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Spatially selective activation of the visual cortex
via intraneural stimulation of the optic nerve
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Retinal prostheses can restore a functional form of vision in patients affected by dystrophies of the outer retinal layer. Beyond
clinical utility, prostheses for the stimulation of the optic nerve, the visual thalamus or the visual cortex could also serve as
tools for studying the visual system. Optic-nerve stimulation is particularly promising because it directly activates nerve fibres,
takes advantage of the high-level information processing occurring downstream in the visual pathway, does not require opti-
cal transparency and could be effective in cases of eye trauma. Here we show, in anaesthetized rabbits and with support from
numerical modelling, that an intraneural electrode array with high mechanical stability placed in the intracranial segment of the
optic nerve induces, on electrical stimulation, selective activation patterns in the visual cortex. These patterns are measured
as electrically evoked cortical potentials via an ECoG array placed in the contralateral cortex. The intraneural electrode array
should enable further investigations of the effects of electrical stimulation in the visual system and could be further developed

as a visual prosthesis for blind patients.

blindness, a medical condition affecting more than 30 mil-

lion people worldwide'. Starting from early pioneering
works™*, over the past 50 years, several types of visual prosthe-
ses have been proposed and classified by their location along the
visual pathway*’, including subretinal®, epiretinal’, suprachoroidal’,
optic-nerve’, thalamic'® and cortical prostheses'’. Retinal implants
quickly became the preferred strategies, since they can benefit from
natural information processing along the visual pathway'” In vari-
ous clinical trials, retinal prostheses have demonstrated the capabil-
ity to restore a functional form of vision'*'*. Today, several research
groups are developing retinal prostheses, with a special emphasis
on light-driven photovoltaic implants>~"*. However, optic-nerve
stimulation is also an attractive strategy, since it bypasses the entire
retinal network and directly activates nerve fibres. Further, like
epiretinal prostheses, it still takes advantage of the high-level infor-
mation processing occurring downstream in the visual pathway.
Moreover, optic-nerve stimulation could be effective in cases of
severe trauma (such as retinal detachment or eyeball trauma) and
does not require optical transparency (for example, in the case of
corneal opacities). Indeed, history of retinal detachment, trauma
and severe strabismus are among the contraindications for the
Argus II epiretinal prosthesis.

Optic-nerve stimulation was pioneered with the implantation
in the intracranial segment of a blind subject of a four-contact
self-sizing spiral cuff epineural electrode array”, in which electri-
cal stimuli elicited localized phosphenes. After a few months of
training and psychophysical testing, the patient was able to distin-
guish line orientations as well as shapes and symbols despite using
only four electrodes. Another patient was later implanted with
an eight-contact electrode”, confirming the possibility of restor-
ing functional vision via optic-nerve stimulation’*'. However, in

\/isual prostheses have recently emerged as tools to fight

these trials, the induced phosphenes were reported as irregular;
the use of spiral cuff epineural arrays could be the cause® because
of their limited mechanical stability. Following these results, the
C-Sight project is currently investigating an optic-nerve prosthesis
based on an array of three penetrating metal electrodes to stimu-
late the intraorbital segment of the optic nerve in rabbits*** and
cats”. This project employs penetrating platinum-iridium elec-
trodes, which are characterized by high stiffness (Young’s modulus
of approximately 100 GPa) and rigidity, inducing a large mechanical
mismatch with the nerve, which could have negative consequences
for chronic implantation. Conversely, transverse intrafascicular
multichannel electrode (TIME) arrays, microfabricated using thin-
film technology, have already demonstrated their superior capabil-
ity in peripheral nerve stimulation**°. TIME arrays showed better
mechanical compliance (Young’s modulus of approximately 1 GPa
and high flexibility) compared with penetrating metal electrodes,
and higher selectivity in fibre stimulation compared with spiral cuff
epineural arrays®*2. More recently, a self-opening intraneural elec-
trode (SELINE) array demonstrated improved mechanical stability
compared with TIME arrays® as well as high biocompatibility over
a period of six months*. In this work, we exploited OpticSELINE, a
modified version of the previously described SELINE array™>*, as a
visual prosthesis based on optic-nerve stimulation.

Results

Electrode array design and characterization. The OpticSELINE
is a polyimide-based looped electrode array designed in agreement
with the anatomical structure of the rabbit’s optic nerve, which has
a mean (+s.d.) diameter of 1.45+0.10 mm (Supplementary Fig. 1).
Each side has a total length of 33 mm, a maximum width of 3mm and
an overall thickness of 12um (Fig. 1a). A 35mm polyimide-based
extension flat cable enables connection between the electrode array
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Fig. 1| The intraneural electrode array OpticSELINE. a, Sketch of the OpticSELINE. The red box highlights the connection area between the electrode

and the flat cable terminated with an Omnetics connector mounted on a printed circuit board (not shown). The blue box highlights one active area where
two flaps and six electrodes are visible. Dimensions are in mm. b, Photograph of the OpticSELINE, showing the looped structure with two active areas.

¢, Magnified view of one side of the OpticSELINE, showing the active area with the flaps after three-dimensional shaping, the electrodes and the alignment
bars. The electrode enlargement is used as a stopper to avoid excessive insertion of the array within the nerve. d, Sketch of the OpticSELINE implanted in the
rabbit optic nerve. The red box shows details of the implanted OpticSELINE in the optic nerve (cylindrical shape). e, Schematic of the insertion procedure.

and the head-fixed plug connector. Each side of the OpticSELINE
has six stimulating electrodes (each with an area of 0.008 mm?) and
a reference and a ground electrode outside the active area (Fig. 1b).
Two three-dimensional flaps extend from both sides of the main
body and carry two electrodes each; two more electrodes are located
on each side of the main body. Each flap has a width of 0.15mm
and a length of 0.48 mm. The width of the active area is 0.43mm
and the length is 1.25mm. Four alignment bars (width of 0.1 mm)
were included to ease the insertion procedure and verify that the
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active area is located inside the optic nerve (Fig. 1c). The insertion
procedure follows a standardized technique that was previously
validated in the peripheral nerves of both animals® and humans®-*.
A suture with a needle guides the OpticSELINE transversally
into the nerve until the electrode enlargement is reached (used as
a stopper); at this stage, the four alignment bars are visible outside
of the nerve. The OpticSELINE is then slightly pulled back until
only three alignment bars are visible to anchor the flaps into the
nerve (Fig. 1d,e).
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Fig. 2 | Electrochemical and mechanical characterization. a, Cyclic voltammetry performed on the electrodes before (orange) and after (green)

passive accelerated ageing. Representative example of 1 electrode with an overlay of 10 repetitions. Experiment repeated on n=18 electrodes from 4
OpticSELINEs. b, Quantification of the mean (+s.d.) charge storage capacity (n=18 electrodes from 4 OpticSELINEs). ¢, Mean (+s.d.) magnitude (top)
and phase (bottom) of the electrode impedances before (orange) and after (green) passive accelerated ageing (n=30 electrodes from 4 OpticSELINES).
d, Quantification of the mean (+s.d., n=30 electrodes from 4 OpticSELINEs) impedance magnitude at 1kHz. e, Schematic of the ex vivo insertion (left)
and extraction (right) experiments in explanted optic nerves from New Zealand white rabbits. f, Forces during insertion in the optic nerve. Several insertion
trials (n=10 trials) are shown in grey. A selected example (red) is labelled with the different phases of insertion. g, Sketch showing the different phases

of insertion (phase 1and phase 2). h, Forces during extraction from the optic nerve. Several extraction trials (n=10 trials) are shown in grey. A selected
example (red) is labelled with the different phases of extraction. i, Sketch showing the different phases of extraction (phases 3,4 and 5).

