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Summary 

The refinement of early connections in the visual path- 
way requires electrical activity in the retina before the 
onset of vision. Using a multielectrode array, we have 
shown that the spontaneous activity of cells in the neona- 
tal ferret retina is correlated by patterns of periodically 
generated traveling waves. Here, we examine develop- 
mental changes in the characteristics of the waves and 
show that retinal ganglion cells participate in these pat- 
terns of activity, which are seen during the same period 
as synaptic modification in the lateral geniculate nu- 
cleus; that the waves subside gradually as the connectiv- 
ity in the lateral geniculate nucleus stabilizes; and that 
their spatial structure allows for refinement of the retino- 
topic map, as well as for eye-specific segregation in the 
lateral geniculate nucleus. 

Introduction 

The formation of precise connections in the mamma- 
lian nervous system often relies on activity-mediated 
synaptic competition between axonal terminals for 
common postsynaptic sites (for recent reviews see 
Shatz, 1990; Constantine-Paton et al., 1990; Cline, 
1991). In the visual system of the cat, the axons of 
prenatal retinal ganglion cells from both eyes grow 
to their primary target, the lateral geniculate nucleus 
(LGN), and initially arborize in a diffuse manner. Sub- 
sequently, the axonal ‘arborizations from ganglion 
cells of each eye remodel and become restricted to 
give rise to eye-specific layers in this nucleus just be- 
fore birth (Sretavan and Shatz, 1986). 

Action potential activity from the retina is thought 
to be necessary for the eye-specific rearrangement of 
retinal inputtothe LGN becausecontinuous blockade 
of such activity, by infusion of tetrodotoxin within the 
thalamus in the fetal cat, prevents the segregation of 
ganglion cell axons into layers (Shatz and Stryker, 
1988; Sretavan et al., 1988). Since segregation occurs 
before birth in the cat, the activity from retinal gan- 
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glion cells that could drive this process must be oc- 
curring spontaneously; in the fetal cat, the retina has 
yet to develop photoreceptors, and no vision is possi- 
ble (Greiner and Weidman, 1980). Evidence for such 
spontaneous action potential activity was recently 
provided by in vivo recordings from ganglion cells of 
the fetal rat (Galli and Maffei, 1988; Maffei and Galli- 
Resta, 1990) and in vitro recordings from early postna- 
tal ferret retinas, at developmental stages equivalent 
to those of the fetal cat (Meister et al., 1991). 

Neural activity appears to be necessary, but not by 
itself sufficient, for eye-specific segregation. Rather, 
the timing and pattern of firing are critical. For in- 
stance, in order for LGN axon terminals to segregate 
into ocular dominance columns in the visual cortex, 
action potentials from ganglion cells within, each ret- 
ina need to be synchronized, but must fire at separate 
times from the impulses generated by ganglion cells 
of the other eye (Stryker and Strickland, 1984, Invest. 
Ophthalmol. Vis. Sci. Suppl., abstract). Such activity 
patterns are thought to strengthen Hebbian synapses 
within the cortex, which can detect the correlations 
in firing among different inputs to the same cell (for 
reviews see Constantine-Paton et al., 1990; Shatz, 1990; 
Singer, 1990). We have recently provided evidence for 
correlated spontaneous firing in the isolated imma- 
ture retina by monitoring the action potential activity 
of up to 100 neurons simultaneouslywith a microelec- 
trode array (Meister et al., 1991). Cells in the devel- 
oping ganglion cell layer spontaneously generate 
short periodic bursts of action potentials during the 
period when eye-specific layers are forming in the 
LGN. In addition, the firing of neighboring cells is 
highly synchronized, and during each burst of action 
potentials, the pattern of firing across the retina re- 
sembles a spatial wave that travels at several hundred 
micrometers per second. 

The bursts of firing are very short with respect to 
the silent periods, which makes them well suited for 
instructing the process of eye-specific segregation 
during the development of retinogeniculate connec- 
tions. In addition, local synchrony in the firing of 
neighboring retinal ganglion cellswithin the sameeye 
could contribute to a refinement of topographic order 
within the retinogeniculate projection (Willshaw and 
von der Malsburg, 1976; for review see Shatz, 1990). 
However, for any retinal pattern of firing to be in- 
volved in these important processes, it must be pres- 
ent during the appropriate period of development. 
In the ferret, the eye-specific layers form during the 
first 3 postnetal weeks (Linden et al., 1981; Cucchiaro 
and Guillery, 1984). Here, we extend our multielec- 
trode recording studies of the ferret retina to examine 
whether the spontaneous correlated bursting behav- 
ior is present during this critical 3 week period. 

Even if the retina generates such patterned signals 
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at appropriate times, they can only be instructive in 
the ordering of projections to higher visual centers 
if they involve the ganglion cells, the only projecting 
neurons of the retina. In the cat and ferret retina, the 
ganglion cell layer contains not only ganglion cells, 
but a large population of interneurons, the displaced 
amacrine cells (Henderson et al., 1988; Wong and 
Hughes, 1987; Wassle et al., 1987), some of which fire 
action potentials (Freed et al., 1985; Bloomfield, 1992). 
Therefore, a second goal of our study was to establish 
the morphological identity of the bursting cells in the 
neonatal ferret retina. To do so, physiologically re- 
corded cells were dye filled using intracellular elec- 
trodes. Taken together, our results suggest that the 
multielectrode recordings are indeed from ganglion 
cells whose pattern of firing is ideally suited to drive 
the activity-dependent process of segregation of their 
axonal terminals within the LGN. 

Results 

In the ferret dorsal LCN, the axon terminal arbors of 
ganglion cells projecting to the LGN from the two eyes 
overlap substantially prior to birth. At about postnatal 
day 4 (P4), the right and left eye arbors are first 
seen to occupy separate zones, signaling the onset of 
segregation. This eye-specific segregation continues 
throughout the first 3-4 postnatal weeks, and by P28, 
the distributions of left and right eye arbors become 
entirely restricted to their appropriate layers (Linden 
et al., 1981; Cucchiaro and Guillery, 1984). The retina 
itself is highly immature at birth: only a thin inner 
plexiform layer is present above a distinct ganglion 
cell layer. Few conventional synapses can be seen at 
P4, and ribbon synapses from bipolar cells do not 
appear until about P15. Membranous disks in the 
outer segments take shape between the second and 
third postnatal weeks, and the eyes are open at about 
P30 (Greiner and Weidman, 1981). Thus, the 4 weeks 
following birth in ferret constitute the period in which 
ganglion cell axons form eye-specific LGN layers and 
also mark the time of extensive functional maturation 
of retinal circuitry. W e  have recorded neural activity 
in the retinal ganglion cell layer from ferrets aged 
between birth and P30and presentthe results in three 
parts. First, we examine age-related changes in the 
temporal and spatial patterns of firing of cells in the 
retinal ganglion cell layer of ferrets. Next, we demon- 
strate that many of the cells that fire action potentials 
are indeed ganglion cells. Finally, we consider more 
quantitatively the nature of the correlated firing of 
ganglion cells and age-related changes in these corre- 
lations. 

