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Focused ultrasound is a promising noninvasive technology for neural stimulation. Here we use the isolated salamander retina to char-
acterize the effect of ultrasound on an intact neural circuit and compared these effects with those of visual stimulation of the same retinal
ganglion cells. Ultrasound stimuli at an acoustic frequency of 43 MHz and a focal spot diameter of 90 �m delivered from a piezoelectric
transducer evoked stable responses with a temporal precision equal to strong visual responses but with shorter latency. By presenting
ultrasound and visual stimulation together, we found that ultrasonic stimulation rapidly modulated visual sensitivity but did not change
visual temporal filtering. By combining pharmacology with ultrasound stimulation, we found that ultrasound did not directly activate
retinal ganglion cells but did in part activate interneurons beyond photoreceptors. These results suggest that, under conditions of strong
localized stimulation, timing variability is largely influenced by cells beyond photoreceptors. We conclude that ultrasonic stimulation is
an effective and spatiotemporally precise method to activate the retina. Because the retina is the most accessible part of the CNS in vivo,
ultrasonic stimulation may have diagnostic potential to probe remaining retinal function in cases of photoreceptor degeneration, and
therapeutic potential for use in a retinal prosthesis. In addition, because of its noninvasive properties and spatiotemporal resolution,
ultrasound neurostimulation promises to be a useful tool to understand dynamic activity in pharmacologically defined neural pathways
in the retina.

Introduction
Noninvasive neurostimulation with near-cellular spatial resolu-
tion has applications for both basic understanding of neural cir-
cuits and in the clinic for diagnosis or therapy. Currently,
electrical stimulation is either invasive or, when used noninva-
sively, has poor spatial resolution (Histed et al., 2012). Magnetic
stimulation has poor spatial resolution (Rossini and Rossi, 2007),
and optical stimulation is often invasive (Kalanithi and Hender-
son, 2012).

Focused ultrasound (US) is a recently explored noninvasive
method for neurostimulation (Tyler et al., 2008). It can achieve
high spatial resolution either by using high frequencies or by
having multiple transducers focused on the same spot (Clement
et al., 2005). For brain stimulation, in which US must go through
bone, lower frequencies (�1 MHz) are preferred. However, be-
cause the retina is an exposed part of the CNS, the potential exists
to use higher frequencies, yielding higher spatial resolution.

To characterize a new approach to neurostimulation, we ad-
dress several questions:

How does the artificial stimulus convey spatiotemporal infor-
mation compared with the circuit’s natural input? Beyond a sim-
ple description of the spatiotemporal range of stimulation, both
basic and clinical applications benefit greatly from a quantitative
comparison of the neural code for artificial and natural stimuli.

How does the artificial stimulus modulate the response to the
circuit’s natural input? For basic understanding of neural circuit
function, this often overlooked property of neural stimulation is
important because the direct and modulatory effects of stimula-
tion may be different. For example, a stimulus might briefly cause
activity but cause a prolonged drop in sensitivity to the circuit’s
natural input. Failure to understand both effects may lead to a
conclusion that a given region normally produces a certain be-
havioral effect, when indeed the circuit suppresses that effect.

What parts of the circuit are activated? Currently, the mecha-
nism of biological transduction of ultrasonic stimulation is un-
known, although it may involve a nonspecific effect on the
membrane, or specific effects on mechanosensitive ion channels
or synaptic release machinery (Krasovitski et al., 2011; Tyler,
2011). Furthermore, it is unknown whether these effects are de-
livered equally to all neurons or specifically to certain cell types.

Here we characterize the effects of low-power, high-frequency
focused US on the isolated salamander retina by using a multi-
electrode array to compare the responses of ganglion cells to US,
and to light, the natural stimulus. We find that ultrasonic stimu-
lation conveys a time-varying signal to the retina with a temporal
precision similar to that of visual input, and a spatial precision of
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�100 �m, which includes the lateral spread of retinal circuitry.
We further find that ultrasonic stimulation rapidly and locally
modulates spatiotemporal visual sensitivity. By combining US
with pharmacology, we find that US activates interneurons but
not ganglion cells directly, implying a selective effect on either
certain types of ion channels or synapses. We conclude that US
holds promise as a tool to stimulate and modulate ongoing neural
activity in the retina for the study of circuit function, and may
have potential for use in a noninvasive retinal prosthesis.

Materials and Methods
Electrophysiology
Multielectrode recordings were performed as previously described (Bac-
cus and Meister, 2002). The isolated retina of a tiger salamander of either
gender was adhered by surface tension to a dialysis membrane (�100 �m
thick) attached to a plastic holder. It was then placed on a motorized
manipulator and lowered onto a 60-electrode array (ThinMEA, Multi-
channel Systems) ganglion cell side down. We used a low-density array
(8 � 8 grid, 100 �m spacing) with uniform field and checkerboard visual
stimuli, and a high-density array (two 5 � 6 grids with 30 �m electrode
spacing, the grids separated by 500 �m) when using a 100 �m spot visual
stimulus centered over one grid.

