburst interval measured by either whole-cell or on-cell
recording in the cocktail was substantially shorter than the median
interwave interval measured in Ames medium (Fig. 3¢c). Under our
recording condition, semirhythmic bursts were detected in about 60%
(90 of ~150) of the SACs tested under whole-cell clamp, although it is
likely that this percentage is an underestimate of the actual SACs having
intrinsic bursts (Discussion).

Mechanisms underlying the intrinsic activity in SACs

The bursting spikes in SACs were generated mainly by voltage-gated
calcium (Ca?*) currents, because 0.3 mM cadmium (Cd**) blocked
both the spontaneous rhythmic activity (n = 8, data not shown) and
the repetitive spikes evoked by depolarizing current steps (Fig. 4a, n =
6). To simulate the spikes during a spontaneous wave, we first recorded
synaptic currents from a voltage-clamped SAC during a spontaneous
wave (similar to that in Fig. 1c inset) and then injected these currents
(referred to as ‘wave currents’ henceforth) back into the SACs under
current clamp (Fig. 4b—e, top). This resulted in a voltage response that
closely resembled the compound burst found during a spontaneous
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Figure 3 Temporal properties of the bursts in SACs. (a,b) Distributions of
interburst interval in the presence of the antagonist cocktail recorded from
SACs under (a) whole-cell patch clamp (/, = 0) and (b) on-cell loose clamp.
(c) Interwave interval distribution for spontaneous waves measured from
SACs under whole-cell patch clamp in Ames medium. The waves were
identified on the basis of the presence of the characteristic EPSCs or EPSPs
under whole-cell patch clamp.

wave, with repetitive spikes riding atop a slow depolarization potential,
followed by a prominent AHP (Fig. 4b—e, bottom). Tetradotoxin
(TTX; 1 uM) did not block the repetitive spikes evoked by wave
currents or the characteristic AHP (Fig. 4b), although the kinetics,
amplitude and threshold of the spikes were slightly altered (Fig. 4c).
Cd?* (0.3 mM, Fig. 4d, n = 6) blocked these spikes and AHPs whereas
cesium (Cs*; 5 mM, Fig. 4e, n = 4) did not, revealing the involvement
of Ca?" and Ca®"-activated currents but not the conventional Cs*-
sensitive pacemaker current (Iy; ref. 11) (which was hardly detectable
under voltage clamp; Fig. 4f) in the generation of the bursts and AHPs.

The AHP following a burst of spikes in the SACs varied in amplitude
with the membrane holding potential and reversed its polarity (that is,
became depolarizing) when the cells were held below the potassium
(K*) equilibrium potential Ex (=92 mV; Fig. 4g). This suggested that
the AHP was mediated mainly by a K™ conductance, most probably a
slowly inactivating, Ca?*-activated K* conductance. Indeed, flash
photolysis of caged Ca?" (DM-nitrophen, dialyzed into SACs from
patch pipettes) evoked a slowly decaying outward current under
voltage clamp at —60 mV (Fig. 4h, n = 10). This current reversed at
Ex (92 mV;, Fig. 4i, n = 4), consistent with a Ca?*-activated, voltage-
independent K* current. A similar current was also evoked by depolar-
izing pulses (Fig. 4h, n = 15) and were blocked by Cd** (data not
shown). Notably, the Ca*-activated K* current in SACs was sensitive
to intracellular cyclic AMP (cAMP). Flash photolysis of caged cAMP
(dialyzed into SACs via patch pipettes) caused a marked reduction of
this current under voltage clamp (data not shown) and a rapid
truncation of the AHP under current clamp (Fig. 4j, n = 4). Similarly,
the application of the adenylate cyclase activator forskolin (1 uM)
reduced the amplitude and decay time of the AHP and increased the
frequency of spontaneous waves (Fig. 4k, n = 4). Forskolin increases
retinal wave frequency?> and, when injected monocularly, alters eye-
specific segregation in retinogenicular projections®. Thus, our results
(Fig. 4) provide the first cellular mechanism for this important effect of
forskolin on spontaneous retinal waves, although forskolin may also

influence the dynamics of retinal waves by affecting other cell types that
participate in the waves.