Developmental Changes in the Spatial and Temporal 
Pattern of Activity 
Cells in the ganglion cell layer of the ferret retina gen- 
erated rhythmic bursts of action potentials as early 
as birth (PO), several days before eye-specific layers 
in the ferret LCN begin to appear. At this early stage, 

cells fired action potentials spontaneously in short 
bursts, l-4 s  long, as shown in Figure 1 (PO). These 
bursts were separated by long quiet periods; the aver- 
age duration of these pauses was about 70 s, but occa- 
sionally bursts were separated by shorter intervals 
lasting 12-20 s. During a burst, cells fired at rates be- 
tween 7 and 52 Hz. Such rhythmic bursting behavior 
persisted from birth to about the third postnatal week 
(Figure 1; Table 1). During this period, several aspects 
of the pattern of firing changed gradually. For exam- 
ple, as shown in Table 1, the maximal duration of 
individual bursts essentially doubled from 4 s  at PO 
to 7-9 s  for some cells at P15-P21. At the same time, 
recordings at 35OC-36’C indicated that the average 
interburst interval declined significantly from 60-100 
s at early ages to 28 s  at P21. Table 1 also shows that 
the interburst interval decreased with increasing tem- 
perature at which the recordings were performed 
(compare interburst interval of P21a and P21b). 

A dramatic change in the pattern of spontaneous 
activity was apparent by P30, about 3 days before eye 
opening in ferrets. At this age, the bursting activity 
of all cells was less rhythmic than in younger animals, 
and the short bursts were no longer consistently sepa- 
rated by long silent periods. Some cells even fired 
continuously, at a rate of l-46 Hz, close to the firing 
rates we observed in adult animals (2-32 Hz). 

During the first 3 postnatal weeks, these rhythmic 
bursts were highly synchronized among the majority 
of cells (Figure 1). Not all cells, however, participated 
each time activity was observed in the recorded pop- 
ulation; sometimes, only a subset of cells (<50%) 
fired action potentials, forming “minor” bursts in the 
population (Figure 1, arrows). In a given experiment, 
these minor bursts could occur anywhere between 
15% and 50% of the time, with no obvious variation 
with age. W e  also found no obvious subpopulations 
that consistently generated a partial burst. However, 
whenever 2 or more cells fired bursts of action poten- 
tials, theywere always temporally well correlated with 
each other. By P30, in contrast, the more random firing 
of individual cells resulted in a loss of synchrony in 
the activity of the cells recorded on the array. 

When the exact onset of firing was compared for 
different cells on the electrode array, we found that 
the bursts were not precisely synchronous (Meister 
et al., 1991); some cells started or ended their bursts 
before other cells, with time delays of up to 3 s. To 
determine whether this temporal sequence was re- 
lated to the cells’ spatial locations, we displayed the 
activity over the electrode array as a sequence of 
“movie frames,“each frame representing a 0.5 s  inter- 
val during a burst of action potentials. 

Examples of such movies recorded from a P5 retina 
are shown in Figure 2. Inspection of any one frame 
demonstrates that nearby cells tended to fire synchro- 
nously, at t imes when distant cells were silent. More- 
over, the activity in the population progressed across 
the retina in a spatially organized manner resembling 
an excitatory wave. In burst 3, for instance, cells began 
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Figure 1. Firing Rate as a Function of Time for 15 Representative Neurons in the Retinal Ganglion Cell Layer of PO-P30 Ferrets 

For each neuron, the spikes were binned at 1 s intervals, and the height of the resulting histogram was normalized to the maximum 
spike rate observed for that cell. Short breaks in the horizontal axes represent pauses in the recording process. Arrows indicate minor 
bursts in which only some ceils participate. 

firing at the left side of the array; subsequently, the 
activity swept across the array from lower left to upper 
right. Although the patterning of activity during a 
burst of firing was almost always wave-like, the direc- 
tion of propagation of each wave varied as shown in 
the four examples of Figure 2. Not all cells recorded 
on the array participated in every wave. For instance, 
during burst 1, virtually no cells on the far left side of 
the array fired action potentials at any time, whereas 
many did so in burst 2. In bursts 3 and 4, all cells 
became active, but each wave propagated in a differ- 
ent direction. In addition,awave involvingonlyasub- 
set of the recorded cells, such as the wave in burst 

1 (Figure 2), tended to be followed by a wave that 
involved mainly the cells that were silent in the first 
burst (Figure 2, burst 2). 

These waves of activity were a robust phenomenon 
and characteristic of at least 90% of all bursts recorded 
in each experiment. Most of the waves traveled 
straight across the region of the retina recorded by 
our electrode array, but on rare occasions, waves fol- 
lowed a circular trajectory. The speed of the wavefront 
could be estimated from the movie frames by measur- 
ing the time taken for the wave to travel from one 
corner of the array to the opposite corner, where it 
disappeared. For each burst of activity, we also ob- 
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Table 1. Multielectrode Recordings 

Age No. of Cells Burst Duration (9 Mean Interburst Interval (s) Mean Firing Rate (Hz) Range of Firing Rates (Hz) 

PO 39 
PI 44 
P4 62 
P5 65 
P12a 45 
P12b 59 
P15a 49 
P15b 73 
P21a 50 
P21b 75 
P30a 59 

P30b 30 
Adult 57 

l-4 74 + 6 
l-4 70 f 11 
l-3 90 f 16 
2-4 101 f 20 
2-7 71 * 20 
2-6 77 t a 
2-6 71 + 13 
2-7 60 f 9 
2-9 28 f 3 
2-10 48 f 3” 
Some periodic bursts separated by 0.5-I s 
intervals, or continuous firing 
Some periodic bursts or continuous firing 
Some periodic bursts separated by 0.5-I s 
intervals, or continuous firing 

29 + 13 7-52 
29 k  14 9-54 
14 + 7 3-43 
14 f- 7 3-36 
27 + 14 9-65 
15 + 9 4-39 
29 f 18 6-92 
21 & II 2-53 
28 -t 20 6-86 
15 + 6 3-36 

9+4 1-23 

11 & 12 1-46 
9&7 2-36 

A summary of the quantitative parameters describing the pattern of spontaneous activity in the retinal ganglion cell layer of postnatal 
and adult ferrets. Each row represents the results of recordings from a retinal piece taken from a separate animal. 
a All retinas recorded at 35’C-36’C, except for P21b, which was recorded at 30°C. In one experiment, P21a, we varied the temperature 
between 26OC and 36OC and found a systematic variation in the average interburst interval as a function of temperature. The interval 
was 85 s at 26%, 45 s at 30°C, and 28 at 36OC. 

259s 

265.5s 

418.5 s  

Figure 2. Spatial Progression of Spontaneous Activity during Four Consecutive Bursts from a P5 Retina 
The boundary of the electrode array is depicted by a hexagon. Each recorded neuron is plotted by a dot at the estimated location of 
the cell body. The area of this dot varies in proportion to the firing rate of that neuron, normalized to the highest observed value. 
Frames (a)-(h) depict the mean firing rates in successive 0.5 s intervals. The time from the start of the experiment is given below the 
initial frame of each segment. Arrows indicate the estimated direction of propagation of the wave of activity. 
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Figure 3. Representative Patterns of Activity in Retinas of Different Ages, Ranging from PO to Adult 

Sequences of firing activity in the ganglion cell layer were plotted as described for Figure 2. For ages PO, P15, and P21, we selected 
4 s intervals that included a burst of activity. Since retinas at P30 and in adult animals no longer exhibited bursting activity, the 
corresponding 4 s periods were chosen at random. Recordings at P30 and for the adult were performed in the dark. 

tained the wave speed by comparing the time delay 
in the peak firing of pairs of ceils with the distance 
between thecells, measured in thedirection of propa- 
gation of the wave. In general, the waves traveled at 
speeds between 150 and 300 pm/s and varied within 
this range from burst to burst in the same piece of 
tissue. However, this range of wave speeds did not 
vary with age. 

