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Keynote Lecture

The developing retina exhibits spontaneous waves of activity spreading across the ganglion cell layer. These
waves are present only during a limited perinatal period, and they are known to play important roles during the
wiring of visual connections. Using the APS MEA devices consisting of 4,096 electrodes recording at near cellular
resolution, we have been able to achieve panretinal recordings of retinal waves in the neonatal mouse retina. We
found that the spatiotemporal patterns of the waves undergo profound developmental changes as retinal synaptic
networks mature, switching from slow random events propagating over large retinal areas to faster, spatially more
restricted  events,  following  several  clear  repetitive,  non-random  propagation  patterns.  This  novel  panretinal
perspective of wave dynamics provides new clues about the role played by retinal waves during visual map
formation.
 

1 Introduction
During perinatal development, neighboring retin-

al ganglion cells (RGCs) fire in correlated bursts of
action potentials, resulting in waves spreading across
the RGC layer (for review see [1,2]).  These waves,
discovered nearly two decades ago using a multielec-
trode array (MEA) recording from the RGC layer [3],
have been the subject of intense investigation to un-
derstand their generation and propagation mechanisms
and to decipher their role during the wiring of retinal
projections (for review see [2]).  Retinal waves have
been investigated with MEAs ranging from 60 [2 for
review] to 512 electrodes [4] (sampling limited by the
distance  between  electrodes)  or  with  Ca2+ imaging
[1,2] (sampling limited by the low temporal resolution
of Ca2+ indicators). With either approach, only a lim-
ited window of the retina can be sampled at any given
time, and wave dynamics have been extrapolated from
these spatially restricted windows. In the mammalian
retina, the earliest waves propagate through gap junc-
tions (Stage I) [2,5], followed by propagation through
lateral  connections  between  cholinergic  starburst
amacrine cells (Stage II) [2,6]. Finally, once glutama-
tergic connections mature and RGCs become driven
by  light,  retinal  waves  switch  from  cholinergic  to
glutamatergic  control  (Stage III)  [2,5,7]  before  they

disappear  completely.  Despite  these  major  develop-
mental changes in network connectivity, it is still un-
clear to what extent wave dynamics change with de-
velopment. The spatiotemporal wave patterns are hy-
pothesised to provide cues for the establishment of ret-
inal receptive fields and for the binocular organisation
and  visual  map  formation  in  retinal  targets.  In  this
study, we have used the APS MEA [8,9] to record ret-
inal waves from the neonatal mouse at P1-P5 (Stage
II) and at P9-11 (Stage III). The 64x64 APS MEA re-
cords at near cellular resolution (21x21�m electrodes,
21�m separation), where all channels can be acquired
at high enough temporal resolution (7.8 kHz/channel
for full frame acquisition) to detect single spike sig-
nals reliably. The channels are integrated over an act-
ive area of 2.67x2.67 mm, which is large enough to
cover most of the neonatal mouse retina (see Fig. 1A).
Hence,  with  its  large  size  and  unprecedented  spati-
otemporal resolution, the APS MEA provides the ideal
experimental  tool  to  investigate  developmental
changes in retinal waves dynamics.

2 Materials and methods
This  study  was  done  using  C57b1/6  neonatal

mice. Mouse pups were killed by cervical dislocation
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and  enucleated  before  retinal  isolation. The  isolated
retina was then transferred to the experimental cham-
ber and placed, RGC layer facing down, onto 64x64
MEAs [8,9].  Better  coupling between the tissue and
the electrodes was achieved by placing a small piece
of polyester membrane filter (5 μm pores) on the ret-
ina followed by a custom made slice anchor holder.
The retina was kept at 32°C and continuously perfused
(2 ml/min) with artificial cerebrospinal fluid contain-
ing the following (in mM):118 NaCl,  25 NaHCO3, 1
NaH2PO4, 3 KCl, 1 MgCl2, 2 CaCl2, and 10 glucose,
equilibrated with 95% O2 and 5% CO2. The retina was
usually left for 30-60 min to settle on the MEA before
starting the recording, allowing time for coupling to
improve and for spontaneous activity to develop. 

Electrophysiological  signals  were acquired from
the whole array at 7.8 kHz sampling rate and visual-
ized  on  screen  during recordings.  Successively,  off-
line spike detection was performed by using a recently
presented Precise Timing Spike Detection (PTSD) al-
gorithm [10] since it enables a fast and precise identi-
fication of the spike events.. 

Spike trains were used to generate raster plots and
activity maps using BrainWave as well as custom de-
signed codes written in Matlab and R.