In contrast, both the Ca**-activated K* conductance (activated by
voltage pulses) and the slow AHP (evoked either during a wave or by
wave currents) in SACs were insensitive to charybdotoxin and apamin
(50 nM and 300 nM, respectively; both n = 8; data not shown). This
ruled out the involvement of the large conductance (BK) and apamin-
sensitive small-conductance (SK) Ca?*-activated K* channels24. Based
on its pharmacology, slow kinetics and sensitivity to cAMP, the Ca?*-
activated K* current in SACs seemed similar to the slow AHP currents
(Iapp) reported in hippocampal pyramidal neurons?>—3° although
clotrimazole (20 pM), which blocks Iapp in cultured hippocampal
pyramidal cells’!, did not block this current in SACs (n = 6, data not
shown). Taken together, our results suggested that the rhythmic activity
in pharmacologically isolated SACs was mediated predominantly by
voltage-gated Ca®* currents and a slow Ca>"-dependent, cAMP-sensi-
tive K™ current resembling I;zpp The decay of this Ca’*-activated K*
current had a major role in the recovery phase of the AHP, although it is
possible that other currents might have contributed to the spikes and
AHP to a lesser degree (see Discussion).

ACh was not depleted during the refractory period

To further understand the mechanism of rhythmogenesis for retinal
waves, we tested a widely held theory that the refractory process
following a wave is caused by the depletion of readily releasable
neurotransmitters. Because stage II retinal waves in the rabbit rely
critically on the release of acetylcholine (ACh) from SACs (ref. 14) and
are not affected by GABA receptor blockers'?, we directly compared the
efficacy of cholinergic synaptic transmission between SACs shortly
before and immediately after a spontaneous retinal wave under dual
patch clamp. The SAC being tested for ACh release (referred to as the
presynaptic cell) was held under current clamp (holding cation current
I, = 0), except during brief moments when a voltage pulse (<70 mV to
15 mV) was given under voltage clamp to evoke transmitter release.
The neighboring SAC used to detect ACh release (referred to as the
postsynaptic cell) was held constantly at =70 mV (E()) to isolate the
nicotinic current input. We found that presynaptic voltage steps given
shortly before and immediately after a spontaneous wave evoked
similar postsynaptic responses (Fig. 5a, n = 6), arguing against the
transmitter depletion theory.

To confirm the above finding, we used a paired-pulse protocol to
simulate two successive waves in the presynaptic cell with two injections
of wave currents under current clamp, while comparing the responses
of the postsynaptic cell under voltage clamp at —70 mV (Fig. 5b).
Under this condition, we did find paired-pulse depression (that is,
reduced neurotransmission during the second stimulation as measured
by the integral of inward postsynaptic nicotinic currents; Fig. 5b).
However, this paired-pulse depression was due, mainly, to the Izyp
activated by the first stimulation, which prevented the second
stimulation from evoking suprathreshold Ca?" spikes (Fig. 5b). It
was not due to a depletion of releasable transmitter, because the
depression could be eliminated when the amplitude of the two pulses
was made large enough to evoke a suprathreshold burst during both
the first and the second pulse (Fig. 5c). The Iapp produced the
AHP, thereby keeping the cell farther away from the spike threshold;
it also reduced the membrane input resistance (and hence the ampli-
tude of depolarization by the subsequent current input), making it
more difficult for the cell to generate spikes (Supplementary Fig. 2
online). In addition to Iayp activation, other factors, such as
the inactivation of presynaptic Ca** channels and the desensitization
of postsynaptic nicotinic receptors during the burst, might also
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contribute to the initial phase of the refractory process but such
factors do not seem responsible for the prolonged refractory period.
Together, these results demonstrated that the refractory period of
retinal waves was determined mainly by the time course of the AHP,
not by a depletion of releasable ACh.

The interplay between intrinsic and network activities

To determine whether synaptic interactions in the SAC network have a
role in rhythmogenesis of retinal waves, we compared the rhythmic
bursts of SACs recorded in Ames medium with those recorded in the
presence of the antagonist cocktail. Without network interaction (in
the cocktail), the AHP following an intrinsic burst (Fig. 1f) had a mean
duration of 14 £ 7 s (n = 68), which closely matched the average
interburst interval (15 £ 7 s, n = 68, Fig. 3a), suggesting that the
intrinsic AHP dictated the interburst interval under this condition.
However, with network interactions intact (in Ames medium), SACs
received a barrage of synaptic inputs during each wave (Fig. 1c). Bursts

