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Cone connectivity to RGCs

Henri Matisse, The Luxembourg Garden. 1901-1902 
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Classification of the three cone types based on their spectral response properties
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Connection between cone and ganglion cell mosaics
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L and M cones are sampled in non-random fashion
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Large cells

citation from an array of small nonlinear spatial subunits (Hoch-
stein and Shapley, 1976b; Shapley and Victor, 1979; Victor and
Shapley, 1979; Demb et al., 1999, 2001a), and it has been pro-
posed that these subunits are bipolar cells (Victor and Shapley,
1979; Demb et al., 1999, 2001a).

We have studied this nonlinearity in the classical way by re-
cording the responses of neurons to CRGs (Hochstein and Shap-
ley, 1976a,b; Derrington and Lennie, 1984). The CRG is a spatial
sinusoidal grating with a contrast that is modulated sinusoidally
in time (see Materials and Methods). Midget, parasol, and upsi-
lon cell average responses to one period of low and high spatial

frequency CRGs at four spatial phases, in preparation 1, are
shown in Figure 5a– c, respectively.

The responses to the CRGs of low spatial frequency (0.2 cy-
cles/mm) are modulated in time mainly at the temporal fre-
quency of the stimulus (implying a significant first Fourier har-
monic, F1), because at low spatial frequencies, all the subunits are
stimulated in phase. Additionally, the F1 response amplitude var-
ies sinusoidally as a function of the spatial phase of the CRG, with
null responses at two spatial phases separated by 180° (shown as
90 and 270° in Fig. 5a– c).

At high spatial frequency (4.8 cycles/mm), the midget cells still
respond mainly at the temporal frequency of the stimulus, indi-
cating that spatial summation in their RFs remains dominantly
linear (that is, they exhibit X-like behavior). The upsilon cells,
however, display a response modulated mainly at twice the tem-
poral frequency of the stimulus (two peaks per stimulus period,
corresponding to a significant second Fourier harmonic, F2; this
is the classical signature for Y-like cells). This frequency doubling
response may arise because approximately one-half of the non-
linear subunits are stimulated in counterphase relative to the
other half of the subunits, assuming the nonlinearity is half-wave
rectification [as supported for Y-cells by experimental data
(Demb et al., 2001a)]. This nonlinear spatial summation leads to
an F2 response only weakly dependent on spatial phase, as can be
seen in Figure 5c (right column).

The parasol cells also show an F2 response at the high spatial
frequency (4.8 cycles/mm), as is apparent in Figure 5b (right
column). However, the F2 response coexists with an F1 response
of similar amplitude, which explains the stronger dependence on
spatial phase.

Figures 5a– c illustrate qualitatively the different nonlinear re-
sponse properties of single midget, parasol, and upsilon cells at
two spatial frequencies. To more completely characterize and
quantify the nonlinear spatial summation response properties of
these cell types, we measured the F1 and F2 Fourier harmonics, as
a function of spatial frequency, for all the midget, parasol and
upsilon cells in the three preparations. The harmonics of the
response of each cell, under the different CRG stimuli (see Mate-
rials and Methods), were calculated by temporal Fourier trans-
forms (Hochstein and Shapley, 1976a). The spatial frequency
dependence of the F1 and F2 responses were obtained after taking
account of the phase dependence. This was done by taking the
maximum value of F1 and the mean value of F2 over all spatial
phases (Hochstein and Shapley, 1976a). Figure 5d–f shows the
spatial frequency tuning curves of the average F1 and F2 harmon-
ics for the three cell types in each of the three preparations.

The midget cell responses are dominated by the F1 harmonic
at all measured spatial frequencies (up to 28.7 cycles/mm) (Fig.
5d), indicating that they are X-like cells in terms of spatial sum-
mation. In contrast, both parasol and upsilon cells have large F2

harmonics at high spatial frequencies (i.e., they show frequency
doubling responses) (Fig. 5e,f) and therefore possess significant
nonlinearities in their spatial summation.

We have quantified the level of nonlinearity of spatial summa-
tion with the maximum value of the ratio between the second and
the first Fourier harmonic (F2/F1) over all spatial frequencies
recorded. This value is called the nonlinearity index (Hochstein
and Shapley, 1976a).

