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Abstract: High-resolution recording of visual cortex activity is an important tool for vision
research. Using a customized digital mirror device (DMD) - based system equipped with
retinal imaging, we projected visual stimuli directly on the rat retina and recorded cortical
responses by voltage-sensitive dye imaging. We obtained robust cortical responses and generated
high-resolution retinotopic maps at an unprecedented retinal resolution of 4.6 degrees in the field
of view, while further distinguishing between normal and pathological retinal areas. This system
is a useful tool for studying the cortical response to localized retinal stimulation and may shed
light on various cortical plasticity processes.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Recording the population response of the visual cortex is of great importance for studying basic
visual processing, plasticity processes, and various pathologies. Of particular interest to this
study is the generation of retinotopic maps, which can shed light on many retina-visual cortex
processes, as well as plasticity, and circuitry [1–4]. Various techniques are available, enabling
the investigation of the cortical population response; one such technique is Voltage-sensitive dye
imaging (VSDI). VSDI is an optical imaging technique based on the binding of voltage-sensitive
dye molecules to the neuronal membrane [5]. The dye molecules convert changes in the
membrane potential into changes in the emitted fluorescence [6,7], which is detected by an
optical system. This technique enables the high-spatial and temporal resolution imaging of the
cortex in general [8,9] and is widely used for studying the visual cortex in primates [10–13], cats
[14,15], and rodents [3,16]. For most of the electrophysiological methods used for vision research,
visual stimulation is performed with a computer monitor [17] or a back-projection screen [18],
which allows an easy and affordable method to project large visual field stimuli. However,
these techniques have several limitations. First, since most of these studies are performed on
anesthetized animals, it is difficult to control for fixation and to present the stimulus at a specific
retinal location. Second, it is difficult to control for eye movements. Third delivering high
powered light for optogenetic stimulation [19] or for retinal prostheses stimulation [20,21] is
challenging. Finally, these approaches rely on the optical system of the rodent, which is known
to introduce a large amount of aberration to the image [22,23], thus degrading the visual function
and electrophysiological responses [24]. To overcome the limitations of the available systems, we
developed a unique projection system based on a slit lamp equipped with a Digital Micromirror
Device - Digital Light Processing (DMD-DLP), which enables an accurate projection of patterns
on a desired region. DMD-DLP enables the projection of flexible stimulation patterns at high
spatio-temporal resolution. The position of the projected pattern is monitored through a CCD
camera, which facilitates the control and validation of the position of the retinal stimulation. The
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DLP system offers great flexibility and facilitates the generation and projection of visual stimuli
at varying intensities and spatial frequencies (Fig. 1).
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Fig. 1. An illustration of the experimental set-up, consisting of a DLP-DMD-based
projection system, a retinal imaging system, and an optical imager for recording cortical
activity. The pattern generated by the DLP-DMD projector is reflected through a mirror
to a set of lenses (L1, Fig. 1) consisting of a Plano concave and doublet lens to achieve
convergence. The converged pattern is then projected onto the rat retina through a mirror
M2. The location of the stimulus on the retina is then imaged using a zoom lens (L2) and
a CCD camera. Cortical activity is imaged by a CMOS camera situated above the animal
and a mounted tandem lens, 85mm f/1.4 lens and a 50mm f/1.2. See more details in the
Methods section.

Using the stimulation and imaging systems, we show here the response of the rodent visual
cortex to visual stimuli at various intensities and spatial frequencies while creating retinotopic
mapping at an unprecedented resolution of 4.6 visual degrees.

2. Methods

2.1. Animals & anesthesia

All experimental and surgical procedures were approved by the Bar-Ilan University Ethics
Committee [04-01-2017] for animal research and were carried out in accordance with the
National Institutes of Health guide for the care and use of Laboratory animals. We used 23
male and female 8-12-week-old (200-250 grams) Long Evans rats. Animals were initially
subcutaneously injected with Domitor (Medetomidine hydrochloride 1mg/ml; 0.3mg/100 g body
weight, Orion Pharma, Finland) and put on isoflurane inhalation (1.2ml/hr), with a periodic
addition of half the initial Domitor dose every two hours. The animals’ temperature was
maintained throughout the experiment (36.5-37.5°C) with a homeothermic blanket, controlled
through feedback from a rectal probe.