ARTICLES

occurring during the waves were reshaped by network interactions,
which added an EPSP component to the bursts (Fig. 6a) and prolonged
the mean AHP duration to 28 + 6 s (n = 36). To determine whether this
EPSP prolonged the AHP by increasing the intracellular Ca’*, we
compared the Ca?" influx during an intrinsic burst (Fig. 6a, left) with
that during a compound burst (Fig. 6a, right). We used prerecorded
waveforms of intrinsic and compound bursts (Fig. 6b, top) as voltage
commands to activate Ca?" currents in SACs under voltage clamp
(Fig. 6b, middle). We found that the presence of an EPSP nearly
doubled the Ca?* influx during a burst (Fig. 6b, bottom), a result that
was supported by Ca>" imaging from SACs loaded with Fura-2AM
(Fig. 6c). Thus, network interactions enhanced the Ca?" entry and
prolonged the AHP. It is possible that the regulation of AHP by the
network may involve additional second messengers (for example,
cAMP) and ion channels.

The average AHP duration (28 s + 6 s, n = 36) following a
compound burst closely matched the minimum interval between

l@ © 2006 Nature Publishing Group  http://www.nature.com/natureneuroscience

a 150 pA b H Cc W d e f -60mV
L —120mV
0 ’ 0 0 0 0 c
M ceer ‘ ‘ s*
— il \ Cd2+ i 0
S a0 M TTX jv ‘ _
E %0 ¥ % M & -30 " SV 80 ¢ 30 js+ g ¥
> S ot 8 _ o _
-60 o < B 2100
60 — o TTX 60 60 - )
0 40 80 120 160 0 2 4 6 8 10 12 14 16 18 02 4 6 8 10 02 4 6 8 10 00 05 10
Time (ms) Time (ms) Time (ms) Time (s) Time (s) Time (s)
g Ca2+uncaging Ca?*uncaging Voltage
S 601l -60 -60 pulses \
£ w0 80 - 80 200 ﬂ ﬂ
N - ~ —
S
-100 -100 -100 g
e 0
o 1 2 3 0 10 20 3 0 10 20 30 0 60 120 180 240
Time (s) Time (s) Time (s) Time (s)
i J cAMP-uncaging
Ca?* uncaging —407 / iﬂlr;zrs]t ﬂ ﬂ Current
1 ~ pulses
Z 60+ ~
40pAL__ 190 NO "
59 mV MMJ 2s ° _80 - et "Ww PR
[, T T T T
—69 MV o = 0 40 80 120 160
. {30 & Time (s)
~79 MV wpeend —. -
< ° k Forskolin
—
_89mV -1 -80 -60 0~
D
V (mV) N
—109 MV mweasen, +-30 E 301
. . <
T T T 1
0 40 80 120 160

Time (s)

Figure 4 The ionic mechanism of intrinsic bursts in SACs. (a) Repetitive Ca2+ spikes and the subsequent AHP evoked under current clamp (/, = O; gray).
CdCl, (0.3 mM) blocked the repetitive spikes and AHP, sparing an initial Na* spike (black). (b) Injection of wave currents (top, prerecorded at =70 mV during a
spontaneous wave) under current clamp (/;, = 0) evoked spikes and an AHP that resembled those during a compound burst (gray). TTX did not block the

spikes or the AHP (black). (c) Blown-up view of the spikes in b, showing some reduction, by TTX, of the depolarization rate and amplitude of the spikes. (d,e)
Application of Cd2*+ (0.3 mM, d), but not Cs* (5 mM, e), completely blocked the repetitive Ca2*+ spikes and the characteristic AHP evoked by the wave currents.
(f) Hyperpolarization under voltage clamp did not detect any Cs*-sensitive /y current. (g) The amplitude of AHP (evoked by current ramps shown on the top)
varied with the holding potential and reversed in polarity near =92 mV (Ex). (h) Flash photolysis (1 ms duration) of DM-nitrophen evoked a CaZ*-activated out-
ward current under voltage clamp at —-60 mV, resembling the current evoked by voltage pulses (60 mV to +5 mV). (i) -V relation of the currents evoked by Ca2*
uncaging, showing a reversal potential at =92 mV (Ek). (j) Flash photolysis of caged cAMP rapidly truncated the AHPs evoked by depolarizing current pulses.