Histograms of the nonlinearity indices for midget, parasol,
and upsilon cells are shown in Figure 6. These histograms show
significant overlap between the nonlinearity indices of midget
and parasol cells and also between those of parasol and upsilon
cells. However, on average, the parasol cells have !3.8 times

Figure 3. Parasol and upsilon ganglion cell properties. a, Typical RF STA for an OFF parasol
cell (left) and an OFF upsilon cell (right) in preparation 1. The 1 SD contour ellipses of the
two-dimensional Gaussian fits to the spatial STAs are shown. b– d, RF mosaics of OFF parasol
(left) and OFF upsilon (right) cells in preparations 1–3, respectively. The average RF diameter
(mean " SD) and the number of cells (n) for the cells in each mosaic are indicated in the top
right corner of each panel (see Materials and Methods). Scale bars, 500 !m. e, Average parasol
and upsilon cell responses to diffuse light steps in preparation 1. The horizontal lines define the
zero spike rates. The traces below the plots show the time course of the 8-s-long repeating light
stimulus. Calibration, 100 spikes/s. Both cell types responded strongly to light intensity decre-
ments and weakly or not at all to light intensity increments. f, Red, green, and blue time filters
for OFF parasol (left) and OFF upsilon (right) cells in preparation 1, corresponding to the three
color guns of the display monitor. The time filters are sampled each 8.33 ms, which corresponds
to the refresh interval of the display monitor. The STA contrast is expressed as an intensity
change above or below the mean background level (MBL) as a percentage of the MBL.
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Shapley, 1979; Demb et al., 1999, 2001a), and it has been pro-
posed that these subunits are bipolar cells (Victor and Shapley,
1979; Demb et al., 1999, 2001a).

We have studied this nonlinearity in the classical way by re-
cording the responses of neurons to CRGs (Hochstein and Shap-
ley, 1976a,b; Derrington and Lennie, 1984). The CRG is a spatial
sinusoidal grating with a contrast that is modulated sinusoidally
in time (see Materials and Methods). Midget, parasol, and upsi-
lon cell average responses to one period of low and high spatial

frequency CRGs at four spatial phases, in preparation 1, are
shown in Figure 5a– c, respectively.

The responses to the CRGs of low spatial frequency (0.2 cy-
cles/mm) are modulated in time mainly at the temporal fre-
quency of the stimulus (implying a significant first Fourier har-
monic, F1), because at low spatial frequencies, all the subunits are
stimulated in phase. Additionally, the F1 response amplitude var-
ies sinusoidally as a function of the spatial phase of the CRG, with
null responses at two spatial phases separated by 180° (shown as
90 and 270° in Fig. 5a– c).

At high spatial frequency (4.8 cycles/mm), the midget cells still
respond mainly at the temporal frequency of the stimulus, indi-
cating that spatial summation in their RFs remains dominantly
linear (that is, they exhibit X-like behavior). The upsilon cells,
however, display a response modulated mainly at twice the tem-
poral frequency of the stimulus (two peaks per stimulus period,
corresponding to a significant second Fourier harmonic, F2; this
is the classical signature for Y-like cells). This frequency doubling
response may arise because approximately one-half of the non-
linear subunits are stimulated in counterphase relative to the
other half of the subunits, assuming the nonlinearity is half-wave
rectification [as supported for Y-cells by experimental data
(Demb et al., 2001a)]. This nonlinear spatial summation leads to
an F2 response only weakly dependent on spatial phase, as can be
seen in Figure 5c (right column).

The parasol cells also show an F2 response at the high spatial
frequency (4.8 cycles/mm), as is apparent in Figure 5b (right
column). However, the F2 response coexists with an F1 response
of similar amplitude, which explains the stronger dependence on
spatial phase.

Figures 5a– c illustrate qualitatively the different nonlinear re-
sponse properties of single midget, parasol, and upsilon cells at
two spatial frequencies. To more completely characterize and
quantify the nonlinear spatial summation response properties of
these cell types, we measured the F1 and F2 Fourier harmonics, as
a function of spatial frequency, for all the midget, parasol and
upsilon cells in the three preparations. The harmonics of the
response of each cell, under the different CRG stimuli (see Mate-
rials and Methods), were calculated by temporal Fourier trans-
forms (Hochstein and Shapley, 1976a). The spatial frequency
dependence of the F1 and F2 responses were obtained after taking
account of the phase dependence. This was done by taking the
maximum value of F1 and the mean value of F2 over all spatial
phases (Hochstein and Shapley, 1976a). Figure 5d–f shows the
spatial frequency tuning curves of the average F1 and F2 harmon-
ics for the three cell types in each of the three preparations.