3 Results
We have investigated the spatiomporal properties

of retinal waves at P1,2,3,4,5 (Stage II) and P9,10,11
(Stage III). For the youngest animals, the entire retina
fits on the MEA, and it is even smaller than the active
area  of  the  electrodes  (2.67x2.67mm).  Figure  1A
shows a P10 retina on the MEA. The photograph was
taken at the end of the recording session, after removal
of the anchor and filter paper. In this case, the outer
peripheral  retina  is  beyond  the  limits  of  the  active
area.  A map  of  the  active  electrodes  during  a  10
minutes recording session is overlayed on the retina.
The colours indicate the log of the firing rate on each
electrode (see  Figure  3 for  more  details  on  activity
maps).  There  is  no  activity  at  the  centre,  mostly
around the optic disk (red circle), a feature we have
observed in most retinas. In this particular retina, there
was virtually no activity on the bottom left  and left
side of the tissue. The lack of activity along the left
side was probably due to poor coupling (as verified at
the end of the experiment). However, based on visual
inspection, the coupling seemed strong in the bottom
left part of the MEA, but nevertheless that part of the
retina had very little spontaneous activity.  

Figure 1B shows an activity raster plot recorded
over 15s in the same retina. There were 1180 active
channels during that same period. The raster plots (ar-

ranged by electrode rows) show complex propagation
patterns across the tissue. However, a 2 dimensional
view of the activity is necessary to visualise these pat-
terns.  This  is  shown in  time  lapse  single  frames  of
activity raw data taken at 342, 344, 347, 352 and 354
s.  The  colour  map  represents  the  electrical  activity
variance calculated over a 0.5s time window.  Three
clear waves in distinct parts of the array are apparent
over  the recording period. Figure 1B also illustrates
raw data from selected channels scattered across the
right side of the array. These channels were active dur-
ing  the  network  bursts,  showing  clear  activity
propagation between them. 

Fig. 1. Spontaneous activity in a P10 retina.  A: photograph of the
retina on the MEA, acquired at the end of the recording session. The
overlay represents the map of the activity recorded during a 10 min
trial. Dots are colour coded for the log of the firing rate (see fig. 3
for more details). B: Activity recorded over 15 s in the same retina.
The top panel illustrates the raster plot of the activity, with the chan-
nels  arranged according  to  rows on  the MEA. The middle panel
shows time lapse images of the activity as it propagates across the
retina during the same 15 s. See text for more details. The bottom
panel shows the raw data for 10 channels selected within the path of
the activity on the right side of the array. 

Starburst  amacrine  cholinergic  connections  ini-
tially drive the waves. However, the wave-generation
synaptic network undergoes profound changes around
P9, when RGCs become driven by light, at the time of
the maturation of bipolar  glutamatergic  connections.
Despite  these  fundamental  changes  in  the  network
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driving  retinal  waves,  no  consistent  differences
between Stage II and Stage III wave dynamics have
been  reported  in  the  literature.  Experimental  limita-
tions due to the relatively small spatial windows in 60
channels MEA recordings, or to the poor temporal res-
olution in imaging experiments,  may indeed prevent
achieving a clear overview of perhaps subtle (but nev-
ertheless important from a functional point of view)
global wave dynamics changes. With the APS MEA,
we have observed fundamental differences in the spa-
tiotemporal properties of Stage II and III waves. Fig-
ure 2 illustrates raster plots of spontaneous activity re-
corded at P4-5 (Stage II) and P9 and P11 (Stage III).
In the P4 and P5 retinas, waves are initiated in random
locations and they slowly propagate across large retin-
al areas. At Stage III, however, the waves are often,
but not always, spatially more restricted, as clearly re-
vealed in  the  raster  plots.  Indeed,  most  episodes  of
activity appear to recruit only a limited subset of the
RGC population. Another clear difference is that the
waves appear to propagate much faster at these later
stages.

Fig.  2. Raster  plots  of  spontaneous  activity  at  different  develop-
mental stages.