Thecharacteristics of the spatiotemporal patterning 
of retinal activity described above at P5 were common 
to all ages from birth (PO) to P21. As shown in the 
examples of Figure 3, waves of activity were present 
during this developmental period. Qualitative inspec- 
tion of the waves suggests that the speed of the waves 
appeared essentially unchanged during the first 3 
postnatal weeks, but the waves appeared to broaden 
between PO and P5, consistent with the observation 
that the burst duration also increases during this time 
(Table 1; see also Figure 1). The waves also occurred 
more frequently with increasing age up to P21. How- 
ever, by P30, waves could no longer be detected, nor 

were they present in the adult dark-adapted retina 
(Figure 3: P30, adult). 

Identity of Bursting Neurons in the Ganglion 
Cell layer 
Action potentials were recorded with single micro- 
electrodes from identified cells in the neonatal ferret 
retinal ganglion cell layer. Cells in this layer had rest- 
ing membrane potentials between -55 and -45 mV. 
Subsequently, the soma and dendrites were dye filled 
to obtain the morphological identity (Figure 4; Figure 
5; Figure 6). These recordings indicated that all major 
classes of ganglion cells exhibited rhythmic bursting 
behavior in the early neonates. The ganglion cells 
were identified based on similarities of dendritic mor- 
phologywith adult ferret retina (Vitek et al., 1985; Win- 
gate et al., 1992) and the presence of an axon in the 
optic fiber layer. An example of an intracellular re- 
cording from a P-like ganglion cell is shown in Figure 
5. Over a period of 20 min, the bursts recorded from 
this cell varied between 2 and 5 s  in duration, and the 



Figure 4. Recording and Dye Filling of Retinal Ganglion Cells 

(A) Photomicrograph of theganglion cell layer of a PI1 ferret retina using Hoffman modulation contrast optics. An extracellular recording 
electrode is located adjacent to the soma of a cell (arrow), whose dendritic tree was subsequently stained by iontophoresis of Lucifer 
yellow using a second intracellular pipette. In some cases, cells were recorded intracellularly prior to dye filling. (B) The dendritic 
tree of the recorded cell in (A) revealed after photooxidation of the Lucifer yellow fill. This cell resembles a p ganglion cell in the 
adult ferret retina. By varying the focus, the axon could be traced into the optic fiber layer. Bar, 10 Km. 

average interburst interval was about 50 s. All bursts 
of action potentials recorded from ganglion cells were 
associated with a large depolarization potential that 
lasted between 10 and 15 s  (e.g., Figures 5C and 50). 

The durations of the bursts and interburst intervals 
from all cells studied in these single-cell recordings 
were similarto those observed at equivalent ages from 
the multielectrode recordings (compare Table 1 and 
Table 2). Occasionally, we recorded from cells with 
very small soma diameters of 5-8 pm that showed 
resting membrane potentials of about -50 mV, but no 

action potentials or rhythmic changes in membrane 
potential. When these cells were dye filled, their mor- 
phology and lack of an axon suggested that they were 
displaced amacrine cells. It is conceivable that im- 
palement damaged the ability of these small cells to 
exhibit spontaneous changes in membrane potential, 
since many such cells died soon after impalement. 

These recordings with single electrodes confirmed 
our earlier observation that the rhythmic bursting be- 
havior of ganglion cells disappears between P28 and 
P30. At P28, some b ganglion cells still possessed clear 

Table 2. Single Cell Recordings 

Postnatal Week No. of Cells Range Burst Duration (s) Mean Interburst Interval (s) 

0 ganglion cells 
2 (P7-P14) i=2 l-2 47.5 = 3.5 
3 (P15-P20) i = 5,e = 3 1-4 52.4 + 13.2 
4 (P23-P28) i = 3, e = 2 l-4 29.6 = 7.3 

2 5 (P29-P37) i = 1,e = 2 Continuous firing at 1-3 Hz 

a ganglion cells 
2 0 - - 

3 i=2 0.5-4 42.4 k 7.4 
4 i=2 1.5-2 22.7 f 1.7 

25 i = 7, e = 1 Continuous firing at l-8 Hz 

y ganglion cells 
2 i=l 2-5 40 
3 i=2 l-3 55.0 * 21.2 
4 i = 2, e = 1 l-4 36.7 f 11.5 

25 i=l Continuous firing at 2-4 Hz 

Patterns of spontaneous activity in the ganglion cell layer of postnatal ferrets, obtained from intracellular (i) and extracellular (e) 
recordings. All the cells listed here were demonstrated to possess an axon after dye injection, confirming that they were ganglion 
cells. 



Waves of Activity in Developing Retina 
929 

P15 P35 

J 

I I 

Figure 5. Intracellular Recording and Dye Filling of a g Ganglion 
Cell in a PI5 Ferret Retina 
(A) Camera lucida drawing of the cell filled with Lucifer yellow 
(arrow = axon). 
(8) Intracellular recording from the cell body of this neuron. 
(C and D) Portions of the record in (B), including bursts of action 
potentials, plotted on an expanded time base. 

rhythmic bursting activity, whereas small y  ganglion 
cells and large a-like cells were much less rhythmic. 
By P30-P37, the majority of ganglion cells failed to 
burst rhythmically and, instead, had maintained firing 
rates of I-IO Hz, comparable to those seen in the 
multielectrode records (see Figure 6B and Figure 1 at 
P30). At all ages, the ganglion cells identified morpho- 
logically as a ganglion cells fired doublets or multi- 
plets of action potentials, l-2.5 ms  apart, each time the 
cell became depolarized (Figure 60. Some y  ganglion 
cells also fired action potentials in doublets, but such 
a pattern of firing was never observed in g ganglion 
cells. Cells with this characteristic spiking pattern 
were sometimes observed in the multielectrode re- 
cordings as well. Thus, the single-cell recordings sug- 
gest that at least part of the rhythmic bursting activity 
detected bythe multielectrodearrayderivesfrom reti- 
nal ganglion cells. They also confirm that the rhythmic 
spiking behavior disappears from all cells by the 
fourth postnatal week. 

Quantitative Measures of Correlation Strength 
The basic assumption behind activity-dependent mod- 
ification is that two synapses onto a common target 
cell can strengthen each other if their presynaptic in- 

A 

Figure 6. Intracellular Recording and Dye Filling of an a Gan- 
glion Cell in a P35 Ferret Retina 

(A) Camera lucida drawing of the cell filled with Lucifer yellow 
(arrow = axon). 
(B) Intracellular recording from the cell body of this neuron. 
(C) Portion of the record in (ES), plotted on an expanded time 
base, showing doublets and multiplets of action potentials. 

puts are simultaneously active (Constantine-Paton et 
al., 1990; Shatz, 1990; Brown et al., 1990). If the input 
fibers are of two distinct types, for example from the 
left and right eyes or from two distant regions within 
the same eye, and fibers of one type fire synchro- 
nously with each other but out of synchrony with the 
other type, then the fibers will gradually segregate 
from each other within their targets. As a result, each 
target cell ultimately receives inputs from only one 
fiber type (Miller et al., 1989). The precise timing rules 
by which two spiking inputs can reinforce e,ach other 
are not known, but it is likely that their pos’tsynaptic 
potentials must overlap in time. From studies of long- 
term potentiation (LTP) in the hippocampus, it ap- 
pears that spikes from two fibers need to arrive within 
0.05-0.10 s  of each other to produce lasting enhance- 
ment (Gustafsson and Wigstrom, 1986; Madison et al., 
1991). 
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Figure 7. Cross-Correlation Functions between Pairs of Gan- 
glion Cells Recorded on the Array at PO or P30 

(A) Pairwise cross-correlation functions between the spike trains 
of4cellsinaPOretina.Thelocationsofthereferencecell, labeled 
1, and 3 other cells, labeled 2, 3, and 4, are indicated over an 
outline of the electrode array. Each plot represents the firing 
rate of cell 2, 3, or 4 as a function of time before or after an 
action potential from cell 1. The left and center columns of plots 
were computed for single bursts, duringwhich thewave of activ- 
ity traveled across the electrode array in the direction indicated 
at the top. Plots in the right column were computed over the 
entire 1055 s duration of this recording, including 19 different 
bursts. 
(B) Pairwisecross-correlation functions between the spike trains 
of 4 cells in a P30 retina, defined as described in (A). All plots 
werecomputed over the entire 1090 s duration of this recording. 
The three columns show the same function on different time 
scales. 