US stimulus characteristics
The US transducer was a custom-made, focused delay line transducer
with a Lithium Niobate active element and a fused quartz focusing lens,

and was operated at the designed center acoustic frequency of 43 MHz.
This transducer was originally designed for acoustic bio-microscopy ap-
plications (Liang et al., 1983; Chou et al., 1988). The acoustic frequency
was chosen to yield a focal spot smaller than the receptive field center of
a ganglion cell but was not varied for this initial study. It was mounted on
a micromanipulator (model MPC-385–2, Sutter Instruments) and im-
mersed in the perfusion fluid above the retina (Fig. 1b). US propagated
from the transducer, through the water bath, dialysis membrane, retina,
and reflected off the multielectrode array. Some energy was also reflected
off the dialysis membrane and retina interfaces, and this could be used in
US imaging mode to determine the proper depth of the transducer for
retinal stimulation. A function generator (model 8116A, Hewlett-
Packard) was used to produce the 43 MHz carrier, which was gated on
and off by the analog output from a National Instruments data acquisi-
tion board and then passed through a 50 dB RF power amplifier (model
320 L, Electronic Navigation Industries) to stimulate the custom trans-
ducer. The focal length of the transducer was 4.3 mm, with a lateral
resolution estimated to be �90 �m, and a focal zone that spans the retina
in-depth (see Fig. 1a for a simulation of the spatial power distribution). It
is difficult to measure the power output of a 43 MHz transducer because
typical hydrophones are not calibrated for that frequency and do not
have sufficient spatial resolution. Therefore, we measured the insertion
loss from 20 to 50 MHz. Power was measured at 20 MHz using a laser
interferometer (model OFV-511, Polytec), and we calculated the ex-
pected power density at 43 MHz using the insertion loss curve. The
calculated time-averaged acoustic power was 10 –30 W/cm 2 for 50%

Figure 1. Experimental setup for US and visual stimulation of the retina. a, Simulation of the spatial power distribution from the custom US transducer in the axial (Top, �3 dB width in z � 1330
�m) and lateral planes (Bottom, �3 dB width � 87 �m). Color scale in dB. b, Schematic diagram of the US transducer mounted above the retina and immersed in perfusion fluid while visual
stimulation was delivered from below. Right, Expanded view of microscope objective, US transducer, and the retina, which was placed ganglion side down on a multielectrode array. Drawing is not
to scale. c, Diagram of US stimulus showing a binary temporal modulation of a 43 MHz carrier. The low-frequency modulation was in the range of frequencies used for visual stimuli.
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duty cycle stimulus (e.g., 1 s On, 1 s Off) for
most experiments (exceptions noted).

The 43 MHz carrier was modulated at low
frequencies (0.5–15 Hz) to match the temporal
pattern used for visual stimulation (Fig. 1c).
For most experiments, this consisted of 1 s of
stimulus On and 1 s of stimulus Off, repeated
for many cycles, for a total duration of 1–5 min.
In some experiments, the On and Off times
were varied randomly to make a binary noise
stimulus sampled at 30 Hz to match the tem-
poral structure of visual stimuli presented from
a video monitor.

Calibration of US transducer
orientation and location
To position the US transducer, the reflected
signal from the MEA was detected by the trans-
ducer in imaging mode. To adjust the tilt angle
so that it was orthogonal to the MEA and to
position the focal point at the depth of the ret-
ina, the reflected signal was maximized. To cal-
ibrate the lateral position of the US transducer
relative to the MEA, a small pinhole (�200
�m) in a piece of aluminum foil was positioned
over the center of the array, as confirmed by a
CCD camera image. Next, the reflected signal
from the edge of the hole was used to deter-
mine the lateral boundaries of the pinhole
edge. Then the transducer was moved later-
ally so that the focus was centered over the
hole. For the low-density array, the calibrated
transducer position was in the center of the
array. For the high-density array, the trans-
ducer was positioned in the center of one of the
two groups of electrodes.

Visual stimuli
In early experiments, visual stimuli were uni-
form field flashes from a red LED. To generate
spatial stimuli, later experiments used a DLP
projector (model 2300MP, DELL) focused on
the retina from below. The output of the pro-
jector was attenuated by neutral density filters
and adjusted so that the photopic mean inten-
sity was �10 mW/m 2. Visual stimuli had the
same temporal pattern (1 s On, 1 s Off, or bi-
nary random noise) as used for US stimulation
to facilitate a direct comparison. To measure spatiotemporal visual sen-
sitivity in the presence or absence of US stimuli, we used a spatial check-
erboard with random, binary modulation of 100 �m squares.

Receptive fields
Spatial receptive fields and temporal filters were calculated by the stan-
dard method of reverse correlation with the spatial checkerboard visual
stimulus consisting of binary squares (Chichilnisky, 2001), such that:

F� x,y,�� � �
0

T

s� x,y,t � ��r�t�dt, (1)

where F(x, y, �) is the linear response filter at position (x,y) and delay �, s (x,
y, t) is the stimulus intensity at position (x, y) and time t, normalized to zero
mean, r(t) is the firing rate of a cell, and T is the duration of the recording.
The filter F(x, y, �) was computed by correlating the visual stimulus to spike
times for ganglion cells. A temporal filter was computed as the spatial average

of F(). For the US and visual spot binary modulation, F(x, y, �) becomes F(�)
and s (x, y, t) becomes s(t) as there is no spatial dimension.