Figure  3  provides  information  on  the  spatial
distribution  of  the  spontaneous  activity  at  these
different  stages.  The  figure  illustrates  activity  maps
computed over  10 min trials.  The dots  on the  plots
represent active electrodes, and the colours of the dots
reflect  the  average  firing  rate  (calculated  in  log
spikes/s)  for  these  channels.  At  P4,  the  activity
appears completely scattered across the retina, with no
distinct  patterns  of  spatial  organisation.  At  P5,  the
activity  is  stronger  and  perhaps  slightly  more
clustered, but still with no clear spatial patterns. At P9,
on  the  other  hand,  when  glutamatergic  connections
take over from acetylcholine in controlling the waves,
the activity becomes clustered in small areas on the
array (inspection after the recording session revealed
that there was no retina on the right side of the MEA).
These  clusters  appear  to  tile  the  retina  in  a  non-
overlapping manner. The activity becomes stronger at
P10-11, but even so, it appears clustered in the same

specific  retinal  areas  rather  than  propagating  across
the entire tissue like at Stage II. Interestingly, Stage II
waves are initiated at  random locations,  both in  the
center  and  in  the  periphery,  whereas  at  Stage  III,
waves appear to be mostly generated in the periphery
and they propagate towards the central retina. 

The  maturation  of  GABAergic  inhibition  is
known  to  play  an  important  role  in  retinal  wave
dynamics, causing them to become smaller and more
static until they completely disappear [2,5,11]. Hence,
GABA may be responsible for the emergence of the
ativity clusters at Stage III. In the P9 retina illustrated
in Figure 3, upon addition of bicuculline (10  �M), a
GABAA receptor  antagonist,  the  activity  became
stronger and two new clusters emerged (Figure 3).

Fig. 3. Spontaneous activity maps computed over the entire MEA
during 10 minutes recording sessions at different developmental
stages. The activity is colour coded following the log of the firing
rate (spikes/s). Left bottom corner number: total number of active
channels. Right bottom corner number: average firing rate.

Nevertheless,  the  activity  remained  clustered  and  it
did  not  start  to  propagate  over  large  retinal  areas.
GABAA blockade results in significantly longer bursts
and faster wave propagation, as clearly illustrated in
the raster plots of Figure 4, suggesting that synaptic
inhibition dampens propagation across the network. In
addition,  in  the presence of  bicuculline,  the  activity
sometimes  seems  to  “flow”  more  easily  between
clusters, such as between the two clusters on the right
side of the array at P10 in Figure 3. The top raster plot
in Figure 4 represents spontaneous activity in that area
of the P10 retina in control condition. The wave front,
outlined by the red arrow, clearly shows how activity
comes to an almost complete stop in the middle of the
episode.  In  the  presence  of  bicuculline,  the  activity
becomes  not  only  faster,  but  on  occasion,  it  also
succeeds in propagating smoothly from one area to the
other (bottom raster plot). However, it is important to
point out that in many other episodes, these clusters
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remain  clearly  separated,  and  often  do  not  occur
consecutively.

4 Discussion and concluding remarks
In this study, we have demonstrated that the APS

MEA is a powerful tool to investigate the spatiotem-
poral  behaviour  of  developing  retinal  networks.  In-
deed, we have achieved new insights about develop-
mental changes in wave dynamics, during the critical
period for wiring of the visual system. Stage II waves
are slow and wide spreading in the retina, propagating
with a high degree of randomness whereas Stage III
are faster and spatially more restricted. Previous stud-
ies  in  chick  [12]  and  turtle  [11]  (where  both  acet-
ylcholine and glutamate  drive retinal  waves in  con-
sort) have already demonstrated that acetylcholine is
important for the wave spatial extent, whereas glutam-
ate regulates the speed of propagation. 

Fig.  4. GABAergic inhibition slows down wave propagation and
shortens the duration of the network bursts. Raster plots of spontan-
eous activity in a P10 retina show that when GABAA receptors are
blocked with bicuculline, waves propagate significantly faster and
the bursts are longer. 

Here, with the APS MEA, we have shown that in-
deed,  early Stage II cholinergic waves are slow and
they propagate over large retinal areas, whereas Stage
III glutamatergic waves are faster and spatially more
restricted. Stage II waves occur at the time of ocular
segregation, when inputs from both eyes compete for
a  common  target,  hence  requiring  synchronization
between inputs coming from the same eye. These wide
spreading cholinergic waves provide the perfect sub-
strate to achieve this goal. Stage III waves occur at the
time of functional map refinement.  These faster and
spatially  more  restricted  waves  provide  the  perfect
substrate for that goal, ensuring coactivation of neigh-

bouring RGCs, hence providing synchronous input to
neighbouring cells in their central target. At the same
time,  however,  the  clustering  and  repetitiveness  of
wave  trajectories  at  Stage  III  will  cause  spatially
biased  neural  activity  during  map  refinement,  and
might therefore interfere with the process of establish-
ing regular ordered retinotopic maps. This novel find-
ing  challenges  current  models  of  activity-dependent
map formation, and calls for a re-investigation of map
development at this developmental stage.
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