Research Article Vol. 10, No. 10 / 1 October 2019 / Biomedical Optics Express 5119

2.2. Surgical procedure and voltage sensitive dye staining

Following Domitor and Isoflurane-induced anesthesia, the animals were head-fixed and the
skin above the skull was removed with scissors and soothed with Lidocaine (Lidocaine HCl
200mg/10ml, Rafa Laboratories). A custom-made steel chamber was attached to the skull above
the right primary visual cortex (V1), while the center of the chamber, located 7mm posterior and
2.75mm lateral to bregma [25,26] was attached with dental cement (GC Relin, GC America, Inc.,
Alsip, IL 60803 USA). Following the attachment of the chamber, a craniotomy was performed,
and the dura was gently removed to expose V1. The brain tissue was nourished throughout the
entire procedure by replenishing the chamber with Artificial Cerebro-Spinal Fluid (ACSF), which
was adjusted to a pH of 7.4± 0.1. After the V1 cortex was exposed, a mixture of ACSF and a
voltage-sensitive dye (RH2080 1mg/ml; Optical Imaging, Rehovot, Israel) was placed above
the cortex. The dye was washed and replaced every 20 minutes for 2 hours to ensure optimal
staining. Following the staining procedure, lukewarm agar (Agarose, low gelling temperature;
SIGMA-ALDRICH, USA) was poured into the chamber and then sealed with a microscope cover
glass for optimal optical transmission. The animal head was then fixed to the imaging set-up
using the customized chamber.

2.3. Visual stimulation

For visual stimulation we used a costume-built projection system (EKB, Ramat-Gan, Israel) based
on a slit lamp apparatus. The system consists of a DLP-DMD projector (DLP LightCrafter 4500,
Texas Instruments, Inc., Dallas, TX, USA) controlled by software and passive optical elements
that projected an image onto the retina of the rat (Fig. 1). The projector used a green LED
(λ=520 nm) and a DMD mirrors array (1024 by 768) to shape the image as desired. The desired
pattern was reflected through a mirror (PF40-03-P01, Thorlabs)-M1 Fig. 1. The reflected rays
were then relayed through a set of lenses (L1, Fig. 1) consisting of a Plano concave (L-PCX388,
Thorlabs, f= 300mm) and doublet lens (L-AOC307, Thorlabs) to achieve convergence and a
desired image size on the retina. Finally, the relayed image from these set of lenses is reflected
through a custom-made mirror (M2, Fig. 1) to the rat retina. This mirror has two holes to enable
the imaging of the pattern on the retina (see next paragraph for details). The images were created
by MATLAB (The MathWorks, Inc., Natick, MA, USA), uploaded and stored in the projector’s
flash memory for efficient extraction. The image’s sequence/order of projection and timing were
controlled by the projector’s software (Light Crafter). For our experiments we used four types of
stimuli/images (Visualization 1): 1) 1.3*0.8mm solid square green stimuli presented for 20ms
at a rate of 1Hz with three different intensities: 140nW/mm2, 670nW/mm2, and 1060nW/mm2

(Fig. 2); 2) alternating gratings (47% contrast, Fig. 3(A)) presented at 1.6, 3.3, 6.7 and 13.4
cycles per millimeter (cpm) (350nW/mm2); 3) a 1.3*0.8 cm rectangle divided into 4 quadrants
(Fig. 4(A)), with an interleaving presentation, at an intensity of 111nW/mm2 at either the nasal or
the temporal retina; and 4) a grid of 8 stimuli at a diagonal distance of 270 µmwith an interleaving
presentation at 1Hz (Fig. 5(A)). To project the stimulus on the retina, pupils were dilated with
Mydramide (Tropicamide 0.5%, Fisher Pharmaceutical, Ltd) and Efrin-10 drops (Phenylephrine
HCL 10%, Fisher Pharmaceutical, Ltd) and a microscope cover glass (d= 13mm) was mounted
on the eye coupled by an ophthalmic gel (Ocu+, CIMA Technology, Inc., Pittsburgh, PA USA),
to achieve refractive index matching at the interface between the cornea and air and thus enable
the imaging of the retina at the back of the eye. Real-time imaging of the retinal stimulus was
performed by a camera (DMK 33GP1300, The Imaging Source, Bremen, Germany), in front of
which is a zoom lens (VS-LD75 f= 73.98, F#=3.8, Vital Vision Technology Singapore) which
enables one to position and focus the stimulus on the retina at a desired location with high
precision (Fig. 1, L2). The focus was obtained by adjusting the distance between the zoom lens
and the animal cornea.