(k) Forskolin (1 uM) reduced the amplitude and decay rate of the AHPs that followed both the compound and simple bursts under current-clamp (4, = 0).
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spontaneous waves (~ 30 s, Fig. 3c), suggesting that the AHP largely
dictated the postwave refractory period and the upper limit of the wave
frequency. However, this mean AHP duration was shorter than the
mean interwave interval (70 * 26, n = 80, Fig. 3¢), indicating that cell-
autonomous bursts in SACs alone cannot account for the entire
mechanism of rhythmogenesis for retinal waves. This is consistent
with our observation that in addition to compound bursts that were
o synchronized with the waves, there were asynchronous intrinsic bursts
between waves (Fig. 1a and Fig. 6e). Dual on-cell and whole-cell patch
clamp from SAC-SAC and SAC—ganglion cell pairs also confirmed the
presence of asynchronous intrinsic bursts (Fig. 6d). This suggested that
these asynchronous bursts were not an artifact caused by the whole-cell
recording condition (although we cannot rule out the possibility that
whole-cell recording might have influenced the membrane potential
and the AHP duration to some extent, thereby altering the frequency of
asynchronous bursts; see Discussion). These results suggested that not
every burst in a SAC was associated with the initiation of a retinal wave
and that the generation of a wave requires a certain level of synchrony
among intrinsically bursting SACs.

We next examined whether network interactions influenced the
synchrony among bursting SACs. The number of intrinsic bursts
between two successive waves varied from wave to wave and from
retina to retina (Fig. 6e,f). Reducing the recurrent interaction among
SACs with a low concentration of hexamethonium (10 pM) markedly
decreased the wave frequency and increased the number of asynchro-
nous intrinsic bursts between waves (Fig. 6g), suggesting that network
interactions increased the synchrony among SACs, perhaps by bringing
more cells simultaneously to the spike threshold by means of the EPSP.
When the level of synchrony was high, most bursts were associated with
the waves (compound bursts) and the interwave interval approached
the AHP duration that followed a compound burst (Fig. 6f). In

Figure 5 Mechanism of the postwave refractory process. (a) Dual patch
clamp from a pair of SACs, showing similar synaptic transmission evoked
immediately after and shortly before a spontaneous wave. The presynaptic
cell was current clamped (/, = 0), except for brief moments during which a
voltage pulse (<70 mV to +15 mV) was applied under voltage clamp to evoke
synaptic release. The current-clamp condition allowed the presynaptic cell to
participate in the normal process of rhythmic excitation, including the
compound burst of spikes and the subsequent refractory process, whereas the
brief voltage pulses under voltage clamp enabled the cell to be depolarized to
the same level for consistent comparison of transmitter release. The
postsynaptic cell was voltage clamped at =70 mV. (b) Two-pulse wave current
stimulation during dual patch clamp from SACs. The first pulse (top left)
evoked suprathreshold spikes in the presynpatic cell (current-clamped with

I, = 0, middle left) and nicotinic!4 currents in the postsynaptic cell (voltage-
clamped at =70 mV, bottom left). The second pulse (top right) did not evoke
suprathreshold, presynaptic spikes (middle right) or postsynaptic currents
(bottom right). The histograms denote integrals of postsynaptic currents
(averaged from five starburst pairs), showing reduced synaptic transmission
during the second pulse. Qland Q2 represent average charge transfer
associated with the postsynaptic current during the first and second
stimulation, respectively. (c) With increased amplitude of the two pulses,
suprathreshold spikes and postsynaptic responses could be evoked by both
pulses, eliminating the paired-pulse depression (see histogram, n = 5).

Error bars represent s.d.

contrast, when the network interaction was completely blocked by
the cocktail, SACs became independent of each other and we no longer
saw waves (Fig. 1f).

To gain a clue to the degree of synchrony among SACs during a
retinal wave, we used dual patch clamp to compare the total nicotinic
input!'* (150-300 pA in peak amplitude, Fig. 6h, bottom left) received
by a SAC during a spontaneous wave with the nicotinic synaptic
current (10-15 pA in peak amplitude, Fig. 6h, bottom right) received
from a single neighboring SAC, which experienced a ‘simulated wave’
evoked by an injection of wave currents (Fig. 6h, top right). Based on
the simplest assumption of linear summation, we estimate that a SAC
received synaptic inputs from approximately 10-30 neighboring SACs
during a spontaneous wave (see Discussion). Indeed, a summation of
20 such inputs from a single neighboring SAC (pooled from 10 paired
recordings) resulted in a postsynaptic current (Fig. 6h, inset) that
closely resembled the total synaptic input received by a SAC during a
spontaneous wave.