When computing linear–nonlinear (LN) models, the filters were nor-
malized in amplitude such that the SD of the filter input and output was
equal (Baccus and Meister, 2002). This placed total sensitivity in the
averaged slope of the nonlinearity.

Results
Effective modulation frequencies of US stimuli
US stimuli (43 MHz) repeated at a stimulus frequency of 0.5 Hz
generated reproducible activity in retinal ganglion cells (Fig. 2).
Normal visual responses occur in a frequency range of �0 –15
Hz. Previous results in hippocampal slices at an acoustic fre-
quency of �0.5 MHz suggest that modulating the US carrier in
the kilohertz range increased the efficiency of US neurostimula-
tion (Tufail et al., 2010). One might hypothesize that some reso-
nant frequency or ideal pulse length optimally stimulates cells.
Therefore, in addition to the repetition at physiological frequen-
cies (e.g., 0.5 Hz), we tested whether a further higher frequency
modulation between 0 and 1 MHz affected neural activity (Fig.

Figure 2. High-frequency modulation of the carrier is no more effective than continuous wave stimulation. a, The 43 MHz
carrier was modulated at frequencies from 10 Hz to 1 MHz (50% duty cycle), and then modulated again at 0.5 Hz (1 s On, 1 s Off).
Other experiments varied the modulation frequency by a factor of 10 spaced at 5 Hz to 500 kHz with similar results (data not
shown). b, Raster plots and peristimulus time histogram (PSTH) from two cells. y-axis is the log10 of modulation frequency, where
0 is the continuous wave. The time-averaged power was the same for all conditions (30 W/cm 2). For the DC case, there was no
additional modulation of the 43 MHz carrier other than 0.5 Hz, and the amplitude was reduced so that the average power was the
same for all conditions. Responses at 10 Hz arise from modulation in the range of physiological stimuli. c, Population summary
(n � 6) of mean firing rate versus modulation frequency. Both On and Off responses were averaged to compute the mean firing
rate and then normalized by each cell’s maximum mean firing rate.
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2a). Within each 1 s stimulus pulse, the duty cycle (50%) and thus
the average power was kept constant, and high-frequency pulse
duration varied inversely with modulation frequency. We found
that neither modulation frequency nor pulse duration had any
effect on responses when average power was held constant (Fig.
2b,c). Only stimulus frequencies within the physiological range
(�15 Hz) affected neural activity. Other experiments changing

the duty cycle (data not shown) suggested
that only average power is important, nei-
ther a high-frequency modulation nor
pulse duration matters with a 1 s total
duration.

Therefore, in subsequent experiments,
we eliminated the high-frequency modu-
lation. A continuous waveform is advan-
tageous because it has the lowest peak
power for a given average power, reducing
any possible negative effects on a cell that
depend on the peak stimulus power. Fur-
thermore, the absence of a modulation
frequency or pulse duration provides in-
formation about the biophysical mecha-
nism transducing the US stimulus. For
ultrasonic stimuli at 43 MHz, the primary
mechanisms for US transduction in the
retina do not appear to have any reso-
nance or frequency preference in the
range of 15 Hz to 1 MHz.

Effect of US power
We then sought a minimum power level
that generated a robust, reproducible re-
sponse similar to a visual response. A stim-
ulus frequency of 0.5 Hz was used, and
average power was varied between 0.03 and
30 W/cm2 (Fig. 3a). Generally, firing rate
increased with power until the response sat-
urated. Responses reached a maximum, on
average at 10–30 W/cm2 (Fig. 3b). There-
fore, we chose a power level in this range for
most experiments. At 30 W/cm2, we mea-
sured steady heating with a thermocouple at
�0.5°C. Latency varied greatly with power
for some cells, with lower power producing
longer latencies (Fig. 3c).

Comparing visual responses to US
responses (simple periodic stimuli)
The responses of individual ganglion cells
to an US stimulus (43 MHz) modulated at
0.5 Hz were strong and reproducible,
much like visual responses to a 0.5 Hz
flashing 100 �m spot that illuminated the
same area as the US stimulus (Fig. 4a). For
some cells, the firing rate and duration of
the responses were similar, except that la-
tency of the US response was shorter than
visual latencies (Fig. 4a, middle and
right). For other cells, US stimuli gener-
ated both ON and OFF responses,
whereas visual stimuli generated only OFF
responses (Fig. 4a, left).