Such a mechanism can explain topographic map re- 
finement or eye-specific segregation of retinal inputs 
to the LGN only if neighboring ganglion cells within 
thesame retinafrequentlyfirewithin 0.05-0.10 sof each 
other; and if ganglion cells from different retinas or at 
distant locations within the same retina are much less 
likely to fire within this correlation interval. To learn 
more about these quantitative aspects of retinal activ- 
ity, we computed a cross-correlation function for ev- 
ery pair of spike trains recorded from the neurons on 
the electrode array. Such a correlogram represents 
the rate of firing of 1 cell as a function of time before 
and after an action potential from the other cell. 

Figure 7A shows typical correlation functions 
among4cells recorded at PO: correlograms calculated 
during a single burst of action potentials showed a 

single peak. For a pair of neighboring cells (1:2), this 
peak was always centered near zero, indicating that 
the 2 neurons fired in near synchrony, regardless of 
the direction in which the wave of activity traveled. 
For a pair of distant cells (1:4), the correlation peak 
was most often displaced to earlier (burst 1) or later 
(burst 2) times. This delay corresponds to the time it 
took the wave of activity to propagate from 1 cell to 
the other. When the wave traveled in the opposite 
direction, the delay changed signs. 

Between PO and P21, the vast majority of pairwise 
correlation functions showed rather broad peakswith 
a full width at half maximum of 0.7-I s. We found no 
sharp correlations on the millisecond scale, such as 
those observed between cells monosynaptically con- 
nected to each other (Mastronarde, 1983). The width 
of the correlograms did not appear to vary with inter- 
cellular distance. 

To assess the correlation structure between spike 
trains over the longer time scales of synaptic refine- 
ment, we also computed correlograms averaged over 
many successive bursts (Figure 7A, all bursts). For 
pairsof nearbycells(1:2),thepeakoftheircorrelations 
remained near zero. By contrast, the correlograms for 
widely separated cells were broader and sometimes 
formed several peaks (I:3 and 1:4). This is because 
successive waves of activity propagated in different 
directions, resulting in varying time delays between 
the firing of 2 distant cells. On closer inspection, it 
was found that each of the 19 waves leading to Figure 
7 took one of only six distinct trajectories. During this 
limited set of activity patterns, cell 1 was always acti- 
vated either before or after cell 4, because none of the 
waves traveled in a direction perpendicular to their 
separation. This is reflected in the dip of the cross- 
correlogram near t = 0 in Figure 7A (all bursts). How- 
ever, distant cell pairs from recordings in other retinas 
often showed cross-correlograms with more than two 
peaks and no dip at t = 0. 

The disappearance of synchronous firing by the 
fourth postnatal week was confirmed by the cross- 
correlograms shown in Figure 78. For a great majority 
of cell pairs, the time-averaged correlogram showed 
no peaks or other outstanding temporal structures on 
a scale of milliseconds to seconds for near neighbors 
(e.g., 5:6) and distant cell pairs (e.g., 5:8), suggesting 
that cells at P30 fire independently of each other. Simi- 
lar flat cross-correlograms were observed in the adult 
retina (data not shown). However, in very few in- 
stances (<I %  of all pairs), in P30 and adult retinas, the 
firing of 2 cells was highly correlated on the millisec- 
ond time scale. For example, the correlogram for cells 
5 and 7 in Figure 78 shows that the firing rate of cell 
7 increased significantly5 ms  after an action potential 
from cell 5. This resembles the correlations observed 
occasionally in the spontaneous firing of ganglion 
cells of the dark-adapted adult cat retina (Mastro- 
narde, 1983) and may result from a direct synaptic 
interaction between the 2 ganglion cells. The above 
observations show that during the first 3 postnatal 
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weeks, nearby retinal ganglion cells are strongly cor- 
related in their firing for interspike time delays be- 
tween -0.5 and +0.5 s. This range certainly includes 
the +0.05 s  time interval expected to be relevant for 
long-term synaptic enhancement. 

Figure 7 also demonstrates that distant pairs of cells 
are less correlated in their firing than are neighbors. 
To examine this relationship quantitatively, we mea- 
sured the effective correlation for each pair by means 
of the following procedure. For each pair of recorded 
cells, we computed a ratio of correlation by counting 
the number of times a spike from 1 cell occurred 
within + 0.05 s  of a spike from the other cell on the 
assumption that only such spike pairs will beeffective 
in enhancing a common synaptic connection. This 
numberwasthen divided bythe numberof such qual- 
ifying spike pairs that would be obtained if these 2 
cells were firing at the same average rates but without 
any temporal correlation. The ratio of these two num- 
bers yields a correlation index that measures how 
strongly the 2 neurons are correlated compared with 
the equivalent 2 neurons if they were firing randomly 
with respect to each other. A correlation index of 1 
indicates that the 2 cells are firing independently, 
such as the pairs of cells 5:6 and 5:8 shown at P30 in 
Figure 76. An index greater than 1 implies that cells 
are more likely to fire within +0.05 s  than expected 
by chance, such as the cell pair (1:2) at PO in Figure 
7A. An index less than 1 would imply that the 2 cells 
tend not to fire together. 

Figure 8 shows the result of such calculations for 
recordings from a PO retina and is based on an analysis 
of 778 cell pairs. For every pair of recorded neurons, 
we computed the correlation index as described 
above (see also Experimental Procedures) and plotted 
the resulting value as a function of the retinal distance 
between the 2 cell bodies. This scatter plot shows that 
the largest values of the correlation index are found 
for pairs of near neighboring cells, which are up to 
100 times more correlated by this measure than ex- 
pected by chance. The degree of correlation generally 
declines with increasing intercellular distance. At dis- 
tances beyond 500 urn, many neurons are essentially 
uncorrelated on the critical time scale of +0.05 s. 
Though the correlation tends to decrease with dis- 
tance, this relationship clearly is not perfect, and at 
anygiven distance,thecorrelation indexcanvarycon- 
siderably for different cell pairs. 