https://doi.org/10.6084/m9.figshare.8187359
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2.4. Image acquisition

To record the fluorescence changes in the visual cortex, we used an upright microscope with a
12-V halogen lamp gated by a Uniblitz shutter and controlled by Optical Imaging 3001 VDAQ
software (Optical Imaging, Rehovot, Israel). The cortex was excited by a 630 nm light and the
emitted fluorescence was collected at 665 nm and captured by a high-resolution CMOS camera
(Photonfocus, Switzerland, 12 bit) at a rate of 100Hz and 1080 by a 1308 pixels. This resulted
in a frame size of 5.39mm by 6.53mm of the brain (∼200pixels/mm). For easy storage and
manipulation, the frames were spatially down-sampled by a factor of 4, resulting in a resolution
of ∼50pixels/mm (around 20 µm resolution, higher than the 50 µm resolution usually reported
for cortical recordings [5]). Each experiment consisted of from 10 to 20 repetitions of 10 sec
recording time (1000 frames). For baseline, we used the first second of the recording, where no
stimulus was presented. The stimuli were then presented for 9 seconds while cortical responses
were recorded and analyzed as described below.

2.5. Data analysis

Data were averaged and a detrend was performed using a two-part exponential fit to the data [27]
to remove the fluorescence decay. The DF/F of each pixel was then calculated by subtracting and
then dividing the exponential fit from each pixel value. To convert the DF/F to Z-score values,
the DF/F values were divided by the standard deviation of the first second DF/F, which served as
a baseline. We refer to the calculated Z-score values as STD as they represent a normalization
of the Standard Deviation. The data were filtered for each condition both temporally (10Hz
lowpass filter) and spatially (Gaussian filter). Once smoothed, we isolated the waveforms arising
from the stimuli using a multi-parametric thresholding method, which extracted the pixels that
contributed most to the response elicited by the stimulus. Specifically, using MATLAB functions
we calculated the peak amplitude and time to rise and settle parameters for these values for each
pixel. To generate the retinotopic maps, we applied several criteria for each pixel: First, we
isolated the 1-3 percent of the pixels with the highest peak amplitude and thresholded the peak
amplitude at a time window of 150-300ms. We then further selected pixels that returned to
baseline within 1 second from the stimulus. Next, we determined the center of activity (COA) by
applying a spatial Gaussian filter (5 pixels= 1 Standard Deviation) and choosing by the pixel
with the resulting maximal amplitude.

2.6. Retinal laser lesions

To study the ability of the system to distinguish between normal and pathological retinal areas,
2mm lesions were induced in the temporal retina using a 532 nm coagulating laser (MERDIAN,
λ=532 nm) at a 250msec pulse width and a 100mW intensity.

2.7. Calculation of the cortical magnification factor

The CMF was calculated similarly to previous reports [25,28]. In short, for two Centers of
Activity (COA) in V1, each corresponding to the response to a different visual stimulus, the
cortical magnification is defined as the distance (µm) between the two COA divided by the angle
(degrees) between the two stimuli locations in the visual field. Since we presented the stimulus
directly on the retina, we converted the retinal distance to visual degrees according to the rat
nodal point distance of 3.3mm [22], where 59 µm on the retina correspond to 1 degree in the
visual field.
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3. Results

3.1. Responses to stimuli with various irradiances

We presented 20ms flashes at a rate of 1Hz with 3 increasing irradiances (140, 670, and
1060nW/mm2) with a stimulus size of 1.3mm*0.8mm (corresponding to 22*13.5 degrees in
the rat visual field). Figure 2(A) presents the DF/F curve in the center of activity in response to
flashes with increasing irradiances. Figure 2(B) presents the maximal amplitude versus light
intensity (error bars SE, n= 12), showing an increase in the response amplitude with increasing
stimulus irradiance with the response saturating at stimulus irradiances higher than 1000nW/mm2.
An increase in stimulus irradiance was accompanied with only a small decrease in the response
latency (Fig. 2(C)) and a slower decay, compared with the rising phase, probably because it
reflects a population response [29], where neurons farther away from the center of activity are
activated later, thus slowing down the decay phase. Figure 2(D) presents an example of the spatial
spread of the response for the same experiment presented in 2A. The response was observed in
the V1 visual cortex and increased in amplitude with increasing irradiance, reaching a 0.18%
fractional amplitude (6*STD) for the highest intensity level. More importantly, the increase
in flash irradiance was associated with a larger spread of the response throughout V1, which
reached the extrastriate area (lateral side) with the highest irradiance. In contrast, the lowest flash
intensity maintains a localized response with low amplitude. The extrastriate responses were not
analyzed further here.

