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We have fabricated and tested a set of electrode arrays fi~r the study of inl't~rmalmn processing in the retina. Live retinal tissue 
is placed on top of an array with the output neurons directly ah~we the electrodes. Absorption of light by the photoreceptor cells 
leads to the generation of electrical pulses in the output neunms. These pulses, in turn, pn~ducc voltage signals on the electrodes 
which are recorded simultaneously by external electnmics. Thus, fl)r the first time. the spatial and temporal firing patterns of a 
large mt of retinal nerve cells can be studied. 

The arrays are fabricaled on quartz wafers coaled with a transparent conducting layer t)f indium tin oxide. The eleclrt~cs are 
electroplated with platinum black. Polyimide is used fi~r insulation. The fabrication and properties (ff these arrays, and illustrative 
results with retinal ti.~sue, are de.~ribed. 

I. Introduction 

The  ret ina is a superb  two-dimensional  posi t ion 
sensitive detector .  It is a thin tissue, = 200 I.tm thick, 
which l ines the back half of the  eye and which conver ts  
a visual image into processed  electrical  signals which 
travel up the optic nerve to the  brain.  As shown in fig. 
1. the re t ina  consists of  input  cells  (the photoreceptors .  
rods and cones) which gene ra t e  electrical  signals when 
pho tons  are a b ~ r b e d ,  th ree  layers of  cells ( the hori-  
zontal ,  bipolar ,  and amacr inc  cells) which pe r fo rm 
in t e rmed ia t e  processing, and  the output  cells (ganglion 
cells) whose  axons form the opt ic  nerve. In humans ,  
the re t ina  has l0 s pho to reeep to r s  covering an a rea  of  
about  10 cm 2. The output  signals arc carr ied by about  
1() ~' gangl ion cclls [I]. 

The  t radi t ional  me thod  for the  study of informat ion  
process ing in the ret ina has bccn  in use for more  than 
40 years:  a pat tern of  light is focussed on the pho to rc -  
cep tors  while the signal from an individual ret inal  cell 
is mon i to red  with a single microelcct rodc.  Studying 
one cell  at a time in this way is clearly an inefficient  
and t ime-consuming process ,  and makes it very diffi- 
cult or  impossible to invest igate the correlat ions in the 
signals from multiple cells and  the resulting spat ial  and  
t empora l  firing pat terns.  For tuna te ly ,  modern  inte- 
g ra ted  circuit  (IC) technology provides an a l ternat ive  
technique  which allows the neurobiologist  to s imul ta-  
neously record  the signals from tens (now), hundreds  
(soon),  and  eventually thousands  of  retinal output  cells. 

This  alternative technique  uses an array of  e lcc-  

trodes, fabr ica ted  with IC technology, to read out the 
output  signals from the retina. As i l lustrated in fig. I. 
retinal tissue is placed on top of  it p lanar  electrode 
array consist ing of a t ransparent  substrate  (quartz). 
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Fig. 1. A schematic view of the retina placed on lop of an 
electrode array. The vertical dimensions of the clcctrudc array 
as drawn are not to scale: the correct dimensions are given nn 

the text. 
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platinized electrodes connected to extermd circuitry 
with transparent conductors (indiuln tin oxide), and u 
transparent insulating layer (polyimide). The few mi- 
cron feature size readily available with I(" photolithog- 
raphy is a good match to the density of the gang.lion 
cells, For exttmple, the spacing between ganglion cells 
in the tiger salamartder (one of the animals conunonly 
used ill studies of the retina) is about 30 p.m, and it is 
straightforward to fabricate electrodes with this same 
spacing, 

Electrode arrays, fabricated with IC technology. 
have becn used in physiology since 1970 [2]. The spc- 
cific fabrication techniquc we have uscd fi~r our arrays 
folk~ws closely the work of Pinc and collaborators [3], 
who made arrays to study cultured neurons. The re- 
suits reported here rcprescnt the first use of electrode 
arrays to study the retina. 
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Fig. 2. A photograph of a retinal readout array. The quartz 
rectangle has the dimensions 24x 411.4 mm-'. 