First, we characterized both the electrochemical and mechanical
properties of the OpticSELINE. Cyclic voltammetry was performed
to determine the charge storage capacity of the electrodes (Fig.
2a) before and after a passive accelerated-ageing equivalent to an
implantation time of 6.4 months (6 d at 87°C)*. The mean (+s.d.)
charge measured before (27.95 +14.28 nC) and after (29.55+14.70
nC) ageing were not significantly different (Fig. 2b; n =18 electrodes
from 4 OpticSELINEs; P=0.75, two-tailed paired t-test). Given the
small electrode area (0.008 mm?), these values of charge storage
capacity (0.35 and 0.37mC cm™?, respectively, before and after age-
ing) are comparable to the values found in the literature for gold
microelectrodes®. Similarly, we performed impedance spectros-
copy (Fig. 2¢); the mean (+s.d.) magnitude at 1 kHz was not signifi-
cantly different before (83.52 +44.27 kQ) or after (77.79 +34.86 kQ)
ageing (Fig. 2d; n=30 from 4 OpticSELINEs; P=0.18, two-tailed
paired Wilcoxon test).

A mechanical characterization was performed to verify the
compatibility of the electrode array with the insertion forces and
the stability within the optic nerve of New Zealand white rabbits.
During insertion experiments (Fig. 2e, left), two major force peaks
were observed (Fig. 2f,g), corresponding to the insertion of the loop
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inside the nerve (peak 1) and to the entry of the enlarged area of the
device (peak 2). The mean (+s.d., n=10 trials) insertion forces are
32.5+22.7mN (peak 1) and 223.4+92.2mN (peak 2). The stabil-
ity of the electrode within the nerve was evaluated with an extrac-
tion experiment (Fig. 2e, right). During extraction, two major force
peaks were observed (Fig. 2h.,i), corresponding to the force neces-
sary to extract the three-dimensional flaps (peaks 3 and 4), followed
by a flat phase relative to the slippage of the loop through the nerve
(5). The mean (+s.d., n=10 trials) extraction forces are 101.2 + 36.2
mN (peak 3) and 100.3 +38.5 mN (peak 4), 30 times larger than
the mean (+s.d.) force required to extract a similar electrode array
without three-dimensional flaps (3.2+0.5mN; n=4 trials). This
latter value is similar to what was previously measured in the rat sci-
atic nerve®. This confirms that the three-dimensional flaps enhance
the anchorage of the OpticSELINE within the nerve and provide
better mechanical stability compared to TIME electrodes.

Visual stimulation. In the first set of rabbits, we characterized
visually evoked cortical potentials (VEPs) on flash stimulation
(4ms, Ganzfeld white LED; Fig. 3a). The peak amplitudes (PAs)
and latencies (PLs) of the two major peaks present in the VEP
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Fig. 3 | Visually evoked cortical potentials. a, Schematic diagram (top view) of the placement of the ECoG array (black dots) over the rabbit visual cortex.
Recordings of VEPs were performed with the ECoG array upon flash stimulation (4 ms, Ganzfeld white LED) of both the ipsilateral (black) and contralateral
(red) eye. b, Example of traces (synchronous average of 10 responses) to a flash illumination of 0.5 cd sm~2 at the ipsilateral (black) or contralateral (red)
eye. The dashed lines represent the occurrence of the flash. Experiment repeated on N=9 rabbits. ¢, Example traces obtained from the average of the 32
recording channels (shown in b) for both ipsilateral (black) and contralateral (red) stimulation. PO, N1 and P1 peaks are visible (N for negative potential and
P for positive potential). The dashed lines represent the occurrence of the flash. Experiment repeated on N=9 rabbits. d,e, Quantification of the P1PA (d)
and PL (e) as a function of the flash luminance. Each data point is the mean (+s.e.m.) of N=9 rabbits. For each rabbit, ten consecutive recordings were

averaged. For each recording, the 32 recording channels were averaged.

(N1 and P1) were measured using an electrocorticography (ECoG)
electrode array (Fig. 3b). The ECoG consists of a 4X 8 array with
200 um platinum electrodes with a 1 mm pitch (E32-1000-30-200;
NeuroNexus). The ECoG was placed over V1 visual cortex; given its
small size, it is unlikely that it covers other areas than V1. However,
we cannot formally exclude this possibility. We stimulated each
rabbit on both eyes (ipsilateral and contralateral relative to the
ECoG array) with flashes of increasing luminance levels (0.1, 0.5, 1,
5,10 and 30 cd sm~2). As expected, the strongest and fastest response
occurred for contralateral stimulation (Fig. 3c), since in albino
rabbits, 90 to 95% of the optic-nerve fibres decussate at the level
of the chiasm”. The cortical activation for ipsilateral stimulation
appeared only for luminance levels higher than 1cdsm™, at which
value the response to the contralateral stimulation was already satu-
rated (Fig. 3d). As previously reported®, the mean (+s.e.m., N=9
rabbits) P1 PL in contralateral stimulation started at 33.93 +2.59 ms
for low luminance levels (0.1 cd sm™2) and reached a plateau latency
of 23.28+1.86ms for luminance levels higher than 5cdsm™
(Fig. 3e). The mean (+s.e.m.) N1 PLs in contralateral stimulation
were also comparable with previously reported data™ (Fig. 3e).

Electrical stimulation. In a second set of rabbits, we implanted the
OpticSELINE transversally into the optic nerve from the lateral to
the medial side. Because of the high percentage of fibre decussa-
tion at the level of the chiasm?, electrically evoked cortical poten-
tials (EEPs) were measured by an ECoG array in the contralateral
visual cortex (Fig. 4a,b). Cathodic first asymmetrically balanced
(1:5) electrical stimuli were used. A previous report demonstrated
that the ratio 1:5 is a good compromise between total pulse dura-
tion and stimulation efficiency”. The same study also showed that
placing the balancing anodic phase before the cathodic stimulation
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phase with a 1:5 ratio has no influence on the stimulation efficiency.
Moreover, we did not introduce any interphase gap, since it has
been demonstrated to have a significant effect only with symmetri-
cally balanced stimuli”’. Electrical stimulation consisted of a single
biphasic pulse, unless stated otherwise. Upon electrical stimulation
of the optic nerve, we found that both N1 and P1 PAs increased with
the current amplitude of the stimulus (Fig. 4c). To limit the overall
experimental time for each rabbit and to avoid nerve fatigue due to
repetitive stimulations (Supplementary Fig. 2a), we used only six
electrodes of the OpticSELINE, located on the top side (from 1 to
6), unless stated otherwise.