3.2. Response to alternating gratings

To investigate the spatial function of the visual system, we projected alternating gratings with
increasing spatial frequency (1.6, 3.3, 6.7 and 13.4 cycles per millimeter, CPM), as shown in
Fig. 3(A). The gratings were presented at 1-2Hz with increasing and decreasing spatial frequency
order (Visualization 1). A decrease in the response with increasing spatial frequency is shown in
a characteristic example in Fig. 3(B). Figure 3(C) presents the average and standard error bars
of the fractional response amplitude for the three presented spatial gratings (n= 8, except for
13.4cpm where n= 2, Standard Error bars). The cortical responses declined with increasing
stimulus spatial frequency, reaching the noise level at about 16CPM.

3.3. Retinotopic mapping

To investigate the retinotopic structure of the response, we presented quadrants of a rectangle
(each quadrant size was 660 µm horizontally by 410 µm vertically, corresponding to 11.3*7.1
degrees in the rat visual field). Using real-time retinal imaging, we applied the stimuli either
nasally or temporally to the optic nerve (Fig. 4(A)) at a rate of 1Hz. To obtain a retinotopic map,
amplitude and latency thresholds were applied to the response (Fig. 4(B)) and highlighted the
active pixels for each stimulus (Fig. 4(B)). Moving the retinal stimuli temporally and superiorly,
the cortical responses center of activity moved anteriorly and laterally, respectively (Fig. 4(C)).
Figure 4(D) presents a combination of responses to the nasal and temporal retina, showing a clear
geometric organization where the responses to the nasal retinal stimulation (corresponding to the
temporal visual field) appeared in the medial-posterior area of V1 and the temporal retinal (nasal
field) responses appeared in the lateral-anterior area of V1, in agreement with previous reports
[25,30]. Figure 4(E) shows the two groups of cortical activations at a higher magnification.

3.4. High resolution retinotopy

Following the robust response obtained for the four 660 µm *410 µm stimuli (as mentioned
in the previous section), we stimulated the retina at an even higher resolution with 8 stimuli,
separated diagonally at a distance of 270 µm (which corresponds to 4.6 degrees) (Fig. 5(A)).
The stimuli were presented at a rate of 1Hz. The obtained responses reached a peak at between

https://doi.org/10.6084/m9.figshare.8187359
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Fig. 2. Cortical activity in response to flash stimuli with increasing irradiance. A. Cortical
responses to a flash (10ms, 1Hz) stimulus of 22*13.5 degrees in the visual field, with
increasing irradiance. B. Increased amplitude of responses (DF/F) as a function of increasing
irradiances (n= 12, data points were fitted with a saturation function). C. Implicit time as a
function of irradiance. D. Characteristic cortical responses showing increased spreading of
the response with increasing stimulus irradiance (the diamond marker represent the center
of activity). A= anterior, L= lateral, P= posterior, M=medial.
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Fig. 3. Cortical responses to alternating bar stimuli with increasing spatial frequency. A.
Retinal imaging of grating stimulus projected on the retina at four spatial frequencies. B.
Characteristic responses obtained for the four alternating grating spatial frequencies. C.
Decreased amplitude responses as a function of increased spatial frequency (Error Bars are
SE, Noise level= 2*STD).

200 and 300 msec after the stimulus with an amplitude of 3 to 6 standard deviations (Fig. 5(B)).
Figure 5(C) shows the localized response to each of the stimuli, where the center of the response
activity shifted laterally and anteriorly with the stimulus shifting temporally. The combination
of the cortical responses to the eight stimuli generated retinotopic mapping; the nasal retinal
stimuli elicited responses at the medial-posterior area of V1, whereas temporal retinal stimuli
elicited responses at the lateral-anterior area of V1 (Fig. 5(D)), in agreement with previous
studies [25,30]. Figure 5(E) presents the center of activity of the responses, showing a preserved
retinotopy. Overall, the average cortical magnification factor (CMF) found for the responses was
35.3 (STD= 25.3) µm/deg, similarly to Gias et al. [25].