We found that US stimulation pro-
duced precisely timed spikes across multiple repetitions (Fig. 4b).
Transient bursts of action potentials occurred both at the onset
and offset of the US pulse. For cells that responded to both visual
and US stimulation, the latency of the US response was on aver-
age considerably shorter than the visual response (Fig. 4c, left,
visual On, 139 � 3.3 ms, US On, 98 ms � 4.5 ms, two-tailed
paired t test, p � 6.5 � 10�6, n � 14; visual Off, 111 � 3.8 ms, US

Figure 3. Dependence of response on US power density. a, Top, Raster plots of a single cell at increasing US power levels.
Bottom, Superimposed PSTHs (10 ms bins). b, Top, Peak firing rates for On and Off responses for one cell versus power density (solid
lines) along with sigmoid fits (dotted lines). Middle, Population summary, On (n � 29) and Off (n � 32) responses shown
separately. The peak firing rate of each cell was normalized to its maximum rate. Error bars indicate SEM. Bottom, For cells that
were fit well by sigmoid, a threshold was defined at 5% of the minimum–maximum range. A histogram of those thresholds is
shown (On median � 754 mW/cm 2, Off median � 250 mW/cm 2, Wilcoxon-Mann-Whitney two-sample rank test: p � 0.0033,
one-tailed). c, Top, Latencies to first spike for the example cell in a. Bottom, Population summary of average latencies. Error bars
indicate SEM.

Menz et al. • Retinal Neurostimulation Using Focused Ultrasound J. Neurosci., March 6, 2013 • 33(10):4550 – 4560 • 4553



Off 49 � 2.8 ms, two-tailed paired t test,
p � 5.9 � 10�8, n � 19). It is likely that
this latency difference arises because the
US stimulus acts later in the circuit, at the
very least bypassing the phototransduc-
tion cascade. For visual responses, laten-
cies were longer for On than for Off
responses, arising because On and Off sig-
nals are conveyed by different neural
pathways containing On and Off bipolar
cells, respectively. Similarly, US responses
had a longer latency for On than Off re-
sponses, suggesting that two types of US
responses also traveled through different
neural pathways (Fig. 4c, middle).

The temporal precision of neural re-
sponses was similar across the population
between US and visual stimuli (Fig. 4c,
right) and in some cases was smaller than 1
ms, as has been reported for visual stimuli
(Fig. 4b) (Berry et al., 1997) Thus, even
though the latency was significantly shorter,
the jitter was not significantly different (Fig.
4c, right, median � 0.88, paired t test, p �
0.904). This suggests that, under these visual
stimulus conditions, the variability in la-
tency is not substantially influenced by the
phototransduction cascade, but by later cir-
cuit elements.

To measure the relative strength of On
and Off responses, we analyzed the fre-
quency response of cells to the US stimulus
presented at 0.5 Hz. We compared the re-
sponse at the fundamental (F1 � 0.5 Hz)
frequency and at the second harmonic
(F2 � 1 Hz). Cells that only respond to on-
set or offset will have a strong F1 compo-
nent, whereas cells that respond equally
strongly to both onset and offset will have a
strong F2 but weak fundamental response.
In 48% of cells, the ratio of the fundamental
to the second harmonic was much less for
US than for visual stimuli (Fig. 4d). This dif-
ference between US and visual responses
suggested that US signals travel to some ex-
tent through different neural pathways than
visual stimuli, therefore indicating that US
stimuli in part activate cells other than pho-
toreceptors. Further experiments and anal-
yses to address this issue are presented
below.

US mapping of receptive fields
We then measured the response to US stimuli as a function of dis-
tance from the ganglion cell. Retinal ganglion cells have a spatially
antagonistic receptive field, with a surrounding area that responds to
light with the opposite sign as the receptive field center. To measure
whether this spatial antagonism was present in US responses, the
transducer was moved in relatively large steps (350 �m), as the re-
ceptive field surround can extend to 1 mm radius. In the example
shown in Figure 5a, the cell responded mostly to US Off when the
stimulus was placed over the receptive field center (Fig. 5a, right and
bottom, x � 0), but responded to US On only when the stimulus was

moved 700 �m away (Fig. 5a, left and bottom, x � �0.7 mm). As is
the case with visual stimuli, the antagonistic surround spanned a
larger region than the receptive field center (Fig. 5b). This effect
indicates processing within the retinal network, implying that US
stimuli in part stimulated cells other than ganglion cells directly.

The neural code of US neurostimulation
Ganglion cell visual responses can be approximated by a model
containing a linear temporal filter followed by a static nonlinear-
ity (Baccus and Meister, 2002). In this LN model, the temporal
filter represents the average change in firing rate in response to a

Figure 4. Precise, reproducible activation of the retina from US stimulation. a, Raster plots (30 trials) and PSTHs of three cells for
both visual and US stimuli, 0.5 Hz, showing Off type (left), On-Off type (middle), and On type (right) ganglion cells. b, Ganglion cell
recorded with a multielectrode array responding to a 0.5 Hz US stimulus. Top, Stimulus trace showing amplitude of US stimulus.
Middle, Raster plot of spiking activity from repeated trials for a ganglion cell. Bottom, Expanded trace beginning at the offset of the
US pulse. Periodic neural activity is consistent with refractoriness. c, Left, Comparison of US and visual latencies to first spike for cells
in which the peak of the PSTH exceeds 25 Hz (On, correlation coefficient r � 0.34, p � 0.12; Off, r � 0.2, p � 0.2). Middle,
Comparison of On and Off latencies for visual responses (r � 0.58, p � 0.0024) and for US responses (r � 0.75, p � 0.01). Right,
Jitter was computed for each cell for US and visual responses as the SDs of the first spike latencies. Shown is a histogram of the ratio
of US jitter to visual jitter for each cell (median � 0.88, paired t test p � 0.904). d, Ratio of power at the fundamental frequency
(F1, 0.5 Hz) to power at the second harmonic (F2, 1.0 Hz) for US and visual stimuli (r � 0.006, p � 0.49).
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brief pulse of light, and the nonlinearity is a time-independent
function that captures the sensitivity, threshold, and any satura-
tion in the response. To compute LN models, the US stimulus
was modulated in time with binary noise. This was compared
with a visual LN model computed by modulating a 100 �m spot
visual stimulus with the same binary noise. The linear filter was
calculated by the standard method of reverse correlation as the
time-reverse of the average stimulus preceding a spike. After con-
volving the stimulus through this filter, a static nonlinearity was
computed as the average instantaneous relationship between the
filter output and firing rate (Fig. 6a). The filters were normalized
in amplitude so that the total sensitivity was represented in the
average slope of the nonlinearity.