First, we identified the N1 current threshold (that is, the min-
imum current required to induce the N1 peak in the EEP) using
an automated peak detection algorithm followed by visual inspec-
tion and validation. To quantify the N1 current threshold, for each
stimulating electrode of the OpticSELINE, we selected among the
32 recording electrodes the one with the highest N1 PA within the
series (called the N1 leading channel). In the first rabbit (Fig. 4d), we
determined the N1 current threshold as a function of the pulse dura-
tion (50, 100, 150, 200 and 400 us, cathodic phase). The N1 current
threshold decreased with increasing pulse duration. However, for
pulses shorter than 100 ps, there was a minimal effect on the charge
(product of the current amplitude per the phase duration) required
to induce N1 (Fig. 4¢). Then, the charge dropped by increasing the
pulse duration from 100 to 150 us and remained stable for longer
pulses (Fig. 4e). For pulse durations of 150 ps, the mean (+s.d.,n=6
electrodes in N=1 rabbit) current threshold was 76.77 + 66.38 uA,
and the charge threshold was 11.50+10.02nC. The electrodes
located on the main body (electrodes 3 and 4) showed a N1 current
threshold higher than the other electrodes (1, 2, 5 and 6) located on
the flaps, in particular for short pulses (Fig. 4d).
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Fig. 4 | Electrically evoked cortical potentials. a, Schematic diagram (top view) of the placement of the OpticSELINE in the rabbit optic nerve and of
the ECoG array (black dots) over the rabbit visual cortex. The enlarged red circle shows the nerve cross-section with the implanted OpticSELINE. The

electrodes are each labelled with a number. EEPs were evoked via the implanted OpticSELINE with biphasic current pulses. The enlarged red box shows the
biphasic current pulse delivered from electrode 4. b,¢, Example of traces (synchronous average of 10 responses) to a current pulse of 250 pA and 150 ps
delivered from electrode 4. The dashed lines represent the occurrence of the current pulse. The blue box highlights 1 recording electrode, the responses of
which (synchronous average of ten responses) to increasing current pulses (left numbers in pA) of 150 ps are visible in panel ¢. The appearance of N1 and
P1 peaks is visible. The dashed line shows the occurrence of the current pulse. The red circle shows the stimulation artefact. Experiment repeated on N=4
rabbits. d, N1 activation thresholds in N=1rabbit as a function of the pulse duration. The red line and circles are the average of the n=6 electrodes of the
OpticSELINE (from 1to 6, top side). e, The average activation threshold is converted into the charge delivered. f, Mean (+s.e.m., N=4 rabbits) activation
thresholds as a function of the OpticSELINE electrode (from 1to 6, top side; p<0.001, F=6.55, one-way ANOVA, Tukey's multiple comparisons test).

g Mean (+s.e.m., N=4 rabbits) PAs of N1 (squares) and P1 (circles) for current pulses of 150 ps as a function of the current amplitude. The inset shows a
magnification from O to 150 pA (x axis) and from O to 90 uV (y axis); the dashed line is 50 uA. For each rabbit, ten consecutive recordings were averaged.
PAs were quantified for each stimulating electrode of OpticSELINE from the averaged response of the 32 recording electrodes. The resulting values were

averaged between stimulating electrodes.

On the basis of the previous results, in all subsequent experi-
ments (N=4 rabbits), we fixed the first cathodic phase duration to
150 us. Under this condition, we determined a mean (+s.e.m., N=4
rabbits) N1 threshold of 74.03 +13.33 uA, which corresponded to
11.10+2.00nC. These values were very similar to those obtained in
the first rabbit at 150 us. We also found a similar and statistically sig-
nificant trend (P <0.001, F=6.55, one-way ANOVA, Tukey’s multi-
ple comparisons test; N=4 rabbits), with the electrodes on the main
body showing a higher N1 current threshold (Fig. 4f). This could be
explained by the fact that in the pre-chiasmatic segment of the optic
nerve, the large diameter fibres are localized more in the periphery
of the nerve (Supplementary Fig. 3). Indeed, from the histological
examination of an optic-nerve sample, we found that the fibre diam-
eters within the whole nerve followed a unimodal distribution with a
median of 0.79 um and a mode of 0.47 um. In the central area (green
square in Supplementary Fig. 3a), the median of the distribution

was lower than in the periphery (0.75 and 0.82um, respectively;
P<0.0001, unpaired t-test). The mean (+s.d.) fibre density was
not different between the centre and periphery (0.19+0.02 versus
0.19+0.04, fibres um=% P=0.40, unpaired ¢-test). The overall mean
(£s.d.) fibre density was 0.19+0.03 fibres um~. However, there
may be alternative explanations related to the insertion procedure,
which could affect more electrodes on the main shaft by increasing
their N1 current threshold.

Next, we applied a detection algorithm to determine the N1 and
P1 PAs and PLs. The mean (+s.e.m., N=4 rabbits) N1 and P1 PAs
showed monotonic growth as a function of the current amplitude,
and the P1 PA saturated above 1,500 uA (Fig. 4g). From the average
PAs, it was also apparent that both N1 and P1 became higher than
zero, starting from a current pulse of 50 uA (Fig. 4g, dashed line in
the inset). Concerning the PLs, N1 PL was stable over the current
range of stimulation used (approximately 3.5ms), whereas P1 PL
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slightly decreased from 7.45 to 5.68 ms with the increase in the cur-
rent amplitude (Supplementary Fig. 4). Qualitatively, PLs in EEPs
were shorter than in VEPs by approximately 15ms, as previously
reported”. This was expected, since electrical stimulation bypasses
the transduction step performed by photoreceptors. As a control, in
one rabbit, we also verified that, similar to visual stimulation, elec-
trical stimulation induced a small activation of the ipsilateral visual
cortex only for high current amplitudes (Supplementary Fig. 5).

Cortical activation map. We then investigated the spatial character-
istics of cortical activation upon intraneural stimulation of the optic
nerve. A blind-source separation approach based on independent
component analysis (ICA)*** was used to quantitatively extract dif-
ferences between the EEPs resulting from the stimulation through
different electrodes of the OpticSELINE. We hypothesized that each
EEP is composed of ‘shared’” and ‘meaningful’ components: the
shared components characterized by similar time courses regard-
less of the stimulating electrode activated in the OpticSELINE, and
the meaningful components having time courses specific to a single
stimulating electrode (or to a small subset at most). For each rab-
bit, the ICA was performed on the 32 ECoG recordings to highlight
the presence of meaningful components that may be hidden by the
shared cortical signal. ICA linearly projects the 32 original time
courses onto 32 new maximally independent time courses, called
independent components (ICs), as weighted sums of the original
time courses. We classified the ICs into different categories on the
basis of their time course (Supplementary Fig. 6): artefact (that is,
containing the stimulation artefact), noise (that is, containing a
high-frequency signal), flat (that is, not containing any peak), com-
mon (that is, having a similar time course regardless of the stimulat-
ing electrode) and meaningful (that is, having different time courses
as a function of the stimulating electrode). Artefact, noise, flat and
common ICs were considered shared components. The region of
the visual cortex in which each IC is present was determined by
plotting the activation map of each IC on the 32 electrodes of the
recording array (Fig. 5a).