2. Electrode arrays: application to the retina 

2. !. The retima 

We would like first to answer the question: "'Why 
study the retina'?". There are a number of characteris- 
tics that make the retina an excellent system for inves- 
tigating the computatkmal properties of neural circuits: 
(a) the retina is part of the brain with a wcll-known 
functional role: (b) its input is known (namely the light 
pattern on the photorcceptors), and easily controlled: 
(c) it performs sophisticated processing operations on 
the input signals: and (d) it has been widely studied 
with single electrodes. The neural processing per- 
fi~rmcd by the retina is ct,mplcx enough to bc interest- 
ing, but is not so complicated to exclude the possibility 
of detailed analysis and understanding. Hence the study 
of the retina may aid in understanding the operation of 
other, more mysterious parts of the brain. 

The retina is also quite suitable for study with the 
electrode array technique. Specifically, retinal tissue 
(a) is easily separated intact from the animal: (b) can 
be kept alive for several hours; (c) lies flat; and (d) has 
a layered structure (as illustrated in fig. 1). Hence, if 
retinal tissue is placed on top of a planar electrode 
array, cxtraccllular signals can bc recorded from the 
entire population of output neurons. 

2. 2. The retired Ivadout an'ay 

A photograph of a retinal readout array is shown in 
fig, 2. Live retinal tissue is placed in the cylindrical well 
with the output neurons directly above the electrodes. 
(The electrodes are too small to be seen in fig. 2, but 
sections of the conducting traces that connect the 
electrodes with external electronics are visible.) The 
well is filled with a saline solution that has been 

aerated with oxygen, and that contains the chemicals 
necessary to keep the tissue alive. The tissue is pressed 
against the array surface with a transparent membrane. 
The wire which is placed around the inside of the well, 
and then connected externally, is made from platinum 
and serves as a reference electrode. 

In the experiments, an input pattern of light (for 
example, from a computer display monitor) is focussed 
on the photorcceptor cells. This pattern can be a 
function of both space and time. It can be in color, and 
the intensity of the light can bc varied. The pattern is 
under tile control of the computer used for data acqui- 
sition. 

In response to the input light pattern, the output 
neurons fire and generate local currents in the saline 
solution; these lead to voltage drops (relative to the 
reference electrode voltage) at the positions of the 
electrodes. These extracellular signals are recorded as 
a function of time. With this experimental technique, it 
is possible to rapidly study a large number of output 
cells. Measurements can be performed over a period of 
several hours, with a stable response from the cells. 
Moreover, the spatial location of each neuron can be 
calculated from the pulse amplitudes it produces si- 
multaneously on several electrodes: the cell location is 
given approximately by the pulse-amplitude-weighted 
electrode positions. These positions can be confirmed 
by microphotography of the tissue through the bottom 
of the transparent electrode array. Hence, for a given 
input, one can study the spatial and temporal firing 
pattern of a large set of output ceils. 

2.3. Array fabricat ion 

The starting point for fabrication of an clectr,~dc 
array is a 4(1(I gm thick, 3 in. diameter quartz wafer 
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Fig. 3. A photograph of the electrode region of a retinal 
readout array. The 61 dark squares are the platinized elec- 
trodes, each 15 × 15 l~m 2. The light traces are the transparenl 

conductors made of indium tin oxide. 

coated with 2000 ,~ thick indium tin oxide ( ITO)  [4]. 
The shce! resistance of  the ITO is 10 l l / ~ .  After  
application of  photoresist, first mask exposure, and 
photoresist  development, the ITO is etched It) form 
the electrode sites with their connecting traces. After  
rem~)val of  the photoresist, 25 .A of aluminum is evapo- 
rated onto the wafer. In air, the aluminum rapidly 
oxidizes; tt,c aluminum oxide serves as an adhesion 
promoter  for the polyimidc. A polyim:,de coat is fol- 
lowed by the second mask exposure, polyit,qdc devel- 
opment ,  and a bake. The result is a 3 p.m thick 
polyimide insulating layer with openings fl~r the elec- 
trodes and the connections to the external electronics. 
The wafers are sawed, giving two eleclrode arrays per 

wafer. The cleeirotlcs are Ihen eleelrllplaled with phil- 
inure, t ornling a dark. caulilhiwer-Iike regicm of 
"platimml black". ] 'he  large surface area ill Ihis struc- 
lure lead,, to a dramatic reduction in the impedance o! 
the salin¢-sl l lul i / inl ~leclrodc intcrl'ace which t.~ crucial 
for l iblaining adequate silnal-lo-noise [5]. Fabrication 
(if these arrays has bison carried oul al the Cenler lor 
Integrated Systems, Stanford University. 