The transient appearance of the intrinsic activity in SACs

To determine how the intrinsic activity in SACs evolves during retinal
development, we recorded from SACs at various ages from E29 (2 d
before birth) to P29. The intrinsic bursts in SACs remained until P4
(Fig. 7a) but became undetectable after P6 (Fig. 7b, top). At P4, five out
of six SAC:s tested showed the characteristic intrinsic bursts. However,
none of the P6 (n = 6) and older (n = 25) SACs that we recorded from
showed such activity.

We found that in the presence of the antagonist cocktail, tetraethy-
lammonium (TEA; 1mM) effectively induced rhythmic activities in
older (>P7) SACs (Fig. 7b, bottom). Because TEA presumably
increased the excitability of older SACs by blocking K* channels,
particularly the Ky types which are expressed in the proximal region
of mature SACs and are sensitive to low concentrations of TEA (ref. 32),
the loss of the rhythmic bursting activity seemed to have been caused by
a developmental reduction in the intrinsic excitability of SACs. Notably,
however, TEA (1 mM) alone without the antagonist cocktail could not
induce the rhythmic activity (Fig. 7c, top); neither could the cocktail
alone without TEA (Fig. 7b, top). This suggested that network
interactions in the older retina (particularly the GABAergic inhibition
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Figure 6 Network contributions to rhythmogenesis. (a) Simple (left)

and compound (right) bursts in a current-clamped SAC (/, = 0).

(b) Prerecorded waveforms of simple and compound bursts (top) were
used as voltage commands to elicit Ca2+ and Ca2*-activated currents in
a SAC under voltage clamp (middle). Net Ca2* and Ca2*-activated
currents were obtained by subtracting currents recorded in 0.3 mM Cd2*
from those recorded in the control (Ames medium). Ca* entry was
estimated by integrating the inward currents (bottom). (c) Ca2* imaging
of SACs loaded with Fura2-AM SACs under control, with antagonist
cocktail and after cocktail washout. Average responses (pooled from five
SACs) are shown at the bottom for each condition. In d, simultaneous
on-cell recording (top) and whole-cell voltage clamp (bottom) from SAC-
SAC (left) and SAC-ganglion cell (right) pairs showed intrinsic bursts
(asterisks) that were uncorrelated with the waves. (e-f) Whole-cell
current clamp (/, = 0) recording from SACs in two different retinas (d,f),
showing a variable number of simple bursts between compound bursts
(open arrows). (g) Hexamethonium (HEX, 10 uM) reduced the frequency
of compound bursts and increased the number of simple bursts between
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two successive waves (open arrow). (h) Simultaneous recording from two neighboring SACs under current clamp (top, /, = 0) and voltage clamp (bottom,
Vin = =70 mV), respectively. Bottom left, synaptic inputs received by the voltage-clamped SAC during a spontaneous wave. Bottom right, synaptic input
received when the neighboring SAC (top) was stimulated by wave currents. Inset, summation of 20 postsynaptic responses (from 10 paired recordings)

during ‘simulated waves’.

between >P6 SACs; ref. 14) also had a role in preventing the bursts
from occurring.

DISCUSSION

Mechanisms underlying retinal waves

This study resulted in five main findings: (i) SACs generated semiper-
iodic, intrinsic bursts; (ii) a slow AHP in SACs produced the postwave
refractory period; (iii) the releasable pool of ACh was not depleted
during the refractory period; (iv) the interplay between intrinsic SAC
oscillations and network interactions underlay the initiation and
rhythmogenesis of retinal waves; and (v) the intrinsic spikes in SACs
existed during a transient developmental period. These results identi-
fied the cell-autonomous activity in SACs as the main source of the
excitation during retinal waves and the AHP in SACs as the main cause
of the refractory period. Together, the above findings revealed a
mechanism whereby cell-autonomous oscillators, synchronized by a

recurrently excitatory network, underlie the generation of spontaneous
retinal waves. This new mechanism may also shed light on the genesis
of early network oscillations in other developing nervous systems, such
as the hippocampus™.