The spatial dependence of the correlation strength 
was found to change considerably throughout devel- 
opment, as illustrated in Figure 9. The correlation in- 
dex is plotted as a function of intercellular distance 
for retinas of four different ages: PO, P15, P30, and 
adult. Each curve was derived from a computation 
similar to that illustrated in Figure 8, but the data 
points were pooled into bins of 20 urn along the dis- 
tance axis. Each plot reveals that the spatial depen- 
dence of the correlation index is well approximated 
by an exponential decline. The y-intercept of these 
exponential fits, which is the correlation index ex- 
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Figure& Correlation Index as a Function of Distance in a PO 
Ferret Retina 

For each pair among 39 recorded spike trains, the correlation 
index inswas computed as described in Experimental Procedures 
and plotted logarithmically against the retinal distance between 
the 2 cell bodies. A total of 778 cell pairs were analyzed. 

petted for nearest neighboring ganglion cells, de- 
creases systematically with age. The slope of the fit 
also varies with age. We shall define the correlation 
distance as the distance over which the correlation 
index falls by I/e, which is inversely proportional to 
the slope of the regression line. Figure 9 suggests that 
this correlation distance increases systematically with 
age. 
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Figure 9. Correlation Index as a Function of Distance in Ferret 
Retinas at Four Different Ages 
For each pair of recorded spike trains, the correlation index iAB 
was computed as described in Experimental Procedures and 
plotted logarithmically against the retinal distance between the 
2 cell bodies. For a compact representation, the values for indi- 
vidual cell pairs were averaged over bins of 20 pm width along 
the distance scale. The error bars show the standard deviation 
of the correlation index values in each bin. Also shown are expo- 
nential fits to the data. The total numbers of cell pairs analyzed 
for the curves were 778 (PO), 1703 (P15a), 992 (P30a), and 1395 
(adult). 
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Figure 10. Dependence of the Correlation Index and Correla- 
tion Distance on Age 

For each retina, the dependence of the correlation index on 
intercellular distance was fitted exponentially as illustrated in 
Figure 9. The maximal correlation index is defined as the 
y-intercept of that regression line. The correlation distance is 
defined as the distance over which the exponential fit decreases 
by a factor of e and is thus inversely proportional to the slope 
of the regression line. Error bars correspond tothe uncertainty in 
these fitting parameters. Atotal of 22,845cell pairswereanalyzed 
from retinas of 13 animals. 

These relationships are revealed more clearly in Fig- 
ure IO, which summarizes our analysis of 22,845 cell 
pairs from 13 retinas. For each retina, the maximal 
correlation index and the correlation distance were 
derived from exponential fits as in Figure 9. These two 
parameters are plotted against the age of the experi- 
mental animal. Apparently, the strength of the correla- 
tions is highest in the youngest retinas. Between PO 
and P21, the period when waves are present, the maxi- 
mal correlation index gradually declines by about a 
factor of 3, although at P21 nearby cells are still 20 
times more likely to fire together than expected by 
chance. During this time, the spatial extent of the cor- 
relations doubles after the first postnatal week, and 
then remains essentially unchanged. At P30, the cor- 
relation index is even less dependent on intercell- 
ular distances; however, cells closest to each other 
still have a 4-6 times greater chance of firing within 
*0.05 s  of each other than if they fired independently 
(see also Figure 9). By adulthood, the correlation index 
at all distances varies between 1 and 2, indicating that 
at this age cells are firing essentially independently 
of each other. Although there is a clear systematic 
dependence of these parameters on age, there is also 
somevariabilityamong experimental animalswith the 

same or very similar age. This variability appears to be 
more pronounced for the strength of the correlation 
than for its spatial decay distance. 

Discussion 

A major goal of this study was to examine the time 
course of development of correlated bursting activity 
of cells in the ganglion cell layer of the retina during 
the period in which ganglion cell axons are known 
to segregate according to eye preference within the 
LGN. Many separate lines of experiments have sug- 
gested that precise spatial and temporal patterning 
of action potentials arising from the retinal ganglion 
cells is required for the terminals of ganglion cell ax- 
ons to segregate into layers and to form a highly or- 
dered topographic map (for reviews see Constantine- 
Paton et al., 1990; Shatz, 1990). Using a multielectrode 
recording technique that permits us to examine the 
firing of many cells simultaneously, we previously 
demonstrated that appropriate patterns of activity are 
indeed present in the developing ferret retina (Meis- 
ter et al., 1991): neighboring cells in the retinal gan- 
glion cell layer generate bursts of action potentials 
that are highly correlated with one another, even be- 
fore visual stimulation is possible. in addition, the 
spatial patterning of activity is in the form of an excit- 
atorywave that propagates across the retina in various 
directions from burst to burst. Here, we have ex- 
tended these observations first by demonstrating that 
many, if not all, of the cells recorded on the multielec- 
trode array are indeed retinal ganglion cells rather 
than retinal interneurons, such as amacrine cells. 
Moreover, we have shown that the rhythmic bursting 
activity and waves are present throughout the period 
in which only ganglion cell axons are known to re- 
fine their connections within the LCN, from the day 
of birth to at least P21. But the waves disappear by 
P30, just a few days before eye opening. Finally, a 
quantitative analysis of the spatiotemporal pattern of 
firing indicates that there is a steady decline in the 
strength of correlations between neighboring cells 
until adult levels are reached at the end of the period 
of axonal refinement. 

Reports from other authors suggest that the pat-, 
terns of activity recorded in our experiments are not 
merelythe result of damage to the retina in the course 
of the isolation procedure. Recordings from the reti- 
nas of fetal rats showed that gangiion cells in vivo fire 
in rhythmic bursts, similar to those seen here on the 
multielectrode array, and that neighboring cells are 
broadly correlated in their firing (Galli and Maffei, 
1988; Maffei and Galli-Resta, 1990). Periodic bursting 
activity can also be recorded in vivo from target neu- 
rons in the neonatal rabbit superior colliculus (Spear 
et al., 1972) and LGN (Rapisardi et al., 1975), and it 
appears to originate from retinal ganglion cells be- 
cause blockade of impulses from the eye prevents the 
rhythmic firing of the target neurons. Although these 
observations argue strongly that the rhythmic burst- 
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ing behavior of ganglion cells seen on the array is 
physiologically normal, they cannot address directly 
the issue of whether such bursts entail a wave-like 
progression of neural activity in vivo. However, we 
can conclude from the presence of waves in our re- 
cordings that the retinacontainsthe physiological and 
anatomical substratestogeneratesuchdistinct spatial 
patterns of correlated activity. The specific wave-like 
nature of retinal activity patterns could be tested 
directly by in vivo recordings with two electrodes. 
Comparing the activity from sites at various retinal 
distances should produce the characteristic correl- 
ograms pictured in Figure 7. So far, our attempts at 
such measurements have failed for lack of a suitable 
anesthetic. In particular, halothane and ketamine 
were found to depress significantly the activity in reti- 
nas from neonatal ferrets, both in vivo and in vitro. 

Identity of Cells Recorded by the Electrode Array 
Our recordings and dye filling using single microelec- 
trodes show that ganglion cells belonging to the major 
morphological classes can generate the rhythmic 
bursting pattern of firing. Although we never found 
displaced amacrines to spike, it is still possible that 
these cells also contribute to the spikes recorded on 
the array. Some amacrine cells are known to spike in 
the adult rabbit retina(Bloomfield, 1992), butwe rarely 
obtained stable recordings from the displaced ama- 
crine cells over sufficiently long periods of time to 
determine whether they showed periodic slow mem- 
brane depolarizations with or without action poten- 
tials. Even if other cell types should participate in the 
waves of activity, the fact that at Ieast‘some ganglion 
cells are involved implies that these correlated signals 
are transferred to the LGN. Since patterned spontane- 
ous activity also occurs in retinal ganglion cells of the 
rat (Galli and Maffei, 1988; Maffei and Galli-Resta, 1990) 
and cat (R. 0. L. Wong, M. Meister, and C. J. Shatz, 
unpublished data), it is likely that this activity has a 
common role in the development of retinogeniculate 
projections across species and is not unique to the 
ferret. 