A pholograph ill the elect;ode region of an array 
after plalinizalion is shown in fig. 3. There are 01 
electrodes, each 15 x 15 p.m 2. The  spacing between 
columns is 60 ktm, and the spacing between electrodes 
ill the same column is also 60 p.m. An enlarged view of 
st)me of the electrodes is shown in fig. 4. The cau- 
liflower-like appearance of the platinum black is clearly 
visible. 

O[" course, an unlimited valiety of  electrode geomc- 
Iries is possible. For example, fig. 5 shows the layout 
fi)r a quasi-one-dimensional array. This array can be 
used to study, over a long (I.8 ram) linear dimension. 
the response of the retina to a one-dimensional pat- 
tern, such as a moving edge. 

Fig. 4. An enlarged view (}t a subset of the 15xl5 ~m: 
plalini,'.ed electrodes shov,'n in fig. 3. 
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Fig. 5. The layout of the 61 electrodes for a quasi-one-dimen- 
sional retinal readout array. 

2.4. Signal proce,~sing am/data  acqtd.wtion 

The signals from each electrode are amplified and 
filtered in the passband of  20 to 2000 Hz. For each 
signal above a set threshold, the pulse width, timc, and 
amplitude are recorded. The amplitudes are in the 
range 50 to 250 p,V, and the widths arc I to 2 ms. The 
threshold is set typically at about 15 I~V, and the rms 
noise on each channel (o-,.i~.) is on the order of  5 p,V. 

2.5. lllustratire resuhs 

In an initial experiment, a dark-adapted retina from 
a tiger salamander was exposed in darkness to a dim. 
diffuse light which stayed on for 2 s. This was repeated 
100 times with a period of  about ! I s. The signals were 
recorded with an electrode array of  the geometry shown 
in fig. 3. The outputs from 10 of  the electrodes are 
displayed in fig. 6. One observes that a number of 
electrodes show signals about i / 4  s after the light is 
turned on. On trace #1, the two spikes labelled A have 
very similar amplitudes, but this amplitude is very 
different from that of spike B. This indicates that this 
single electrode is recording signals from two separate 
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Fig. 6. The signals from tiger ~lamander retinal tissue 
recorded on l0 separate electrodes. The onset of a 2-s long 

light signal is indicated. 

cells (more on this topic later). On trace #8 ,  the spikes 
labelled C arc in time-coincidence with the corre- 
sponding spikes labelled D in trace #9.  This indicates 
that the same cell is being recorded on the two elec- 
trodes. 

Fig. 7 shows a scatter plot of amplitude versus width 
fi)r signals recorded on a single electrode. One sccs a 
set of low-amplitude signals, just above threshold. 
These most likely arise from electrical noise and from 
cells that arc far from the electrode. One also sees two 
distinct clusters of signals at greater amplitudes which 
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Fig. 7. A scatter plot of amplitude vs width for signals from 
tiger salamander retinal tissue recorded on a single electrode. 

The threshold voltage and %,,,c are also shown. 
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3. Applications 

With the retina, one will hc able to use this elec- 
trode array Icchniquc Io study Ihc patterns of firing of 
the retinal output cells when different patterns of ligh! 
are focussed on the photoreceptors. This light pattern 
can be in black-and-white or color, it can be a random, 
white-noise pattern, an edge sweeping across the visual 
field, a simulated bug moving about, etc. In shorl, the 
information processing performed by the retina in con- 
verting an input visual image into the coded output 
signals sent to the brain, can be studied in detail. 

Also, developmental studies can be undertaken. The 
response of retinal tissue (including fetal tissue) taken 
from animals at different stagcs of development can bc 
investigated. Hence one can study how the properties 
of the retinal circuits change as their intcrnal and 
external interconnections are established. 

These electrode arrays can be used 1o study other 
neural systems, such as cultured neurons and slices of 
brain tissue. In addition to recording neural activity, 
the electrodes can be employed to stimulate specific 
neurons by the injection of current. 

4. Summary 

Light On for 2 sec ~ 
Fig. 8. The spike rate vs time (relative to tile on.,,et of tile 
light) for 8 identified cells. The 2-s on period for the light is 
indicated by the horizontal bars. The number in each his- 
togram gives the maximum spike rate value in Hz for that 

histogram. The bin width is 25 ms. 

Using integrated circuit technology, wc have fabri- 
cated a set of electrode arrays which are able to read 
out the signals from a large number of retinal output 
neurons. This provides a new technique for the study 
of the retina. 
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a different cell. 
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stops firing 50 ms later. Cell B begins to fire after the 
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delay), but more rapidly just after onset. 
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