In a representative example (N=1 rabbit, current amplitude of
750pA), all 12 stimulating electrodes of OpticSELINE were used,
and among the 32 ICs, 24 were labelled as meaningful, 4 as com-
mon, 1 as flat, 1 as noise and 2 as artefact (Fig. 5b and Supplementary
Fig. 7). However, 9 stimulating electrodes (electrodes: 1, 2, 3, 4, 5,
6, 8,9 and 12) out of 12 resulted in meaningful cortical activation,
whereas 3 (electrodes: 7, 10 and 11) induced only flat responses
(Supplementary Fig. 8, black traces). By back-projecting only the
meaningful ICs onto the original channel space, the original data
could also be filtered to highlight only the meaningful compo-
nents (Supplementary Fig. 8, red traces). By increasing the current
amplitude of the pulse, the number of ICs classified as meaning-
ful increased, reaching its maximum value between 500pA and
1,000pA and then decreasing (Fig. 5d). This was probably due to
the beginning of the saturation of the cortical response; therefore,
more ICs are classified as common instead of meaningful. The acti-
vation maps of the 24 meaningful ICs show that they are present in
distinct regions of the visual cortex (Fig. 5e).

In addition, each meaningful IC exhibited a different degree of
activation as a function of the stimulating electrode used. To quan-
tify this, for each meaningful IC, the peak-to-peak amplitude of the
early portion of the time courses (from 5 to 25ms after the pulse)
induced by each stimulating electrode was computed and nor-
malized among all the stimulating electrodes. All nine functional
stimulating electrodes had at least one meaningful IC whose acti-
vation was maximized when stimulating through this electrode.
Furthermore, by interpolating the contribution of every stimulating
electrode to each IC, we found their distribution map within the
optic nerve. The area corresponding to 90% of the activation level
was confined to a small area around this electrode or, in some cases,
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it spread over one or two neighbouring electrodes (white lines in
Fig. 6a and red lines in Fig. 6b). As expected, the three electrodes
associated only with flat responses had no meaningful ICs associ-
ated with them. A further classification of meaningful ICs based
on the distribution map within the optic nerve revealed that the
24 meaningful ICs could be grouped into 10 meaningful clusters
(Fig. 6¢). We verified that the number of meaningful clusters did not
significantly change when considering less restrictive activation lev-
els. With both 80% and 70% activation levels, the number of mean-
ingful clusters was 9. In addition, in this representative example,
the number of meaningful clusters remained qualitatively constant
regardless of the current amplitude (Fig. 5d, red trace and symbols).

We obtained a similar result in all the rabbits (N=4) recorded
by stimulating with only six electrodes of the OpticSELINE (from 1
to 6, top side). On average, with the increase of the current ampli-
tude, the number of flat ICs decreases, the number of common ICs
increased, and the number of meaningful ICs first increased and
then stabilized (Supplementary Fig. 9). The mean (+s.d.) number
of meaningful clusters remained qualitatively constant regardless of
the current amplitude. The spatial organization of the ICs in the
visual cortex and the back-projection of the ICs in correspondence
with the OpticSELINE electrodes are considered as indirect signa-
tures of the stimulation selectivity of the OpticSELINE.

Selectivity of optic-nerve stimulation. Measuring the recruitment
and activity of optic-nerve fibres during in vivo stimulation is a chal-
lenging task. In addition, relying on cortical EEPs to determine the
threshold and level of optic-nerve activation is critical, since cortical
recordings might be affected by the variability in the impedance of
the recording electrodes, both intra- and inter-subject. Therefore,
to better evaluate the current threshold and the number of fibres
activated by each electric pulse at increasing current amplitudes,
we implemented a hybrid numerical model and simulation based
on two steps**. First, the potential field generated by the electri-
cal stimulation was computed using finite element analysis (FEA).
Then, the activation probability of the fibres located around the
stimulating electrode was obtained using the NEURON simulation
environment. For the anatomical model, we considered the fibre
distribution according to our findings (Supplementary Fig. 3), and
the nerve diameter was set to 1.5mm. The hybrid FEA model and
NEURON simulation showed that on cathodic stimulation with
pulses of 150 us, the activation of nerve fibres started from current
amplitudes as low as 2pA and increased with increasing current
amplitudes (Fig. 7a,b). The number of nerve fibres activated was
estimated considering a fibre density of 0.19 fibres um=2, as previ-
ously identified (Fig. 7b). These results show that OpticSELINE can
activate both internal and external fibres, in contrast to self-sizing
spiral cuff epineural electrodes that preferentially activate the lat-
ter”. Finally, we investigated the electrode selectivity by computing
the overlap of the activated fibres as a function of the stimulating
current from two neighbouring electrodes (Fig. 7c,d). The two acti-
vated areas remained separated up to a current amplitude of 10 pA,
whereas for higher currents, they started to fuse together, reaching
a value of 31.2 % for 50 pA.

There is a narrow range over which currents can be varied (up
to approximately 10uA) without affecting the spatial selectivity in
fibre recruitment; overall, this limits the dynamic range of intra-
neural stimulation. However, by using a self-sizing spiral cuff
epineural electrode, it has been shown that high-frequency stimu-
lation can be exploited to reduce the perception threshold instead
of pulse modulation (amplitude or duration)*. First, we verified
that this mechanism can also be recruited with intraneural stim-
ulation via OpticSELINE. We delivered pulse trains (consisting
of of one, two, three or four pulses) at the highest repetition rate
(1kHz) allowed by our stimulation protocol (Fig. 8a). In this man-
ner, our results can be generalized to every lower repetition rate;
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Fig. 5 | Cortical activation maps. a, Schematic diagram (top view) of the rabbit visual cortex with an example of an activation map corresponding to IC1
projected onto the ECoG array. b, Example of the activation map (the colour code is the weight assigned to the IC), the percentage of variance accounted
for (PVAF) and the time courses of a representative meaningful component (IC 1). A time course is shown for each stimulating electrode (stim. el.) of the
OpticSELINE. The black lines are the mean of 10 repetitions and the grey shadings are the standard deviation. ¢, Number of ICs classified as artefact or

noise as a function of the current amplitude. At low currents (100 and 150 uA),

the artefact cannot be detected. Noise ICs decrease from 2 to 1 because

IC 4 is first detected as noise IC (100 and 150 uA) and later (>200 pA) detected as artefact IC. The dashed line shows the number of ICs obtained for

a current amplitude of 750 uA, the reference value used in e. d, Number of ICs classified as flat, common and meaningful as a function of the current
amplitude. The number of meaningful clusters is plotted in red. The dashed line shows the number of ICs and clusters obtained for a current amplitude of
750 pA, the reference value used in e. e, The 24 meaningful ICs are present in distinct regions of the visual cortex. The colour code is the weight assigned
to the IC. Representative example from N =1rabbit with a current amplitude of 750 pA. Experiment repeated on N=4 rabbits.