The midget cell responses are dominated by the F1 harmonic
at all measured spatial frequencies (up to 28.7 cycles/mm) (Fig.
5d), indicating that they are X-like cells in terms of spatial sum-
mation. In contrast, both parasol and upsilon cells have large F2

harmonics at high spatial frequencies (i.e., they show frequency
doubling responses) (Fig. 5e,f) and therefore possess significant
nonlinearities in their spatial summation.

We have quantified the level of nonlinearity of spatial summa-
tion with the maximum value of the ratio between the second and
the first Fourier harmonic (F2/F1) over all spatial frequencies
recorded. This value is called the nonlinearity index (Hochstein
and Shapley, 1976a).

Histograms of the nonlinearity indices for midget, parasol,
and upsilon cells are shown in Figure 6. These histograms show
significant overlap between the nonlinearity indices of midget
and parasol cells and also between those of parasol and upsilon
cells. However, on average, the parasol cells have !3.8 times

Figure 3. Parasol and upsilon ganglion cell properties. a, Typical RF STA for an OFF parasol
cell (left) and an OFF upsilon cell (right) in preparation 1. The 1 SD contour ellipses of the
two-dimensional Gaussian fits to the spatial STAs are shown. b– d, RF mosaics of OFF parasol
(left) and OFF upsilon (right) cells in preparations 1–3, respectively. The average RF diameter
(mean " SD) and the number of cells (n) for the cells in each mosaic are indicated in the top
right corner of each panel (see Materials and Methods). Scale bars, 500 !m. e, Average parasol
and upsilon cell responses to diffuse light steps in preparation 1. The horizontal lines define the
zero spike rates. The traces below the plots show the time course of the 8-s-long repeating light
stimulus. Calibration, 100 spikes/s. Both cell types responded strongly to light intensity decre-
ments and weakly or not at all to light intensity increments. f, Red, green, and blue time filters
for OFF parasol (left) and OFF upsilon (right) cells in preparation 1, corresponding to the three
color guns of the display monitor. The time filters are sampled each 8.33 ms, which corresponds
to the refresh interval of the display monitor. The STA contrast is expressed as an intensity
change above or below the mean background level (MBL) as a percentage of the MBL.
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Connecting anatomy and function

Coombs et al., 2006

were remarkably consistent for some of the clusters but
more variable for others. For the monostratified cells (Fig.

7A), those in M5–M10 clusters had dendrites located close
to one of the nuclear layers. Cells in M6, M9 and M10 had

Fig. 2. Tracings of cells from the monostratified cell clusters. Examples of On and Off cells are shown for groups M3, M6, M7, and M9. For groups
M4 and M5, examples of two different morphologies (a and b) found in each cluster are shown. All tracings are shown at same scale. Scale
bar!100 !m.

J. Coombs et al. / Neuroscience 140 (2006) 123–136 127

their dendrites in layers 1 and 5, M7 in layers 2 and 5, M8
cell dendrites spanned layers 1, 2 and 4, 5, while those of
M5 cells were in layers 1 and 4. Cells in clusters M1–M4
had dendrites located more centrally within the IPL, with
the bulk of the dendrites of M1 and M4 cells stratifying in
sublamina 3, near the On/Off border (gray dashed lines in
Fig. 7A and B). The dendrites of both the On and Off cells
of cluster M3 tended to stratify over a wider swath of the
IPL, with the Off cells spanning across layers 1 and 2 and
the bulk of the On cells spanning layers 4 and 5.