US filters (Fig. 6a, left, red) had a much shorter latency and
time to peak compared with visual filters, as expected from the
shorter latency of periodic pulses of US stimuli (Fig. 4). US filters
were also very strongly biphasic, even triphasic, meaning that
they were differentiating or high-pass filters, reflecting transient
responses. Other differences that were seen between US and vi-
sual filters observed occasionally were that the US filter had the
opposite polarity from the visual filter (2 of 17 cells) (Fig. 6a,
middle), or that the US and visual filter had similar dynamics, but
a different latency (1 of 17 cells) (Fig. 6a, bottom).

Additional diversity was observed between visual and US non-
linearities (Fig. 6a, right). In general, the average sensitivity for
the US response could be greater (7 of 16 cells) (Fig. 6a, top), less
than (3 of 16 cells) (Fig. 6a, bottom), or approximately equal to
(within a factor of 2, 6 of 16 cells) the sensitivity of the visual
response. The average sensitivity for US and visual nonlinearities
is compared in Figure 6e.

We then considered the hypothesis that US stimulated photo-
receptors only and that the only difference from visual stimula-
tion comes from bypassing the phototransduction cascade. If this
were true, then the differences in the visual and US filters could be

explained by another fixed linear, causal filter that did not vary
from cell to cell. For that purpose, we summarized filter charac-
teristics across the population in Figure 6b– d, looking at the time
to first peak (Fig. 6b) and the peak stimulus frequency measured
from the Fourier transform of the filter (Fig. 6c). For Off cells,
visual latencies were more diverse than US latencies; there was
not a single number to describe the difference.

Then for each cell, we explicitly computed the filter that would
transform the US filter into the visual filter. This represented the
temporal filtering bypassed by the US stimulus (Fig. 6d). We
found that this transforming filter between US and visual stimuli
varied across cells (Fig. 6d, right). Furthermore, it included a
substantial acausal component (to the left of zero in Fig. 6d, far
right), which was inconsistent with a single initial filtering step
that was bypassed by the US stimulus. The average normalized
root mean squared (RMS) difference between the transformed
US filter and the visual filter was 19.9 � 8.0% using an acausal
filter. When the filter was constrained to be causal by setting it to
be zero in the acausal direction, this RMS difference increases to
87.7 � 13.8%, indicating that causal filter was insufficient. Thus,
it is unlikely that US stimulated photoreceptors alone.

US modulation of visual responses
By applying both visual and US stimuli simultaneously, we mea-
sured how US modulates the normal processing of visual input.
We used a visual stimulus composed of a binary random check-
erboard, from which we computed the linear spatiotemporal fil-
ter, a single static nonlinearity, and the two dimensional spatial
receptive field. During this visual stimulation we delivered a pe-
riodic US pulse of 200 ms duration every 2 s (Fig. 7a). The data
was analyzed by correlating response to the visual stimulus, and
was subdivided into three time intervals, 1) the 200 ms during
which the US pulse was turned on (‘On’), 2) the 200 ms imme-
diately after the US pulse was turned off (‘Off’), 3) a control
period that extended from 300 ms after the pulse was turned off
until the next pulse (‘Control’). The Off and Control periods
were defined by first analyzing the response in multiple 200 ms
intervals, and determining that these three time intervals were
representative of the dynamic changes.

At US onset or offset, many cells briefly changed their firing
rate (Fig. 7b). However, during these changes in firing rate, there
was virtually no change in the visual temporal filters, except in
some cases noise increased because of a lower firing rate. Visual
nonlinearities changed in accordance with the change in firing
rate. Figure 7c compares changes in the threshold (lateral shift)
and average sensitivity (vertical scaling) of the nonlinearity at US
On and Off (Fig. 7c). Most cells (74%) showed increases in sen-
sitivity both during the On and Off periods relative to the Control
period, changes that were weakly correlated in the two time in-
tervals (Fig. 7c, left, correlation coefficient r � 0.57, p � 0.00017).
For less than half of the cells (43%, Fig 7c, right), threshold in-
creased for both On and Off periods of US. Considerable diversity
was observed in these changes in sensitivity and threshold. In
summary, the US stimulus generally did not fundamentally
change temporal filtering but did change threshold and sensitiv-
ity in a manner that greatly differed between cells.