for example, as previously shown up to 300 Hz*. We also verified
that nerve fatigue due to repetitive stimulation with a pulse train is
not present (Supplementary Fig. 2b-d). By increasing the number
of pulses within the train (from 1 to 4) with equal current ampli-
tude, the mean (+s.e.m., N=4 rabbits) N1 threshold was reduced
to 35.83+6.59% (for four pulses) of the threshold obtained with a
single pulse (Fig. 8b). Similarly, cortical activation (for example, P1
PA) can be modulated in amplitude by increasing the number of
pulses instead of changing the current intensity (Fig. 8c). Notably,
by using the hybrid FEA model and NEURON simulation, we
estimated that the activated area from each electrode was not
affected (maximal variation of 4.3% for a current pulse of 15uA)
by increasing the number of pulses in the train while keeping
the amplitude constant (Fig. 8e); this is particularly evident for cur-
rent amplitudes below 10 uA. In a previous study, this phenomenon
was reported as a mechanism of temporal summation (Fig. 8d)
resulting from the repeated activation of the same few axons and
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not leading to the recruitment of more fibres. This strategy based on
frequency modulation can be applied to widen the input dynamic
range of the OpticSELINE. In addition, techniques such as current
steering and focusing might be used to further enhance the stimula-
tion selectivity*.

Discussion

Currently, research on visual prostheses is mostly focused on
the development of retinal prostheses, either subretinal, epireti-
nal or suprachoroidal'>'®!#%45-%¢_ Nevertheless, in addition to the
early pioneering works, some research groups are attempting the
stimulation of other regions of the visual pathway'?. Optic-nerve
prostheses aim to stimulate the axonal fibres from retinal ganglion
cells along their path towards the optic chiasm. Optic-nerve stimu-
lation was first reported in a set of studies on two blind patients
affected by retinitis pigmentosa®>*' and then in another study target-
ing the optic disc®.
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nerve. The colour code is the normalized IC peak-to-peak amplitude. The white contour corresponds to 90% of the maximal value of the distribution map.
Most of the meaningful ICs are segregated in a small portion of the optic nerve, localized around one or in some cases a few neighbouring electrodes.

b, Overlay of the 90% activation contours (red) of all the meaningful ICs. The black circle represents the optic nerve. The sketch of the OpticSELINE is in
black in both a and b. ¢, Dendrogram of the hierarchical clustering of the meaningful ICs, based on the average overlap between the 90% area of each of
their distribution maps at the level of the optic nerve. The threshold to determine the meaningful ICs that are part of the same cluster was set to a minimum
overlap of 50% (dashed line). Representative example from N =1 rabbit with a current amplitude of 750 uA. Experiment repeated on N=4 rabbits.

In the first set of studies, the two patients were implanted with
self-sizing spiral cuff epineural electrodes, which have the advantage
of being less invasive than intraneural arrays. However, one of the
main limitations of the self-sizing spiral cuff epineural electrode is
the induction of phosphenes that are widely distributed in the visual
field of the patient, probably because they mostly activate external
fibres with limited selectivity*’. Nevertheless, intraneural arrays
can also stimulate the central area of the nerve and provide higher
stimulation selectivity’’. In addition, intraneural arrays such as the
OpticSELINE are mechanically very stable™; therefore, they could
enable more reproducible and stable stimulation. For these reasons,
we selected an intraneural approach, confirming the high mechani-
cal stability provided by the lateral flaps and the high selectivity in
fibre recruitment, as demonstrated by the hybrid FEA model and
NEURON simulation.

188

In our experimental design, we chose to target the intracranial
segment of the optic nerve. Spiral cuff epineural electrodes were
previously implanted in both the intraorbital” and intracranial®
segment of the nerve. The comparison of the two clinical studies
showed that intraorbital stimulation induces smaller EEPs com-
pared with intracranial stimulation, whereas latencies are not signif-
icantly different; in other words, the perceptual threshold is higher
for intraorbital stimulation’. In addition, the intraorbital segment
of the optic nerve must accommodate eye movements; therefore,
an intraneural electrode may be subjected to high cyclic strain,
which could lead to subsequent failure. This issue is minimized
in the intracranial segment. A third drawback of the intraorbital
placement of an intraneural electrode is due to the presence of the
central retinal vein and artery entering the nerve at approximately
1 cm from the eyeball; an intraneural placement may risk damaging
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them. Therefore, for intraneural electrodes, the intracranial place-
ment seems more appropriate than intraorbital placement.

In a previous study with the self-sizing spiral cuff epineural elec-
trode®, the perception threshold of the patient was investigated as
a function of the stimulation intensity (pulse duration or ampli-
tude) and the stimulation frequency (number of pulses and repeti-
tion rate). A reduction of the perception threshold was observed
by increasing both parameters: a mechanism of spatial summation
(each single pulse recruits more fibres) was associated with the
intensity modulation, while a mechanism of temporal summation
(repeated activation of the same axons not resulting in the recruit-
ment of more fibres) was associated with the frequency modulation.
Although the first mechanism was expected, the second one was
more difficult to assess. We showed that intraneural optic-nerve
stimulation can be implemented even at a very high frequency (that
is, 1kHz), three times higher than has been previously reported®. As
expected, a reduction of the N1 activation threshold was observed

with multiple pulses, without inducing nerve fatigue upon repetitive
stimulation. In addition, using a hybrid FEA model and NEURON
simulation approach, we verified that the temporal summation does
not induce the recruitment of more nerve fibres.

Optic-nerve stimulation differs from retinal prostheses since
it selectively activates only axonal fibres instead of cell bodies and
other synaptically connected cells in the retinal network; thus, the
generated signal is not dependent on the complex and uncontrolled
synaptic processing within the retina®. Subretinal prostheses acti-
vate retinal ganglion cells preferentially through the inner nuclear
layer. Epiretinal prostheses activate retinal ganglion cells both
directly and indirectly via the inner nuclear layer. Short electric
pulses preferentially activate retinal ganglion cells directly, even if
the thresholds for direct and indirect activation are barely discrim-
inable for clinically used pulses (for example, 450 us in Argus II)**°".
For this reason, optic-nerve stimulation appears to be a good strategy
for neuromorphic prostheses or for the testing of neuromorphic
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Fig. 8 | High-frequency stimulation of the optic nerve. a, EEPs have been evoked via the implanted OpticSELINE (6 electrodes, top side) with biphasic
current pulses arranged in packages containing 1, 2, 3 or 4 pulses at 1kHz of repetition rate. b, Normalized mean (+s.e.m., N=4 rabbits) of the N1 current
threshold with stimuli composed of 1to 4 pulses (circles, squares, triangles and diamonds, respectively). The N1 current threshold was quantified based
on the N1 leading channel. For each rabbit, 10 consecutive recordings were averaged. The normalization was performed compared to the threshold on
one pulse. ¢, Normalized means (+s.e.m., N=4) of P1PAs for trains with 1, 2, 3 or 4 pulses (circles, squares, triangles and diamonds, respectively). The
normalization was performed compared to the amplitude on one pulse at 1,000 pA. For each rabbit, 10 consecutive recordings were averaged. PAs were
quantified for each stimulating electrode of the OpticSELINE from the averaged response of the 32 recording electrodes and the resulting values were
averaged among stimulating electrodes. d, Membrane potential of a simulated optic-nerve fibre upon stimulation with a train composed of 1, 2, 3 or 4
pulses. The current pulse is set to 25 uA. e, Change in the activated area as a function of the current amplitudes for trains with 1, 2, 3 or 4 pulses.