The loci of the dendrites of all the bistratified cells in
clusters M11, 12, 13 and 14 are shown in Fig. 7B. Cells in

cluster M11 tended to have a thick profusion of dendrites in
layer 3 and a smaller, thinner spread in layer 1 (see Fig. 6).
Cluster M12 cells had the largest dendritic fields and so-
mas of all the bistratified cells, but the locations of their
dendrites were similar to those of the cells in M13 (both
had dendrites stratifying in layers 2 and 4). And, while M14
cells were similar to M13 cells in size, their dendrites
tended to ramify closer to the nuclear layers, in layers 1
and 4 or 5.

Fig. 8 shows the means and standard errors of the 12
measurements, other than dendritic field and soma size,
used to define the 14 cell clusters. Note that some cell

Fig. 3. Tracings of cells from the bistratified cell clusters. The asterisk shows a cell that was clustered by itself and thus was not given a group number.
All tracings are shown at the same scale. Scale bar!100 !m.

Fig. 4. Scatter plot of soma area vs. dendritic field area. Groups M6 (!), M10 (●), and M11 (‘) are compared with all other groups (#).

J. Coombs et al. / Neuroscience 140 (2006) 123–136128

functionanatomy

brain targets

?

Retina

100 ms

Vo
lta

ge
 a

.u
.



CB2-GFP  mouse  retina    (Huberman, et al., 2008)

Retina

100 ms

Vo
lta

ge
 a

.u
.

?

Connecting anatomy and function



CB2-GFP  mouse  retina    (Huberman, et al., 2008)

Retina

100 ms

Vo
lta

ge
 a

.u
.

?

Connecting anatomy and function



CB2-GFP  mouse  retina    (Huberman, et al., 2008)

Retina

100 ms

Vo
lta

ge
 a

.u
.

Connecting anatomy and function



Image anatomical mosaic Image functional mosaic

CB2-GFP  mouse  retina    (Huberman, et al., 2008) receptive fields of one mouse RGC type

Correlating neural function and structure
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a highly regular mosaic across the entire retina. This distribution
was not random, as cell bodies obeyed a minimum spacing rule,
avoiding each other to a distance of approximately 100 mm (Fig-
ure 1F). To visualize clearly the dendrites of single cells, we tar-
geted individual GFP+ RGCs with electrodes and filled them
with DiI (n = 22 RGCs from 5 mice). The dendrites of neighboring
GFP+ RGCs tiled the retina with the amount of overlap typical of
mouse OFF-aRGCs (Figure 1G and see Figure S1 available
online; Schubert et al., 2005; Volgyi et al., 2005). The DiI fills
also revealed that the GFP+ RGCs possessed dendritic features
characteristic of mouse OFF-aRGCs (Figures 1G, 1H, and S1;
Pang et al., 2003; Schubert et al., 2005; Volgyi et al., 2005). We
observed that, in every case, the dendrites of the GFP+ RGCs
were monostratified at the inner 30%–35% depth of the IPL
(Figure 1G), within the ‘‘OFF’’ sublaminae (Famiglietti and Kolb,
1976). When the retina was sectioned in the vertical plane and
stained for the vesicle acetylcholine transporter (VAChT) (which
delineates ON and OFF sublaminae in the IPL), it was apparent
that every GFP+ RGC projected its dendrites exclusively into
the OFF sublaminae (Figure 1I; >600 GFP+ RGCs examined
from 12 CB2-GFP mice). Collectively, these observations indi-
cate that a mosaic of OFF-aRGCs selectively express GFP in
this mouse line.
We next recorded intracellularly from the GFP+ RGCs by visu-

ally targeting thecellswith amicroelectrode under a fluorescence
microscope. In response to a flashing visual stimulus, these cells
showed transient OFF-type responses, depolarizing and spiking
briefly at the offset of a flash (Figure 2A). Visual responses of
different GFP+ RGCs were very homogeneous, in that the aver-
age of each cell’s flash response was highly correlated with the
population average (correlation coefficient r = 0.93 ± 0.02, n = 7;
Figure 2B). Further characterization of these cells using a ran-
domly flickering visual stimulus confirmed the transient OFF-
type nature of these cells, which showed a biphasic temporal
response that peaked at 105–121 ms relative to the visual stimu-
lus (n = 3; Figures 2C and 2D). Taken with our anatomical obser-
vations, we conclude that a retinotopic mosaic of transient OFF-
aRGCs (tOFF-aRGCs) expresses GFP in this mouse line.