The Development of Spontaneous Retinal 
Activity Patterns 
The patterns of firing of retinai ganglion cells change 
in several ways during the period between birth and 
P30. The waves of excitation traveling across the retina 
become progressively broader in older animals, re- 
sulting in longer bursts of action potentials produced 
by individual cells. Furthermore, the waves occur 
more and more frequently as the retina matures, re- 
sulting in shorter quiet intervals between the bursts 
generated by individual neurons. The adult retina no 
longer exhibits burst-like modes of activity: it appears 
that the waves have broadened and become more fre- 
quent to the point of merging into a continuous main- 
tained level of activity without spatial or temporal struc- 
ture. One parameter remained constant throughout 
development: the propagation velocity of the wave 

of excitation, which ranged from 150 to 300 urn/s in 
any given preparation without dependence on the 
animal’s age. 

Of particular interest for the development of the 
retinogeniculate projection are the temporal correla- 
tions between the spiketrains of different retinal gan- 
glion cells. Several aspects of these correlation func- 
tions can be derived at least qualitatively from the 
above description of the wave patterns. For instance, 
the cross-correlograms indicate that nearby ganglion 
cells are strongly correlated in their firing over time 
intervals of the order of the burst duration (Figure 7A; 
Table 1). For each burst, as the separation between 
the2cellsincreases,thepeakofthecorrelogram shifts 
away from t = 0. This displacement of the correlogram 
peak is comparable to the time taken by a wave to 
cross the distance between the 2 cells. 

We also calculated a correlation index that mea- 
sures how much more 2 cells are correlated over the 
critical time interval of +0.05 s  than expected for 2 
similar cells firing independently of each other. Be- 
cause the observed bursts tend to be significantly 
longer than this 0.1 s  time interval, one can easily 
estimate the correlation index from the wave proper- 
ties. For a pair of nearby bursting neurons, the index 
is simply the inverse of the cells’ duty cycle, which is 
the fraction of time the cells are active. This expecta- 
tion isconfirmed byacomparisonofTable1 andTable 
2. The correlation index decreases as the separation 
between the 2 cells increases, because the wave takes 
a finite time to travel across this distance. Once the 
cells are separated by about one wave width, the num- 
ber of spike pairs arriving within the critical +0.05 s  
of each other is significantly reduced. In fact, our mea- 
sured values of the decay distance for the correlation 
index correspond to approximately the width of a 
wave and show the same increasing trend with age 
(see Table 1 and Table 2). Finally, with increasing age, 
the waves become broader and more frequent. This 
change in the firing pattern increases the probability 
for chance coincidences between spikes from 2 un- 
correlated cells and thus progressively reduces the 
correlation index. 

How Are the Waves of Excitation Generated 
and Controlled? 
The results reported here can only indirectly address 
the question of how the waves are generated, but our 
observations placecertain constraints on any hypoth- 
esis. The fact that the waves move very slowly across 
the retina (about 150-300 urn/s) implies that excitation 
is not propagated by fast chemical synapses or con- 
ventional high conductance electrical gap junctions. 
This suggestion is supported by the broadness of the 
cross-correlograms, which are typically kO.5 s  in 
width, far broader than expected if cells were only 
synaptically driven or coupled electrically via high 
conductance gap junctions (Mastronarde, 1983; Ts’o 
et al., 1986). The waves may result from the slow extra- 
cellular diffusion of an excitatory substance such as 



K+ or a neurotransmitter. Since the Miller glial cells, 
which in the adult control K+ and neurotransmitter 
homeostasis in the extracellular space, are likely to 
be immature in the young neonates (Redburn et al., 
1992), neurotransmitters or K+ released during an ac- 
tion potential may remain in the extracellular space 
for a sufficiently long period of time to excite neigh- 
boring cells, causing further release of transmitters 
or K+. Alternatively, the waves may spread from cell 
to cell by diffusion of messenger molecules through 
intercellular junctions as seen in networks of astro- 
cytes’(Cornell-Bell et al., 1990; Finkbeiner, 1992). Intra- 
cellular junctions are also found among neurons in 
the adult rabbit and cat retina (Vaney, 1991). Prelimi- 
nary studies show that the small molecule neurobio- 
tin can also pass across junctions between ganglion 
cells and other ganglion cells and amacrine cells in 
the developing ferret retina (Penn et al., 1992, Sot. 
Neurosci., abstract). 

The observed development of neural activity pat- 
terns throughout the first few weeks of life may result 
from changes in the membrane properties of single 
neurons, or from changes in the structure of their 
interconnections. For exam,ple, under the above hy- 
pothesis of regenerative diffusion, maturation of the 
glial cells throughout this period may gradually alter 
the volume and concentrations in the extracellular 
space, thus changing both the excitability of ganglion 
cells and the conditions for diffusion of excitatory 
substances. If, on the other hand, the waves of excita- 
tion are sustained by a more specific network of con- 
nections, our observations would suggest that this net- 
work undergoes significant changes between birth 
and P30. In fact, there is anatomical evidence for the 
progressive development of synaptic circuitry of reti- 
nal ganglion cells during this period. At PO, there are 
very few synapses of any kind within the inner plexi- 
form layer of the retina, whereas by P30, just before 
eye opening, a significant number of ribbon synapses 
thought to be from bipolar cell terminals are present 
(Greinerand Weidman, 1981).Thesefindings, taken in 
conjunction with our own observations here, suggest 
that perhaps an early horizontal network responsible 
for correlating the activity of retinal ganglion cells is 
not dismantled but, rather, is overridden by a matur- 
ing vertical circuit from photoreceptors through bipo- 
lars to ganglion cells. Since the photoreceptors re- 
lease transmitter in the dark, this vertical circuit is 
spontaneously active and would be expected to inter- 
fere with the correlations mediated by horizontal con- 
nections in the ganglion cell layer. 

Implications for the Refinement of 
Retinogeniculate Projections 
A major finding of this study is that the waves of activ- 
ity are present throughout the period during which 
the ganglion cell axon terminals are refined both ac- 
cording to eye preference and topographic position 
within their target structures (Sretavan and Shatz, 
1986,1987;CucchiaroandGuiIlery,1984;Jeffery,1985). 

These synaptic rearrangements in the LGN are known 
to depend on electrical activity in the optic nerve. It 
has been suggested that the process is driven by a 
Hebbian mechanism of synaptic enhancement, in 
which two fibers connecting onto the same target 
neuron can reinforce each other’s synapses if they 
carry correlated electrical signals (Willshaw and von 
der Malsburg, 1976; Miller et al., 1989). The patterns 
of neural activity reported here have the qualitative 
properties to drive such a correlation-based mecha- 
nism, because 2 ganglion cells within the same retina 
are more strongly correlated in their firing than 2 cells 
from opposite eyes; and nearby ganglion cells are 
more strongly correlated than widely separated cells. 
The remainder of this section will examine these state- 
ments quantitatively. 