algorithms in animal models, in which the reproduction of the
natural code of retinal ganglion cells is needed with high temporal
fidelity*>*. Conversely, the downside of optic-nerve stimulation is
the inability to activate the inner retinal circuit, which might pro-
vide a more natural form of vision.

An important feature of OpticSELINE is the capability to induce
selective optic-nerve stimulation and generate spatially organized
cortical patterns. The first clinical trial with epineural electrodes
already demonstrated that optic-nerve stimulation induces spatially
organized phosphenes®. The C-Sight project demonstrated that in
rabbits the position of the cortical channel with the highest ampli-
tude can be spatially modulated by applying current-steering meth-
ods to the intraneural stimulation of the intraorbital segment of the
optic nerve’. We have found that with an intraneural array, it is pos-
sible to associate ‘meaningful’ cortical activation patterns obtained
by ICA with specific stimulating electrodes, suggesting that the
OpticSELINE induces activation of the visual cortex in a reproduc-
ible and spatially organized manner. This is possible because of the
selective activation of nerve fibres, which could open the possibility
to elicit behaviourally relevant visual activation patterns by optimiz-
ing the stimulation protocol.

190

Outlook. This work contributes to progress towards the imple-
mentation of optic-nerve stimulation to restore functional vision.
However, our results, obtained in an animal model, cannot be eas-
ily translated to restore vision in a blind patient. ECoG recordings
measure an integrated activation of the cortical surface, therefore
intrinsically lack the required spatial selectivity to prove that dif-
ferent electrodes of the OpticSELINE activate different regions of
the visual cortex. To overcome this problem, we implemented a
blind source separation approach, which has already been exploited
to overcome the intrinsic limitation of the recording method™; for
example, to determine different sources of activity in the electroen-
cephalographic signal. Further work is still required to find a direct
link between ICs and physiological steady measures such as dipolar-
ity. In addition, further evidence might be obtained with techniques
that enable higher specificity in cortical recordings in large animals,
such as fast three-dimensional functional imaging tools™~°.

Methods

Electrode microfabrication. OpticSELINE was developed using micro-
photolithography and thin-film techniques. A silicon wafer was used as a sacrificial
layer. After the cleaning of a silicon wafer (10 min acetone; deionized water rinse;
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10min isopropanol), two layers of polyimide PI2610 (HD MicroSystems) were
spun on the substrate (2,000 r.p.m. for 30s). Samples were hard baked in an oven
with nitrogen flux at 350°C for 1h. Liftoff layer and S1813 (Microposit) were spin-
coated on the wafer at 1,000 r.p.m. for 20s and 4,500 r.p.m. for 30s. The substrate
was exposed using a glass photomask at a dose of 180 mJ cm~2. The sample was
developed in MF319 for 30s and rinsed in deionized water. A layer of titanium
(20nm) and gold (250 nm) was sputtered on the substrate and a lift-off technique
was used to release the pattern of traces, active sites and pads (overnight immersion
in remover 1165). Two layers of PI2610 were spun on the substrate (2,000 r.p.m. for
30s) and hard baked in the oven with nitrogen flux at 350°C for 1 h. An aluminium
mask (200 nm) was deposited on the substrate by thermal evaporation. S1813 was
spun on the sample and exposed (glass photomask, 180 mJ cm~2) and the wafer was
developed in MF319 for 30s. S1813 was removed (2min in remover 1165) and dry
etching was used to etch the excess of polyimide (40 sccm of O, (sccm, standard
cm® per min); 150 W, 1h). The aluminium mask was etched away and electrodes
were peeled off from the wafer. The three-dimensional geometry was conferred

to the OpticSELINE by securing the device on a stainless-steel mould. The mould
has four holes in correspondence with the four flaps; a needle was used to secure
each flap inside the hole. Alignment holes were included on the mould to ease the
placement of the device. A thermal treatment (1h, 200°C) was used to memorize
the curved shape of the flaps. The devices were connected to the polyimide-based
extension cable: a silver conductive glue was used to connect the corresponding
pads of the two elements (Ablestik-Henkel; 1 h at 130°C). Then, the flexible
extension cable was connected to a printed circuit board by silver conductive glue.
A surgical needle with a looped wire (Ethicon) was inserted through the device.
Flexible wires were soldered to the printed circuit board and a linear Omnetics
connector was attached. Two-component biocompatible silicone (Silbione-Bluestar
Silicones) was applied to all the soldering.

Electrochemical characterization. Cyclic voltammetry was performed using a
three-electrode setup immersed in phosphate-buffered saline (PBS) solution and
applying a ten-cycle potential ramp at a scan rate of 1.5V s™! between —0.5V and
+0.5 V. Impedance measurements were performed using a three-electrode setup
immersed in PBS solution and applying a sinusoid of 10mV between 100 Hz and
100kHz. The accelerated ageing test was performed for 6 d at a temperature of
87°C with an accelerating factor of 32. OpticSELINE arrays were in glass beakers
filled with PBS and the beakers were sealed and stored in an oven.

Mechanical tests. Both experiments were performed using the same setup,
comprising a press to secure the nerve, a 10N load cell and an explanted rabbit
optic nerve. During insertion experiments, the nerve was first pierced by the
needle and then the electrode was pulled at a constant speed of 15mmmin~ to
insert the device inside the nerve. During extraction experiments, the device was
first implanted inside the nerve, and then the electrode was pulled at a constant
speed of 15mmmin~" to completely extract the device from the nerve. In both
cases, insertion and extraction forces were measured by a load cell.