Because the spatial visual stimuli enable a very localized measure-
ment of visual sensitivity across a population of ganglion cells, we
used the visual spatial receptive field maps to derive an upper limit
on the spatial scale of the US stimulus. Figure 7d (far left) shows the
spatial distribution of visual receptive fields relative to the US trans-
ducer location (red “	”). We first computed a spatial map of total
visual sensitivity across the population of cells by summing the RMS

Figure 5. US activates lateral retinal circuitry. a, Top, PSTHs from a single cell at two different
locations of the US transducer. Bottom, Peak firing rate of the On and Off response as a function
of distance from the cell’s peak location of activation. b, Population summary (n � 19) showing
the ratio of spatial On response width to the Off response width.
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amplitude of each cell’s spatiotemporal receptive field for each spa-
tial location (Fig. 7d, left middle). Then, for each cell, we calculated
the slope of the nonlinearity as an estimate of the sensitivity for the
three conditions (On, Off, Control). The amplitude of each receptive

field was weighted by the change in sensitivity created by US On or
Off conditions compared with Control, and these results were
summed across all cells. This yielded a spatial map of the total change
in sensitivity produced by US.

Figure 6. Comparing the neural code for US and visual stimuli. Top, LN models were computed using the standard method of reverse correlation with either the US stimulus or a 100 �m visual spot, both
modulated with binary white noise. a, Examples of LN models for three cells, for both visual and US stimuli. b, Latency to first peak of the filter compared for visual and US stimuli (n�15 from two retinas). Two
cells were excluded whose temporal filters in visual and US stimuli had opposite sign. c, Peak modulation frequency computed from the Fourier transform of the filter. d, Far left, The US filter from the cell in the
top row of a. Left middle, The optimal transform filter that transforms the US filter into the visual filter. Right middle, The transformed US filter (orange) compared with the visual filter (black, RMS difference
between the two filters shown was 8.0%). Far right, All optimal filters that transform the US filters into the visual filters. Green represents the ON cell shown in the bottom of a; dark green, the cell in the second
row of a. e, AveragesensitivityforeachUSandvisualconditionwascomputedastheaverageslopeofthenonlinearity.HistogramofratiosofUStovisualsensitivityforeachcell (median�1.6,paired t test, p�0.043).
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Figure 7. US rapidly modulates visual responses. a, Visual stimulus was a binary random checkerboard presented simultaneously with a 0.2 s US pulse delivered every 2 s. Spikes were analyzed
relative to the visual stimulus as in Equation 1 but subdivided into three time intervals according to the US stimulus: On, during the 0.2 s US stimulus; Off, up to 0.2 s immediately after US; and Control,
0.1 s after the Off interval until the next On interval. b, Firing rate (light blue), temporal filters, and nonlinearities for three cells. Colors are indicated in a. Three example cells are shown. c, Changes
in threshold and average sensitivity of the nonlinearities caused by US (n � 35). Left, Change in average sensitivity, computed as the average slope of the nonlinearity, during US On versus during
Off periods. Right, Change in threshold during On period versus Off period. d, Left, Receptive fields of 35 retinal ganglion cells. Red indicates the US focus. Middle left, Total visual sensitivity across
the population. For each cell, sensitivity was computed at each spatial location as the RMS value of the spatiotemporal filter at that spatial location. Total sensitivity was computed by summing across
all cells. Middle right, The change in sensitivity produced by US On computed as the total sensitivity during US On minus the total sensitivity during control. Red pixels indicate a reduction and blue
pixels indicate an increase in sensitivity. Right, The change in sensitivity produced by US Off. e, Change in sensitivity as a function of distance from the US focus for On (left) and Off (right) intervals.
A Gaussian fit during the Off interval has an SD of 110 �m.
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At the onset of US stimulation, regions near the transducer
showed a reduction in sensitivity, whereas regions far away that
experience an increase in sensitivity (Fig. 7d, middle right). For
these distant cells, US likely stimulated the receptive field sur-
round. At the offset of the US stimulus, we observed a spatially
localized increase in sensitivity (Fig. 7d, far right). A summary of
the average change in sensitivity as a function of distance from the
US focus is shown in Figure 7e. A Gaussian fit to the effect at the
offset of the US stimulus shows an SD of 110 �m, which can be
considered an upper limit on the spatial resolution of the US
transducer. This measure of resolution is affected by the lateral
spread of the signal inherent in retinal circuitry, so the actual
spatial scale of stimulation may be smaller.

Effects of US when synaptic transmission is blocked
The previous results imply that US stimuli are processed in retinal
circuitry and that we are not exclusively stimulating ganglion cells
directly. To directly measure the effect of US on ganglion cells, we
blocked vesicular transmitter release. This was accomplished by per-
fusing the retina with 100 �M CdCl2, and replacing Ca with Mg
(Brivanlou et al., 1998). This yielded a higher than normal level of
spontaneous activity, which was potentially useful in the detection of
any decreases in activity. US stimulation at a stimulus frequency of
0.5 Hz was applied for 60 s. Before perfusing CdCl2, we measured
responses tothe100�mvisual spotandUSstimuliat thenormalpower
level (30 W/cm2) as a control to verify normal stimulation (Fig. 8a).