In developing aquantitative measure of correlation, 
we assumed that the mechanism of activity-depen- 
dent refinement in the LGN resembles other known 
instances of LTP. From studies of LTP in the hippocam- 
pus, it appears that two terminals can interact to 
strengthen their synapses if they are active within 
0.05-0.1 s of each other (Gustafsson and Wigstrom, 
1986). Thus, we took the essential correlation event 
to be a pair of spikes from 2 cells occurring within a 
time interval of less than 0.05 s. For any given pair of 
cells, the correlation index, GAB, indicates how often 
such an event occurs, compared with how often it 
would occur for similar cells firing randomly with re- 
spect to each other. Thus, we expect the correlation 
index for a pair of cells located in opposite eyes to 
be 1.0, on the assumption that the two eyes support 
similar patterns of activity but are not temporally syn- 
chronized. This seems a reasonable assumption for 
several reasons. First, there are no known connec- 
tions between mammalian ganglion cells in the two 
eyes either during development or in the adult. Nor 
is there a known efferent projection common to both 
retinas. Finally, the patterns of firing within each ret- 
ina are highly variable in their timing and direction 
of propagation, such that even spurious correlations 
between the two eyes are unlikely to persist for a 
significant period. 

These considerations suggest that ganglion cells at 
birth are up to 65 times more correlated in their firing 
than similar cells taken from opposite eyes. This re- 
sults primarily from the fact that the synchronous 
bursts of action potentials are about 65 times shorter 
than the quiet intervals that separate them. This 
should provide a very strong bias in any Hebbian 
mechanism to favor multiple connections from the 
same eye to a given target neuron. The correlation 
index decreases gradually with age, but remains 
above 10 throughout the critical first 3 weeks of life. 
After P30, thiscorrelation measure approachesl, indi- 
cating an absence of eye-specific correlations on the 
kO.05 s time scale. By this time, the retinogeniculate 
projection has stabilized, eye-specific correlation sig- 
nals are no longer required, and the retina matures 
to its primary function: to transmit visual images. 
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At every age except in adult animals, we find that 
the correlation index decreases significantly with in- 
tercellular distance. This is due to the finite propaga- 
tion velocity of the waves of activity. Nevertheless, 
even cell pairs separated by500 pm show acorrelation 
index above 5 from PO to P21. Because of the limited 
extent of our electrode array, we did not assess corre- 
lations at larger retinal distances, but it seems plausi- 
ble that the index drops to unity beyond about 1 mm. 
Thus,twofibersfrom ganglioncellsl m m  apartwould 
enjoy no advantage in competing for LCN neurons 
overtwofibersderivingfrom oppositeeyes. However, 
since the earliest retinogeniculate projection is proba- 
bly already organized according to a coarse topo- 
graphic map, by analogy with studies in lower verte- 
brates (for reviews see Constantine-Paton et al., 1990; 
Udin and Fawcett, 1990), such competition between 
widely separated neurons is unlikely to occur in 
practice. 

This discussion illustrates that the patterns of burst- 
ing activity may also act to reinforce the topographic 
accuracy of the retinogeniculate projection. For exam- 
ple, at PO, 2 ganglion cells separated by 200 t.rrn are less 
than half as strongly correlated as near neighboring 
ganglion cells. Thus, a correlation-based mechanism 
of synaptic enhancement would favor nearby gan- 
glion cells connecting to the same area in the LGN. 
As a result, the initially rough topographic projection 
might become gradually more refined. There is a limit 
to this improvement, set by the distance dependence 
of the correlation index: We would expect that this 
type of mechanism cannot produce a retinal resolu- 
tion much finer than the decay length of the correla- 
tion index. This quantity increases from about 175 to 
300 t.trn between PO and P5, thereafter it changes little 
up until P30. However, the retina grows during this 
time, increasing the spacing between neighboring 
ganglion cells, with a 2-fold decrease in cell density 
in midperipheral retina (P5 and P21; Henderson et al., 
1988). Thus, a circle with a radius of 1 decay length 
contains only half as many ganglion cells at P21 as at 
P5. As a result, LGN neurons may receive inputs from 
a progressively more restricted population of retinal 
ganglion cells, thereby sharpening the retinotopic 
map. 

More detailed speculations for the development of 
the retinogeniculate projection will require a better 
understanding of the synaptic mechanisms in these 
structures. For example, our correlation index merely 
computes the relative factor bywhich 2 cells are more 
correlated than the equivalent 2 cells from opposite 
eyes, but takes no note of the absolute firing rates. 
In our experiments, the absolute firing rate often var- 
ied by a factor of 10 over the recorded population of 
neurons. Since we do not know how the firing rate 
of the presynaptic terminals affects the correlation- 
based enhancement, it is difficult to proceed to more 
quantitative predictions, such as the degree of eye- 
specific segregation that can be supported by these 
firing patterns. 

Similarly, we do not know what the requirement 
for temporal coincidence might be at these immature 
synapses. Clearly, the observed patterns of activity 
are not precisely tuned to the 0.05-0.1 s  integration 
times reported in studies of hippocampal LTP: the 
bursts of action potentials typically last from 1 to 5 s. 
As a result, one computes about the same values for 
the correlation index assuming a coincidence interval 
of kO.5 s, as for the interval used here (kO.05 s). Thus, 
these patterns of activity could support equally well 
a correlation-based mechanism with a synaptic inte- 
gration time of 0.5 s, but would be less efficient for 
much larger correlation windows. A recent study of 
NMDA receptor-mediated currents at the sy,napse be- 
tween developing rodent retinal ganglion cells and 
neurons of the superior colliculus indicates that 
elementary postsynaptic currents last significantly 
longer than in the adult (Hestrin, 1992). In addition, 
early retinogeniculate synapses are ultrastructurally 
immature and contain very few synaptic vesicles 
(Campbell and Shatz, 1992). Thus, it is possible that 
the entire process of synaptic transmission and hence 
synaptic strengthening is slower during develop- 
ment, resulting in a longer integration time than for 
hippocampal LTP. In a preliminary study of retinogen- 
iculate synapses in slices of neonatal ferret LGN, we 
have recently obtained evidence for a long lasting in- 
crease in synaptic transmission following stimulation 
of the optic tract, similar to that generated by the 
retinal ganglion cells (Mooney et al., 1993). We hope 
that this preparation will shed more light on the inte- 
grative properties of these synapses. 

The waves of activity seem ideally suited to drive 
the refinement of the topographic map and the eye- 
specific segregation of ganglion cell axons in the LGN. 
However, other aspects of retinogeniculate develop- 
ment, also thought to depend on the spontaneous 
firing of ganglion cells prior to eye opening, are not 
as easy to understand. In particular, each LGN neuron 
tends to receive inputs from ganglion cells of only 
one type, e.g., on-center or off-center, a or 8 cells; 
blocking activity in neonatal cats or ferrets prevents 
this further refinement in ganglion cell connectivity 
(Dubin et al., 1986; Hahm et al., 1991). If these subtypes 
also segregated by a correlation-based mechanism, 
we would have expected the ganglion cell population 
to split into two or more subgroups, with strong corre- 
lations in firing between cells of the same subgroup, 
but not across subgroups. We found no evidence for 
such effects. It is possible that these final refinements 
in the precision of the retinogeniculate projection re- 
quire the very robust correlations that are generated 
only at the onset of vision. This would be consistent 
with the observation that cat ganglion cell axons con- 
tinue to undergo a progressive restriction of their ter- 
minal arbors within the LGN up to 3 months postna- 
tally (Sur et al., 1984), well after eye opening at about 
PIO. Further experiments are needed to resolve the 
extent to which spontaneously generated versus visu- 
ally driven activity contributes to the final patterning 
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of retinogeniculate connections. Nevertheless, the 
present observations underscore that the spontane- 
ous waves of activity are a powerful source of correla- 
tions suitable for activity-dependent synaptic modifi- 
cation prior to vision. 