Animal handling and surgery. Animal experiments were performed under the
authorization GE1416 approved by the Département de 'Emploi, des Affaires
Sociales et de la Santé, Direction Générale de la Santé of the Republique et

Canton de Geneéve (Switzerland). Female New Zealand white rabbits (>16 weeks,
>2.5kg) were sedated with an intramuscular injection of xylazine (5 mgkg™).
Anaesthesia and analgesia were provided with an intramuscular injection of an
anaesthetic mix composed of medetomidine (0.5 mgkg™), ketamine (25 mgkg™)
and buprenorphine (0.03 mgkg™). If required, anaesthesia was prolonged with
further injections (half dose) of the anaesthetic mix. Eye drops were placed on the
eye to prevent eye drying. The rabbit was placed on a heating pad at 35°C for the
entire procedure. Oxygen was provided with a mask to prevent hypoxia during
the anaesthesia. The head was shaved and cleaned with 70% ethanol and betadine.
The rabbit’s head was then secured gently within a stereotactic frame (David

Kopf Instruments). Before cortical skin incision, a mix of lidocaine (6 mgkg™),
bupivacaine (2.5 mgkg™) and adrenaline (0.1 mgkg') was injected subcutaneously
at the surgical sites. After 5min, the skin was opened and pulled aside to expose
the skull and the skull was cleaned with cotton swabs. A temporal craniotomy was
made to access the left optic nerve. The OpticSELINE was inserted in the left optic
nerve from lateral to medial in the pre-chiasmatic area. The surgical implantation
was performed by piercing the nerve with a needle (prolene 10-0 EH7900G,
Ethicon) and by guiding the OpticSELINE transversally into the nerve with the
suture until the electrode enlargement (used as a stopper). At this stage, the four
alignment bars were visible on the other side of the nerve; the OpticSELINE was
then slightly pulled back until only three alignment bars were visible to anchor

it into the nerve. Then, a second craniotomy was made to expose the right visual
cortex. A 32-channel epidural ECoG array (E32-1000-30-200; NeuroNexus) was
placed on the visual cortex. All rabbits were euthanized at the end of the acute
recording procedures while still under anaesthesia, with an intravenous injection of
pentobarbital (120 mgkg™).

Optic-nerve anatomy. To determine the average nerve diameter, optic nerves
(n=10) were explanted from five female New Zealand white rabbits (>16 weeks,

>2.5kg), immediately embedded in the optimum cutting temperature compound
(Tissue-Tek, Qiagen) and frozen at —20°C. 10 um sections were obtained with a
cryostat (Leica Microsystems) and mounted on glass slides. Images were taken
with a slide scanner (VS120-L100, Olympus). For each nerve, three sections were
collected and an average diameter was computed.

To determine the distribution of the fibre diameters, one female New Zealand
white rabbit was perfused under anaesthesia with a mix of 2.5% glutaraldehyde
and 2.0% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The descending
aorta was clamped to deliver the solution exclusively to the brain. After perfusion,
the brain was left to rest for 2h and then dissected. Both optic nerves, including
the chiasm, were dissected from the skull and placed in the same fixation solution
overnight at 4°C. The tissue was then sliced transversally using a vibratome
(VT1200, Leica) at a thickness of 100 um. Slices at different positions were then
washed with cacodylate buffer (0.1 M, pH 7.4), post-fixed for 40 min in 1.0%
osmium tetroxide with 1.5% potassium ferrocyanide, and then for 40 min in 1.0%
osmium tetroxide alone. They were finally stained for 30 min in 1% uranyl acetate
in water before being dehydrated through increasing concentrations of ethanol and
finally embedded in resin (Durcupan ACM, Fluka). The resin was hardened for
24hin an oven at 65 °C. The different regions were sectioned with a diamond knife
at a thickness of 0.5 um, collected onto a glass microscope slide and stained with
toluidine blue. The entire tissue section was imaged at a resolution of 92.3 nm per
pixel with a transmitted-light microscope (Olympus Slide Scanner VS120-L100).
The axon segmentation was performed using a customized MATLAB (MathWorks,
v.R2018a) script. An image of a central section of the optic nerve was divided
into 64 (8 8) squares, for each of which the areas of all the objects identified as
axons were collected. The internal diameter of each axon was calculated assuming
circularity. A histogram of the axon diameter distribution for each quadrant was
created by dividing the whole range of diameters (0-3,000 nm) into bins of 50 nm
width and by computing the total axon count for each bin. To normalize the height
of the bars, the relative probability for each bin was computed by dividing the
count of the bin by the total number of axons in the square. The median diameter
of each square was used for the statistical analysis. The squares that did not contain
any axons were excluded from the analysis. The axon density for each square was
obtained by dividing the total number of axons by the area occupied by the axons
in that square.

Electrophysiology. For optic-nerve stimulation, the OpticSELINE was attached

to a current stimulator (IZ2MH; Tucker-Davis Technologies), whereas for cortical
recordings, the ECoG array (E32-1000-30-200; NeuroNexus) was connected to an
amplifier (PZ5; Tucker-Davis Technologies) via a 32-channel analogue head stage
(ZIF-Clip Analog Headstage; Tucker-Davis Technologies). Optic-nerve stimulation
was performed with 13 pulse amplitudes (10, 25, 50, 75, 100, 150, 200, 250, 500,
750, 1,000, 1,500 and 2,000 A) and 5 pulse durations (50, 100, 150, 200 and

400 ps) delivered in a scrambled manner. Data were filtered between 0.5 Hz and
2kHz and digitized at 12kHz. Epochs (from -100 to 750 ms) synchronous to the
onset of the stimulation were then extracted from the data stream and data analysis
was performed with MATLAB.

Blind source separation. For each recording electrode and each stimulation
intensity, epochs were concatenated and processed with an AMICA®’ core and
GPU-processed infomax reliable ICA (RELICA) algorithm™. Dimensionality
reduction on the data as a pre-processing step to ICA was not performed™.
RELICA allowed us to test the repeatability of ICs appearing in decompositions
of bootstrapped versions of the input data and to retain only stable ICs for
further analysis. Given the multivariate dataset from the 32 recording electrodes
X (electrode, time), ICA extracts an unmixing matrix W (32 x 32) such that the
IC time courses S= WX are maximally independent. Rows of W represent the
weights applied to each electrode to obtain the corresponding ICs S. The i column
of the mixing matrix A (pseudoinverse of W) represents the weight of the i IC
on each recording electrode and can be represented as an activation map. Each
activation map was obtained by projecting the weights of the unmixing matrix
A onto the layout of the ECoG array, then by spatially interpolating them with

a spline function, and finally by normalizing the maps to the maximal absolute
value present in the interpolated map. IC grand-average time courses, obtained
by performing the average over trials for each stimulation intensity, formed the
IC-EEPs. The PVAF by each IC on each electrode was computed and represented
as a PVAF activation map. ICs were categorized into several classes: flat, common,
artefact, noise and meaningful (Supplementary Fig. 6a). First, low-frequency
components of the signal were removed using a zero-phase high-pass filter with
a 5Hz cut-off frequency. Then, artefact ICs, exhibiting a large activation within
the first 5ms from the stimulus onset, were identified by visual inspection and
removed. To verify that the artefact ICs were correctly identified, all the other
ICs were back-projected. The initial portion of the back-projected signal (0

to 5ms) was indeed exclusively affected by the manual removal of the artefact
ICs when compared to the original signal (Supplementary Fig. 10). Following
the identification of the artefact, the noise ICs were identified by computing

the frequency plot of the signal; the ICs exhibiting unusual peaks in the 250 to
500 Hz frequency range were labelled noise (Supplementary Fig. 6b). Among the
remaining ICs (Supplementary Fig. 6¢), the ones with a peak-to-peak variation