While perfusing CdCl2, US stimulation (30 W/cm 2) produced
virtually no response (Fig. 8b). The stimulus was repeated at pro-
gressively higher-power levels up to 180 W/cm 2, but at no point
did we obtain any stimulus-locked response; at most, there was
some slow modulation of spontaneous activity (data not shown).

We computed the sum of the fundamental and second harmonic
of the response for 19 cells and found that none of these cells
responded to US stimuli in the presence of CdCl2 (response was
2.8 � 1.5% of control). Thus, US neurostimulation does not
appear to directly activate ganglion cells, and requires synaptic
transmission. One possibility for this effect is that US stimulation
of the retina either results in small membrane potential changes
that require amplification by synapses before ganglion cells, or
that the effect may be directly on synaptic release. In either case,
the effect does not appear to be a general effect on the membrane
or on all voltage-dependent ion channels.

We further tested whether US acted on photoreceptors
alone by blocking synaptic transmission in the On pathway
with L-AP4. Because L-AP4 acts selectively on the synaptic
input to On bipolar cells, if US acted solely through photore-
ceptors, L-AP4 should also block US stimulation through the
On pathway. We measured responses to both US and visual
stimulation in the presence and absence of L-AP4 and found
that all visual responses at the onset of light were suppressed
by L-AP4 as expected. However, the response to the onset of
US was in general unaffected by L-AP4 (Fig. 9a– c). When
analyzing results across the population, however, we did ob-
serve a weak but significant correlation between the strength
of the On response in the cell and the strength of the effect of
APB (Fig. 9c, far right). Approximately 18% of the variance of
the effect of APB could be accounted for by a difference in the
strength of the On response (r 2 � 0.18, p � 0.0013, two-
tailed). This indicates that, to a weaker extent, US also stimu-
lates photoreceptors. Overall, we conclude that, because
L-AP4 largely did not block the On response to US, a substan-

Figure 8. CdCl2 abolishes neurostimulation by US. a, Raster plots of three cells (columns) that responded well to visual and US stimuli in the control condition. Top and middle rows, Visual and
US responses in the normal Ringer’s solution. Bottom, US response during 100 �M CdCl2, and Ca 2	 replaced with Mg 2	 (b) PSTHs of these three cells.
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tial part of the direct effect of US stimulation is on cells beyond
photoreceptors.

Discussion
We have shown that US stimulation can be used to convey precise
temporal information across a range of signals similar to natural
visual input. The use of a high acoustic frequency further enables
a fine lateral spatial resolution (�100 �m), consistent with the
maximum resolution of the 43 MHz frequency (Fig. 7). Further-
more, US stimulation both indirectly activates ganglion cells
independent of visual stimulation and rapidly modulates sensitivity
to natural visual input. With regard to the optimal stimulus param-
eters, we find high-frequency modulation to be unnecessary, neither
beneficial nor detrimental. Low-frequency modulation was effective
in the normal physiologic range equivalent to the natural visual
stimulus.

US stimuli for clinical treatments and basic studies
For clinical use as a prosthesis, it is critical to deliver sensory
information at a spatial and temporal resolution and range sim-

ilar to that of natural visual input. Fur-
thermore, this information must be
delivered to existing neurons in the de-
generated retina. Similarities between US
and visual responses, and a center/sur-
round receptive field structure measured
with US (Fig. 5), all indicate that retinal
circuitry processes the US signal. Further-
more, although US did not directly stimu-
late ganglion cells (Fig. 8) when synaptic
transmission was blocked, it did activate
cells beyond photoreceptors (Fig. 9). Fi-
nally, because many patients with retinal
disease may have some existing natural vi-
sion, it is important to understand how US
stimuli modulate visual sensitivity. Al-
though US modulates visual sensitivity (Fig.
7), these effects are highly localized. Our re-
sults indicate that ultrasonic neurostimula-
tion of the retina may be useful in a clinical
setting for diagnosis of retinal health in the
absence of intact photoreceptors, and po-
tentially as a noninvasive retinal prosthesis.

For basic studies of neural circuits, al-
though each artificial stimulus method
has limitations in spatiotemporal resolu-
tion or cellular specificity, these might be
overcome by combinations with other
methods. In particular, extracellular
methods of stimulation often lack speci-
ficity in terms of cell types. By combining
US stimuli with specific pharmacology, as
we have done (Figs. 8 and 9), one could
potentially understand the effects of phar-
macologically defined neural pathways
with the spatiotemporal specificity of the
US stimulus.

Likely mechanisms of
US neurostimulation
This combination of US and pharmacol-
ogy has revealed new information about
the potential biophysical mechanism of
US stimuli. Because US stimuli do not di-

rectly change the firing rate of ganglion cells (Fig. 8), this argues
against a nonspecific effect on all cells, such as a transient disrup-
tion of the cellular membrane. Another potential mechanism is
an effect on voltage-dependent or mechanosensitive ion chan-
nels, but only if these effects are specific to different cell types,
either resulting from their set of ion channels or their cellular
geometry. A final possibility is a direct effect on the presynaptic
terminal. If so, this effect must be felt at or before the step of Ca
influx. If the effect were direct upon the machinery of vesicle
fusion subsequent to the effect of Ca 2	, it would likely not be
sensitive to Cd	.