Experimental Procedures 

Multielectrode Recordings 
Adult ferrets and neonates aged between PO and P30 were anes- 
thetized with Nembutal (20 mgikg) prior to removal of the eyes 
(the number of retinas used at each age is summarized in Table 
1; the results from each animal are tabulated separately). In each 
experiment, the retinawas dissected from the eyecup in oxygen- 
ated Ames medium (+20 mM HEPES; Sigma, H-3375; Ames and 
Nesbett, 1981). This culture medium most closely resembles the 
fluid in which the rabbit retina is bathed in viva; it contains the 
usual inorganic salt components (120 mM NaCI; 3.1 mM KCI; 0.5 
mM KPO,, 1.2 mM MgSO,, 1.2 mM CaCb 2H20) together with 
amino acids and vitamin supplements, as well as 6 mM glucose, 
and is used routinely in eiectrophysiological recording studies 
of the adult retina (Yang and Masland, 1992). We find essentially 
no differences in spike patterns for retinas recorded in Ames 
medium compared with physiological Ringer’s solution, but the 
retinas remained healthy in Ames medium for much longer peri- 
ods of time. In adult ferrets, the dissection was done under infra- 
red optics after the animals were dark adapted for 30 min-2 hr. 

A square piece of retina, 3-4 mm in width, was cut from a 
region midway between the nerve head and the peripheral mar- 
gin of the retina and placed ganglion cell side down onto a cover 
glass containing a fiat array of 61 extracellular electrodes spaced 
70um apartfrom eachotherandarranged ina hexagonal pattern, 
with a total diameter of about 0.5 mm (Meister et al., 1991; see 
also Regehret al., 1989). During each recording session, weoften 
recorded from more than one quadrant of the same retina (al- 
ways in midperipheral retina). Because we found no obvious 
differences in the pattern of activity between different quadrants 
ofthesameretina,wedid not makeanyattempttorecordconsis- 
tently from one particular quadrant. The array of electrodes was 
enclosed by a small well in which the retina could be perfused 
with oxygenated Ames medium. The piece of retina was held 
down eitherwith a fine nylon mesh or a dialysis membrane. The 
temperature of the perfusate was kept at 35OC-37OC by heating 
the inlet perfusion pipe with a heating coil and the base of the 
chamber with a flow of heated air that was regulated using a 
temperature controller (Omega, CN 9122). Recordings of the 
adult retinas were performed in the dark, and those of neonatal 
retinas were carried out in a dimly lit room. 

Under these conditions, the retina remained physiologically 
stable for up to at least IO hr. During this time, the 61 electrodes 
registered action potentialssimultaneouslyfrom between5Oand 
100 neurons, each electrode recording from up to 3 different 
cells. The spikes were recorded, sorted, and analyzed as de- 
scribed by Meister et al. (1991,1993). For each identified neuron, 
these procedures provided a continuous spike train throughout 
the recording period, as well as an estimate of the location of 
the cell body over the electrode array. 

Single-Cell Recordings 
To identify cells that fired spontaneous action potentials, retinas 
from ferrets (PIO-P37) were isolated and placed ganglion cell 
side up in a perfusion chamber mounted on the stage of an 
upright fluorescence microscope (Zeiss). The retinas were kept 
flat by adhering onto a piece of black filter paper (Millipore, 
HABP045)thatwassecured intothechamberbytwosideclamps. 
Small 1 mm* holes in the filter paper allowed examination of 
the retinawith transilluminated light, and the ganglion cell layer 
was clearly visualized using Hoffman Modulation Contrast Op- 
tics. The tissues were kept alive by superfusing with oxygenated 
Ames medium (Sigma) warmed to 32’C-35°C by two Peltier de- 

vices that provided heating to the microscope stage and 
chamber. 

Intracellular electrodes with a final resistance of 100-150 MD 
werefilledwith 2.5% carboxyfluorescein (Kodak,#9953)or sulfor- 
hodamine (Molecular Probes, Catalog+&359) in 0.7 M  potassium 
acetate and were positioned next to a cell in the ganglion cell 
layer using a 40x water immersion objective (Zeiss), corrected 
for Hoffman Optics. A stepper motor (Newport) enabled fine 
placement of the electrode adjacent to a chosen cell that was 
then impaled following capacitive ringing. After recording sev- 
eral cycles of action potential bursts (IO-30 min), the cells were 
iontophoretically filled with dye (+I-2 nA, continuous) and pho- 
tographed immediately. In some cases, the fluorescent staining 
was later converted to a permanent 3J’diaminobenzidine tetra- 
hydrochloride reaction product, visible in the light microscope, 
by photooxidation (Maranto, 1982). 

It was often difficult to obtain stable intracellular recordings 
from the neonatal cells because of their small size and also be- 
cause the dense extracellular matrix of internal limiting mem- 
brane prevented easy access to the underlying ganglion ceils. 
Thus, extracellular recordings were also performed, using glass 
micropipettes (2-5 MD) containing Ames medium or 3% NaCI. 
Clear imaging of cells using Hoffman Optics allowed us to center 
the recorded cell in the middle of the cross-hair of a graticule 
in the eyepiece, which subsequently enabled the recorded cells 
to be impaled with a second intracellular pipette containing 5% 
Lucifer yellow in 0.1 M  LiCl (-1 nA, continuous). Voltage signals 
from the electrodes were amplified by a Getting Amplifier, sam- 
pled by a Neurocorder (Neurodata DR-484), recorded byavideo- 
cassette recorder, and monitored by an oscilloscope. The re- 
corded action potentials were then digitized and plotted. 

Analysis of Neural Spike Trains 
To estimate the firing rate of a neuron recorded with the elec- 
trode array, we counted the action potentials in successive time 
bins and divided these counts by the bin width. The resulting 
estimate of firing rate as a function of time, r,&), was displayed 
either in the traditional histogram form (Figure I) or by the size 
of a dot in the spatial display of activity (Figure 2; Figure 3). To 
give an indication of the relative variations in firing, each cell’s 
firing rate was normalized to its maxima! value. 

The cross-correlation function between the spike trains of 2 
neurons A and 5, c,&, was estimated by computing all t ime 
intervals between a spike from A and a spike from 5, binning 
these into successive time bins and dividing the result by the 
total number of spikes from A and the bin width. This yields an 
estimate of the firing rate of cell 5 as a function of time since 
an action potential from cell A. 

The correlation index between cell A and cell 5, iao, measures 
the factor by which the firing rate of cell B increases over its 
mean value within +0.05 s of a spike from cell A. We first deter- 
mined the average firing rate of 5 within the interval of kO.05 s 
around a spike from A, by counting the number of times a spike 
from 6 occurred within kO.05 s of a spike from A and dividing 
the result by the total number of spikes from A and the width 
of the correlation interval, 0.1 s. This value was then divided by 
the overall mean firing rate of cell 8, computed as the total num- 
ber of spikes from 5 divided by the duration of the recording. 

Formally, if 

T = duration of the recording; 

dt = bin width; 

N A,I,,t2’ = number of spikes from ceii .4 between 

times tl and ti 

Nn,o,n = total number of spikes from cell A during 

the recording; 

NB,~,~ = total number of spikes from cell 5 during 

the recording; 
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NAB”,+ = number of spike pairs from cells A and B 

for which cell B fires within t, and t2 of cell A, 

then 

raft) = firing rate of cell A at time t 

NA,,+A, =I 
At 

cAB (t) = firing rate of cell Bat time t after a spike from cell A 

Nns,t,t+~o _ 
ho,n At 

ine = correlation index between ceils A and B 
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