NATURE BIOMEDICAL ENGINEERING | VOL 4 | FEBRUARY 2020 | 181-194 | www.nature.com/natbiomedeng 191


http://www.nature.com/natbiomedeng

ARTICLES

NATURE BIOMEDICAL ENGINEERING

(A) in the time course (time frame from 5 to 25 ms after the stimulus) smaller
than three times the standard deviation of the time course (o) were labelled as flat
(4/6 < 3). To separate meaningful ICs from common ICs, a similarity index was
used: that is, the correlation between the time courses of the different stimulating
electrodes. ICs were classified as common (that is, with visible meaningful
activation but with similar time courses for all the stimulating electrodes) when
exhibiting a mean similarity index larger than 0.5. The distribution maps in the
optic nerve were obtained by interpolating the contribution of every stimulating
electrode to each IC with a spline function. The contour of the optic nerve was

set to zero. Meaningful ICs were further classified into meaningful clusters by
grouping together the ICs that were associated with similar portions of the optic
nerve. We defined a similarity index consisting of the average area overlap between
the 90% area of the distribution maps at the level of the optic nerve of each pair

of meaningful ICs. A perfect overlap between the 90% area is a score of one and
no overlap is a score of zero. On the basis of this similarity, we used the complete-
linkage clustering method to build a clustering tree of the meaningful ICs. ICs that
had at least 50% overlap were clustered.

Hybrid FEA model and NEURON simulation. A realistic electrical and structural
model was built by combining a three-dimensional FEA model in COMSOL
Multiphysics (v.5.2.262) to determine the electrical potential distribution inside
the optic nerve with a biophysical-cable model of the optic-nerve axons simulated
in the NEURON environment (v.7.4). The FEA model was built using COMSOLs
stationary-current study with the AC/DC module. The optic-nerve model consists
of a central cylinder surrounded by the meningeal layers, modelled as concentric
cylinders. In particular, the pia mater was approximated by a contact impedance
due to its very small thickness, and the cerebrospinal fluid was placed between the
pia mater and the dura mater. The optic nerve is surrounded by a volume of saline
solution. The OpticSELINE is inserted transversely through the centre of the optic-
nerve domain so that each of the four central electrodes, modelled as boundary
current sources of 0.008 mm?, is equidistant from the centre of the optic-nerve
domain. Finally, a large return electrode is modelled in saline medium. Except for
the optic-nerve domain, which has a larger electrical conductivity along its axis, all
the other domains have isotropic conductivity. The size (in um) and conductivity
(in Sm™') of the different domains are as follows. For the optic nerve, the radius

is 750, the longitudinal electrical conductivity is 0.5 and the transversal electrical
conductivity is 0.08 (ref. °°). For the pia mater, the thickness is 10 and the electrical
conductivity is 0.016 (ref. °°). For the dura mater, the thickness is 300 and the
electrical conductivity is 0.06 (ref. °'). For the cerebrospinal fluid, the thickness

is 100 and the electrical conductivity is 1.7 (ref. ©*). For the saline, the electrical
conductivity is 1.7 (ref. ©%).

A monophasic unitary current pulse was injected through one of the electrodes
while the current in the others was set to zero. Quasi-static approximation of
Maxwell equations is valid at the frequency range of the experiment®. Therefore,
the extracellular electrical potential V, resulting from the injection of the current
can be computed with the Laplace formulation: equation (1)**

V.6VV.=0 1)

Resulting in equation (2), with the Dirichlet boundary conditions set to zero at
the external part of the box:

Ve(822) =0 (2)

where 802 represents the basis of the cylinders and the outer surface of the
saline box.

The size of the saline box and the mesh size were optimized to respect the
hypothesis of ground condition at infinity. We tested models with different
combinations of length and radius of the saline box, all of which had a mesh
composed of tetradic second-order elements. To achieve better accuracy, the mesh
close to the electrode, where the steeper change in the electrical potential occurs,
was made finer by making two concentric spheres of smaller mesh size around the
electrode. According to frequently used indexes in FEA®, we optimized the size of
the saline box as 4.5mm in diameter and a total length of 5mm.

The axon-fibre models were implemented in NEURON as McNeal’s cable
model; only the nodes of Ranvier are active segments, while the myelinated
segments are approximated by a perfect insulator. The geometric parameters
used to build each axon model were obtained from a previous work*. Each axon
model is a modified Hodgkin-Huxley model®, with each of its nodes of Ranvier
containing five types of currents: fast sodium current, fast potassium current,
persistent sodium current, slow potassium current and leak current. The electrical
properties of the axon were obtained from a previous work”. The axon models
allow determination of whether a set of extracellular-potential values (obtained
from the interpolation of the potential distribution from the FEA model at the
locations of their nodes of Ranvier) can generate an action potential. An axon is
defined as activated if an action potential travels to both of its ends. For an axon
of a given diameter and shift (the relative distance separating its central node
of Ranvier from the centre of the stimulating electrode), its probability of being
activated by the stimulation is binary: either 0 or 1. To determine the probability
of a certain pair of coordinates in the optic-nerve cross-section containing an

axon activated by a given electrical stimulation, the probabilities of all possible
axons passing were computed. We tested a total of 60 combinations of diameters
and shifts: 12 diameters ranging from 0.25 to 3 pm and 6 shifts (ranging from 0
if the electrode is aligned with the central node of Ranvier to 0.5 if the electrode
aligned with the centre of the myelinated segment, with an interval of 0.1). Each
of these 60 probabilities was weighted by a factor that consists of the frequency of
occurrence of the diameter it corresponds to, multiplied by the squared diameter
of the axons. Once weighted, these probabilities were summed to give the final
combined probability of activation. We sampled the probability of activation at
every 40 pm X 40 pm pair of coordinates over the entire cross-section of the optic
nerve and re-sampled it more finely at the locations where an important change
in the probability of activation was present. These probabilities of activation were
linearly interpolated to give the final probability maps with a resolution of 1 pm.

Statistical analysis and graphical representation. Statistical analysis and graphical
representation were performed with Prism (GraphPad Software, v.8.1.2). The
normality test (D’Agostino and Pearson omnibus-normality test) was performed

in each dataset to justify the use of a parametric or non-parametric test. In

each figure, P-values are represented as *P < 0.05, **P <0.01, ***P<0.001 and
**#*#*P <0.0001. Data are reported as the mean +s.e.m. or mean +s.d.; # is used to
identify the number of electrodes, trials or nerves; N is used to identify the number
of rabbits.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The authors declare that all data supporting the results in this study are available
within the paper and its Supplementary Information. The raw and analysed
datasets generated during the study are available for research purposes from the
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