A Highly Organized Map of the tOFF-aRGC
Mosaic in the Brain
To determine the connections made by tOFF-aRGCs in the brain
we injected cholera toxin beta conjugated to Alexa 594 (CTb-
594; red label in Figures 3–8), which labels the axons of all
RGCs, into both eyes of CB2-GFP mice and then examined
the brain for axons that were both CTb-594+ and GFP+. Of the
approximately two dozen brain regions targeted by RGC axons,
tOFF-aRGCs project to only two of these: (1) the superior collicu-
lus (SC), a midbrain structure involved in sensory-motor integra-
tion and (2) the dorsal lateral geniculate nucleus (dLGN), a fore-
brain structure that filters and relays visual information to primary
visual cortex.
The mouse SC receives projections from many different types

of RGCs and contains a two-dimensional topographicmap of the
entire contralateral retina. The dorsal-ventral axis of the retina is
mapped along the lateral-medial axis of the SC and the tempo-
ral-nasal retinal axis is mapped along the rostral-caudal axis of
the SC (Dräger and Hubel, 1976; May, 2005). When the SC is

viewed in the coronal plane (Figure 3A) the axons of RGCs can
be seen entering the SC deep to the pial surface, in the stratum
opticum (SO), and their dense terminal arborizations can be
observed in the overlying stratum griseum superficialis (SGS)
(Figure 3A). As the main retinorecipient division of the SC, the
SGS is divided into lower (lSGS) and upper (uSGS) lamina based
on the types of afferent input and postsynaptic cells residing
along its depth. A limited number of RGC axons also project to
the stratum zonale (SZ), a thin layer located just below the pial
margin (May, 2005). We observed that the GFP+ axons of tOFF-
aRGCs terminate in a highly specific and stereotyped manner
within the SC. Their axons entered the SC through the SO, along
with all other RGC axons, and terminated in the overlying SGS.
Within the SGS, however, the GFP+ arbors of tOFF-aRGCs
were faithfully restricted to the lSGS (Figures 3B and 3C and Fig-
ures 3B0 and 3C0), avoiding the uSGS and SZ entirely. Viewed in
the sagittal plane, laminar-specific targeting of tOFF-aRGC pro-
jections to the lSGSwas also apparent (Figure 3D).When one eye
was removed, all GFP+ axons disappeared from the contralateral
SC, indicating that theGFP+ axons observed in each hemisphere
of the SC arise solely from tOFF-aRGCs in the contralateral retina
(Figure S2). Retrograde labeling experiments indicated that every
GFP+ tOFF-aRGC projects to the SC (data not shown). Taken
with the fact that theGFP+axons are restricted to the lSGSacross
the full lateral-medial (Figures 3B and 3C) and rostral-caudal
(Figure 3D) extent of the SC, we can conclude that every tOFF-
aRGC obeys strict laminar specificity of its axonal projection to
this target, regardless of its retinotopic position.

Figure 2. Visual Responses of GFP+ tOFF-aRGCs
(A) Membrane potential response of a GFP+ tOFF-aRGC in response to a 1 s

periodic flash. Action potentials are truncated.

(B) Average subthreshold flash response of seven cells (gray trace), compared

to the average flash response of two example cells (colored traces). Spikes

were digitally removed prior to averaging.

(C and D) Spatiotemporal receptive field of a GFP+ tOFF-aRGC computed

from the membrane potential response of the cell to a randomly flickering

checkerboard. (C) Temporal filter averaged across the spatial receptive field

center. (D) Two spatial slices of the receptive field taken at the times indicated

by the colored lines in (C), indicating the biphasic nature of the receptive field

center.

Neuron

Mapping a Mosaic of Genetically Identified RGCs

Neuron 59, 425–438, August 14, 2008 ª2008 Elsevier Inc. 427

(Huberman, et al., 2008)
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Retinal Photocoagulation
Diabetic retinopathy is the leading cause 
of blindness among adults aged 20-74

Pan-retinal photocoagulation (PRP)
 is the long-standing standard of care for 
diabetic retinopathy

Pulse duration  of 100 - 200 ms results in 
significant heat diffusion and associated 
collateral damage

>1000 retinal burns individually placed 
with green laser

Fatiguing, painful and time consuming

Detrimental side effects: retinal scarring, 
loss of visual field, reduced night vision.