Interpretation of retinal processing
Given that US acts in part on cells beyond photoreceptors, we can
use this knowledge to interpret the origin of certain aspects of neural
signaling, one example being the source of variability in retinal pro-
cessing. It is known that, for strong visual stimuli, the temporal pre-
cision of ganglion cells can exceed 1 ms (Berry et al., 1997). However,
the retinal elements that establish this limit on temporal precision

Figure 9. US acts in part downstream of the photoreceptor to bipolar cell synapse. a, Left, Raster plots and PSTHs for visual and
US (20 W/cm 2) responses in the control condition for an example cell. Middle, Raster plots and PSTHs after 30 min of 20 �M L-AP4
perfusion. Right, Raster plots and PSTHs after 60 min of washout. b, Left, Histogram of On suppression index for visual stimuli: n �
33 (�1, complete suppression of On response; 0, no effect; 	1, an On response appears with drug that was not present during
control). Right, Histogram of On suppression index for US stimuli; n � 63. The mean was not significantly different from zero ( p �
0.85, t test). c, Left, Visual versus US suppression indices; n � 29 (different distributions: Wilcoxon Signed Rank, p � 1.2 � 10 �7,
two-tailed). Diagonal line indicates equal suppression. Right, On-Off index from visual control (	1, pure ON cell; �1, pure OFF
cell) versus US suppression index. Black line indicates a linear fit.
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are unknown. It is thought that the major source of noise in the
retina comes from photoreceptors (Ala-Laurila et al., 2011), al-
though these conclusions come from analyzing the statistics of single
photoreceptors. We have found, however, that although US re-
sponses have a much shorter latency, they do not have less variability
under the stimulus conditions we tested (Fig. 4). Thus, under the
stimulus conditions of a strong flashing spot, noise in photorecep-
tors does not seem to have the dominant influence over ganglion cell
variability. One explanation is that, when multiple photoreceptors
receive the same stimulus, as will occur in the case of many natural
photopic stimuli, independent noise in photoreceptors is reduced
through signal averaging and downstream noise in interneuron
transmission or ganglion cell spike generation has a greater influence
on temporal variability.

A second aspect revealed through the use of US stimuli in-
volves prolonged dynamics in temporal filtering (Fig. 6). Al-
though US stimuli are of shorter latency, consistent with stimuli
that bypass the phototransduction cascade (Baylor and Fetti-
place, 1977; Ala-Laurila et al., 2011), they nonetheless have pro-
longed dynamics. This supports the idea that circuit elements
downstream of photoreceptors have a significant influence on
temporal filtering, as has been suggested from current injection
in inhibitory amacrine cells (de Vries et al., 2011).

Finally, we observed a modulation of visual sensitivity that
occurs without a change in temporal filtering, as has been ob-
served from direct current injection into sustained amacrine cells
(de Vries et al., 2011). This supports the idea that the control of
sensitivity and temporal filtering are to some extent independent.

Toward high-resolution patterned US neurostimulation
Early experiments demonstrated the effectiveness of US suppres-
sion of neural activity in visual cortex or peripheral nerve but not
for generating activity (Fry et al., 1958; Young and Henneman,
1961) However, an early study in cat and rabbit brain indicated
that neural excitation occurred at relatively lower US power lev-
els, whereas higher-power levels produced suppression (Velling
and Shklyaruk, 1988). In experiments with frog sciatic nerve, US
stimulation at high power decreased compound action potential
amplitudes elicited by electrical stimulation, an effect that was
attributed to increases in temperature (Tsui et al., 2005). Lower
power, however, did create a small enhancement (8%) in ampli-
tude, which did not appear to be the result of temperature.

Recent studies, however, have demonstrated the potential for US
to generate neural activity. Low-intensity, unfocused US stimulated
neurons in mouse hippocampal slices and mouse brains (Tyler et al.,
2008). Low-power US stimulated motor cortex in mice as measured
by local field potentials and multiunit activity in primary motor
cortex (Tufail et al., 2010). Although these studies clearly demon-
strate neurostimulation, there was little control over the spatial ex-
tent of the stimulation, which was generally quite large (�2 mm
lateral). In a similar study using “focused” US that activated rabbit
motor cortex measured by fMRI and behavior, the size of the acous-
tic focus was estimated to be 2.3 mm in diameter and 5.5 mm in
length (Yoo et al., 2011). Finally, recent work has shown the feasibil-
ity of in vivo retinal stimulation (Naor et al., 2012) .

For both clinical applications and for use in the study of the
retinal circuit, higher US frequencies and an array of focused trans-
ducers will be useful to achieve single-cell stimulation. Recent theo-
retical work has examined the possibility of producing patterned
ultrasonic neurostimulation in the retina (Hertzberg et al., 2010).
Capacitive micro-machined ultrasonic transducer arrays can oper-
ate in the same acoustic frequency range used in the present study
(Oralkan et al., 2004; Yeh et al., 2005). We expect that development

of such arrays will allow similar spatial resolution and focal intensity
for precise spatiotemporal patterned neurostimulation.
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