Our recordings so far have not provided convincing evidence that
stimulating a single SAC under patch clamp can generate a wave. It
seems that the initiation of a wave may depend on the probability that a
certain number of neighboring SACs spike nearly synchronously and
that many other neighboring SACs are ready to be recruited into a
wave. The degree of synchrony seems to depend on network interac-
tions, particularly the reciprocal excitatory synaptic interactions among
SACs (ref. 14). We found that network interactions contributed to
rhythmogenesis in at least two important ways. First, they amplified the
intrinsic burst and prolonged the AHP in individual SACs. Second,
they controlled the synchrony among SACs and influenced the
probability of wave initiation. We estimated, based on the simplest
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Figure 7 Developmental loss of intrinsic bursts in SACs. (a) Rhythmic activity
detected from a P4 SAC in the presence of the antagonist cocktail. (b) No
intrinsic rhythmic activity was found in a P8 SAC in the cocktail. Addition of
1 mM TEA induced robust rhythmic activity in the same cell. (c¢) TEA (1 mM)
alone was ineffective in inducing pacemaker activity in a P22 starburst cell,
but additional synaptic blockade by the cocktail induced rhythmic activities
in the same cell.

assumption of linear summation, that each SAC received synaptic
inputs from roughly 10-30 overlapping SACs during a spontaneous
wave. However, if reciprocal excitation among SACs is taken into
consideration, the actual number of contributing SACs is expected to
be smaller. Because SACs are known to have a very high over-
lapping factor’*°, our results suggest that a variable fraction of
the total number of overlapping SACs may be synchronized during a
wave. Thus, by modulating the strength of the interaction among SACs,
the network may alter both the shape of and the synchrony among
the intrinsic bursts in SACs, thereby regulating the rhythm and the
pattern of retinal waves. Several important features of this network
seem consistent with a previous model of retinal waves®. The detailed
mechanism for wave initiation and rhythmogenesis awaits further
experimental and computational studies.

The mechanism underlying the intrinsic activity in SACs

The finding that Lpgp or an Iapp-like current underlies the AHP
following an intrinsic burst in SACs demonstrated that this current has
a critical role in the refractory process of early network oscillation.
Unlike most pacemaker neurons, which often rely on pacemaker
currents such as Iy, T-type Ca?* and persistent sodium (Na?*) currents
to generate the ramp (rebound) depolarization from the AHP
(refs. 11,38—40), SACs seemed to rely largely on the decay of Izyp to
produce the slow depolarization that brought the cell from AHP to the
spike threshold (although it is possible that other channels also
contributed to the ramp depolarization, especially at membrane
potentials near the threshold for spikes). I,ayp is modulated by a rich
variety of neurotransmitters and protein kinases?®>°. Our results

indicated that Izyp in SACs provides an important site for network
regulation and experimental manipulation of the spatiotemporal
pattern of retinal waves. It will be important to understand how the
membrane potential, Ca>*, cAMP and perhaps other factors interact
with each other in SACs to regulate retinal waves.

Iapp is also affected by intracellular dialysis during whole-cell patch
clamp. In particular, Ca** chelators and anions (for example, the
chloride ion (Cl7), gluconate and methylsulfate) have paradoxical
effects on this current! ™. Thus the measurement of burst kinetics
(for example, AHP duration and interburst interval) could have been
influenced by the experimental condition. To minimize some of these
effects, we used pipette solutions that contained a low concentration
(0.2 mM) of EGTA (see Methods). We found that prolonged (> 15
min) whole-cell recording often led to a gradual hyperpolarization and
disappearance of intrinsic bursts in SACs, perhaps as a result of
intracellular dialysis; this may also explain, at least in part, why previous
recordings did not detect the intrinsic bursts in SACs?.

We found that about 60% of SACs recorded under whole-cell patch
clamp showed spontaneous rhythmic bursts. The absence of detectable
bursts in the remaining SACs might be caused, at least partly, by
technical reasons, such as intracellular dialysis and the health of the
cells, although we cannot rule out the possibility that only a subpopu-
lation of SACs have intrinsic rhythmic activity. We also found that
intrinsic Ca?* bursts in SACs recorded in the antagonist cocktail under
Ca’" imaging seemed less regular than the intrinsic bursts recorded
under whole-cell patch clamp. Thus, future studies should investigate
what might have contributed to this difference. Our Ca>* imaging
experiments occasionally found that, in addition to SACs, some non-
starburst amacrine cells also had intrinsic bursting activities, consistent
with the finding of intrinsic bursts in some cultured neurons (pre-
dominantly non-starburst GABAergic cells) isolated from the develop-
ing rat retina (S.I. Firth & M.B. Feller, Invest. Ophthalmol. Vis. Sci. Abstr.
45.5331, 2004). However, because stage II waves in the rabbit depend
critically on nicotinic transmission and are not affected by GABA
receptor blockers!®, we believe the waves seen in E29-P4 rabbits
originate from the intrinsic activity of SACs.