Conventional pan-retinal 
photocoagulation



Smaller (less power) lesions seem to 
“recover” the blind spot after some time 
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Preliminary Results
control: barely visible lesions 1 day

array and RPE receptive fields
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control: barely visible lesions 1 day

no sensitivity at all in the lesion areas
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Preliminary Results
shift or shift plus rewiring?
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Preliminary Results
looks like rewiring!
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Medical Applications

Retinal Prosthesis

Epiretinal Subretinal

Custom circuitry for simultaneous 
stimulation and recording 

Recording of responses to 
stimulation with photovoltaic 

implants



Subretinal Photovoltaic Implant

depth into the tissue (compare upper and lower 
frames in Fig. C8). To quantify this effect we 
calculated the electric field in front of a single 
pixel for both a local grid return and a return at 
infinity. The electrode potential was assigned 
such that the total current produced by the 
electrode in both configurations was the same. 
As shown in Fig. C10, the electric field from the 
pixel with a local return tapers off faster. The 
difference becomes significant only at distances 
greater than the electrode size. Thus, placement 
of a local return grid imposes more stringent 
requirements on proximity between electrodes 
and cells. A potential solution to this problem is 
described below (Section C6).  
 
C4. Flexible Silicon Array 

We have developed a lithographic process for 
fabrication of a flexible array of isolated 
semiconductor islands50. As shown in the 
scanning electron micrograph in Fig. C11, the array is organized into 75!75 µm2 rigid islands that are 
interconnected in a two-dimensional network via flexible silicon springs of 400 nm in width, using a deep 
reactive ion etch (DRIE) process. Each silicon island can house one or more pixels. The organization into a 
2D array allows for a biaxial compression and expansion of the silicon membrane allowing it to deform into 
a spherical shape. All the deformation occurs in the silicon springs whose geometry ensures that the local 
strain <1%, with the silicon islands remaining strain free. Metal interconnects can be routed on top of the 
silicon springs, if necessary. Structures were fabricated using silicon-on-insulator (SOI) wafers with a 30 µm 
thick device layer and a 5 µm thick buried oxide layer. The silicon device layer is patterned using 
photolithography and etched using a Bosch DRIE process51 with the buried oxide layer acting as an etch 
stop. This process leaves the device active areas and island-to-island interconnects unaffected. The 30 µm 
thick silicon membrane is then released from the substrate wafer by etching away the buried oxide.  This 
results in a flexible 2D network of silicon islands that are mechanically interconnected. The resulting 
membranes are rugged and can be readily manipulated, as shown in Fig. C11.  

 
As described below, each island in such structure is used a single photovoltaic pixel, having several 

photodiodes connected between the active and a return electrode.  To test conformation of such an array to 
the eye curvature, we placed a 4x4 mm segment of the array onto the RPE layer in a freshly enucleated 
rabbit eye. The eye was fixed, dehydrated and sputtered with gold for SEM imaging. Figure C12 
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Figure C11. Flexible silicon array of 30 !m in thickness with 75!m islands connected by arms of 0.4 !m in width.   
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Figure C10. Electric field as a function of axial distance 
from the center of a single pixel.  The dashed line 
corresponds to a return at infinity, and the solid line to 
local returns.  To provide similar total current, the pixel 
with return at infinity was held at a potential of 1V, while 
that with the local return was at 0.84V.  

D. Research Design and Methods 
 In Preliminary Data we presented the development and testing of the prototypes of a retinal 
prosthetic device. The overall hypothesis for this application is that our system design with flexible modular 
photovoltaic implants should produce functional restoration of sight in animal models of RP as a prelude for 
use in human patients. The proposed experiments represent a series of testing stages that will determine 
the safe and functionally effective configuration of the prosthetic device and stimulation current levels, as 
well as scaling to high resolution. The ultimate goal of the experiments using animal models of 
photoreceptor degeneration is to bring the prototype system to a point where it can be used with a high 
confidence of success for restoring visual capacity in patients with photoreceptor degeneration-related 
diseases. The experiments are described as they relate to proposal’s specific aims.  

D.1. Specific Aim A – Convert the individual components of the existing hardware prototypes into an 
implantable prosthetic system 

D.1.1. Rationale - We have a prototype of each hardware component the optoelectronic retinal prosthesis, 
which includes the photodiode array and the near-IR projection system. Some of the components already 
have undergone bench or even in vivo testing. The proposed experiments will lead to the conversion of 
these prototypes into an implantable system, which we will first assess in vitro.  

D.1.2. Specific Aim A1: Evaluate light-to-current conversion efficiency of the flexible silicon 

photodiode arrays with pixel sizes 230, 115 and 58 !m, at various pulse durations and repetition 
rates; assess the range of linear response for Pt and IrOx electrodes. 

Flexible photodiode 
arrays are being fabricated at the 
Stanford Nanofabrication Facility, 
and the first wafers were made in 
June 2008. Fabrication steps are 
generally similar to those used for 
fabrication of the ASR prototypes 
described above. All exposed 
silicon surfaces are passivated 
with two layers: oxide and nitride. 
These layers form an 
antireflection coating on the 
upper surface for the near-IR light 
in the range of 800 – 950 nm 
wavelengths. In addition, all 
surfaces except for the active and 
return electrodes will be coated 
with parylene-C.  

Initially, both the single- and 
triple-photodiode pixels are being 
produced on the same wafer, in 
order to investigate the 
physiological response to both 
configurations.  As described in 
Section C2, the triple-photodiode 
implants can deliver stronger 
stimulation pulses, but require 
three times as much light to 
produce a given current. If 
sufficiently close electrode-neuron 
proximity is achieved, a single 
photodiode design might suffice. 

Figure D1 shows two 
examples of the pixels having one- 
and three-diode designs, 

  

Figure D1. Two examples of the photodiode pixels in the flexible array: 

Left – a single diode pixel of 115 !m in size with 40 !m central electrode. 

Right – a 3-diode pixel of 230 !m in size with 80 !m active electrode. Active 
electrode is in the center, and return - in the periphery (lighter gray). 

 
Figure D2. Layout of the arrays with 3 pixel sizes: 58, 115 and 230 !m. 
The upper arrays are for rats (0.8x1.2 mm) and the lower ones are for pig, 
rabbit, and cat eyes (2x2 mm). 
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Fig. 3. The same data as 
shown in fig. 2, but with the 
average stimulation artifact 
subtracted from all the traces. 
Note the two-spikes response 
recorded on electrodes 49 and 
53. 

 
Figure 4 shows an EI of the same stimulated neuron (red traces) compared with EI of the 
same (probably) neuron spiking spontaneously (blue traces). Analysis of the EI for the 
spontaneous activity suggests that the cell body is placed over electrode 60, and the axon 
is going in the South-West direction (down/left, in other words). The electrode 54 is then 
very close to the axon hillock, what could explain why the neuron was effectively 
stimulated by this electrode (and was not activated by electrode 60 or any other). 
The two presented EIs do not match well on all the electrodes. From the match point of 
view, there are three groups of electrodes: 
- electrodes recording spikes from cell body (for example 1, 41, 58, 60). On these 
electrodes the spikes shapes for spontaneous and elicited activity match very well; 
- electrodes recording spikes from axon only (for example 40, 43). For these electrodes 
the spike shapes for both red and blue traces also match well. However, it is visible that 
for the elicited activity, the signals on these electrodes are less delayed in reference to 
timing of the somatic signal, then for the spontaneous activity. This makes sense if one 
assumes that in a case of spontaneous activity the action potential (AP) was usually 
initiated in the soma, while for the elicited activity, the AP initiated rather in axon initial 
segment, close to the stimulating electrode; 
- electrodes recording signals from both the soma and axon (for example 49, 54). For 
these electrodes, the recorded spike shape depends a) the shape of the somatic signal, b) 
the shape of the axonal signal, and c) relative timing of these two. Since this timing is 
different for spontaneous activity and elicited activity, it explains on the qualitative level 
why the red and blue traces on these electrodes do not match. 
Figures 5 and 6 show data for the same neuron, but for different stimulation pulse 
durations (100us and 200us, respectively).  
I found no evidence for effective stimulation of this neuron through any of the electrodes: 
60,58,49,55. 

cultures rat cortex
(stimulation artifact already 

subtracted)