Our finding of the developmental loss of intrinsic bursts in SACs
may explain why the intrinsic bursting activity has not been found in
mature SACs (SACs in the mature mouse retina receive ~3 Hz
glutamatergic synaptic input but do not show intrinsic oscillatory
activity; ref. 44). The rapid disappearance of intrinsic activity in SACs
coincided with three other developmental transitions in the retina: (i) a
switch of spontaneous retinal waves from stage II to stage III (refs.
15,18); (ii) a rapid developmental reduction of reciprocal nicotinic
synapses between SACs (ref. 14); and (iii) a switch from excitatory to
inhibitory GABAergic interactions in the inner rabbit retina'!>. Thus,
the generation of intrinsic bursts in individual SACs was coordinated
with the amplification, synchronization, propagation and regulation of
these activities, all of which require recurrent starburst network
interactions. Likewise, the disappearance of intrinsic bursts in SACs
after P6 was also coordinated with the dismantling of recurrent
excitation in the SAC network, so that the same SACs may have a
different role in visual processing.

METHODS

Electrophysiology. Patch-clamp recordings were made from displaced SACs
and ganglion cells in flat-mount retinas of New Zealand white rabbits aged E29
to P29 as described!*?!. All procedures involving the use of animals were
according to National Institutes of Health guidelines. Whole-cell and on-cell
patch-clamp recordings were made with EPC9-2 (Heka Elektronic) or
Multiclamp 700A (Axon Instruments) amplifiers under a 40x (0.8 NA) or 60x
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(0.9 NA) water immersion lens on an upright microscope (BX50WI,
Olympus). The retina was continuously superfused (3—4 ml min~!) with Ames
medium at 34-37 °C. When Cd** was used, NaHCO; in Ames Medium was
replaced by 20 mM HEPES. Sulforhodamine 101 was supplemented in the
pipette solutions for identification of cell types. Cells recorded with on-cell
patch clamp or Ca?" imaging were identified by intracellular Lucifer yellow
injection at the end of the recording. The pipette solution for whole-cell current
clamp contained 115 mM potassium gluconate, 5 mM KCl, 2 mM MgCl,,
5 mM NaOH, 0.2 mM EGTA, 2 mM adenosine 5'-triphosphate (disodium
salt), 0.5 mM guanosine 5'-triphosphate (trisodium salt), 10 mM HEPES buffer
and 2 mM ascorbate (pH 7.2). The pipette solution for voltage clamp contained
110 mM CsMeSOy, 0.5 mM CaCly, 2 mM MgCl,, 5 mM NaOH, 5 mM EGTA,
2 mM adenosine 5-triphosphate (disodium salt), 0.5 mM guanosine
5’-triphosphate (trisodium salt), 10 mM HEPES buffer and 2 mM ascorbate
(pH 7.2, with CsOH). On-cell, loose patch recordings were made with pipettes
containing Ames medium. The pipette solution for Ca?* and cAMP uncaging
experiments was the same as that for the whole-cell current clamp, except that
MgCl, and EGTA were omitted. Caged cAMP (100 pM) or DM-nitrophen
(10 mM, loaded with Ca?* to ~80%) was added directly to the pipette
solution. Ultraviolet flashes were generated by a flash lamp (Model JML-C2,
Rapp Optoelectronic) and delivered to the retina via a 40x water immersion
lens (0.8 NA) as described'®. Whole-cell patch-clamp data were low-pass
filtered at 2 kHz (f), whereas on-cell recording data were band-pass filtered
between 0.05 Hz and 2 kHz.

Calcium imaging. Isolated E29-P1 retinas were loaded with Fura-2AM
(10 uM) as described'®. Ganglion and displaced amacrine cells were imaged
at 380 nm excitation and 500 nm emission wavelengths under a 40x objective
lens (0.8 NA) with a CCD camera (Coolsnap HQ, Roper Scientific). Fractional
changes in emission intensity, AF/F, were measured from individual cell bodies
and analyzed with Metalmaging software (Molecular Devices; ref. 18). Cross-
correlation analysis was made with pClamp software (Axon Instruments). All
data were expressed as mean * s.d. unless noted otherwise.

Note: Supplementary information is available on the Nature Neuroscience website.
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