3.5. Imaging a retinal laser-induced scotoma

To demonstrate the ability of our system to differentiate between specific retinal regions with and
without pathologies, we performed a laser lesion (about 2mm in diameter) on the temporal retina
(Fig. 6(A), right). We then positioned the 8-locations stimulus as described above with the 3 most
temporal locations projected on the retinal laser lesion (Fig. 6(A), left). Representative waveforms
(after applying an amplitude threshold and temporal limiting) are presented in Fig. 6(C). The
stimuli located on healthy retinal regions resulted in robust (5-7 SD) and localized responses
(Fig. 6(C) & (D), whereas the stimuli located on the retinal laser lesion did not elicit any
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Fig. 4. Retinotopic map from nasal and temporal retinal stimuli to a 660µm*410 µm
rectangle stimulus (corresponding to 11.3*7.1 degrees in the rat’s visual field). A. The
location of the eight stimuli in the nasal and temporal retina. S= superior, T= temporal,
I= inferior, N= nasal. B. Characteristic responses of the visual cortex to each retinal
stimulus. C. The location of cortical activation obtained for each stimulus after applying
a gaussian filter. D. Combined retinotopic mapping generated from visual cortex activity
recorded in response to the nasal and temporal retinal stimuli show a clear organization.
Each color represents the location of the response to the matched retinal stimulus (presented
in diamond shapes with each color corresponding to a different location). E. The center
of activation of each of the responses is shown in a larger magnification. A= anterior,
L= lateral, P= posterior, M=medial.
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Fig. 5. High-resolution retinotopy. A. The position of the eight retinal stimuli is shown
in real retinal imaging (left, green was added for image clarity) and illustrated (right).
S= superior, T= temporal, I= inferior, N= nasal. B. Characteristic visual cortex responses
to each retinal stimulus. C. The location of the visual cortex response to each of the retinal
stimuli is shown following applying a gaussian filter. D. Visual cortex retinotopic mapping
in response to the eight retinal stimuli showing a clear organization. Each color represents
the location of the response to the matched retinal stimuli. E. The center of activation of
each of the responses (presented in diamond shapes with each color corresponding to a
different location similarly to D) is shown in a larger magnification. A= anterior, L= lateral,
P= posterior, M=medial.
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Fig. 6. High-resolution retinotopic map with a non-responsive zone corresponding to a
retinal lesion area. A. (Right) Retinal image of a 2mm retinal area covered with laser lesions
(white dots). (Left) Retinal image of the location of the eight stimuli, with the five most
nasal ones positioned on healthy retina, whereas the three most temporal ones positioned
on the lesioned retinal area (dashed white circle – demarcates the retinal lesion area). B.
Diagram of the stimuli described in A. S= superior, T= temporal, I= inferior, N= nasal.
C. Characteristic visual cortex responses to each stimulus, where the three most temporal
ones showed no responses to stimuli positioned on the lesioned retina. D. The location of
visual cortex responses to each of the retinal stimulus with no activity elicited in response
to stimulation of the lesioned retina (dashed circle). E. Retinotopic mapping in the visual
cortex showing no response in the presumed Lesion Projection Zone (LPZ). F. The centers
of activations for each response (presented in diamond shapes with each color corresponding
to a different location similarly to E) are shown in a higher magnification. A= anterior,
L= lateral, P= posterior, M=medial.

response (Fig. 6(C) traces 3, 5, and 8, and in the corresponding cortical maps in Fig. 6(D)).
Figure 6(E,F) present the combination of COAs that crossed the threshold, showing a clear
retinotopic organization, whereas no responses were obtained from the damaged retina (dotted
circle).
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4. Discussion

We presented here a novel approach for image-controlled retinal stimulation to generate high-
resolution VSD imaging of the visual cortex in rodents. Using a slit-lamp-based projection
system, we obtained retinotopic mapping at an unprecedented resolution, down to a stimulus
distance of 4.6 degrees in the visual field. The real-time camera-controlled stimulus system
further enabled the stimuli to be localized to the desired retinal locations, enabling a comparison
of cortical responses to normal and pathological retinal locations. Localized retinal stimuli with
increasing irradiance elicited an increase in the response amplitude, reaching saturation at an
irradiance of about 1000nW/mm2, with the response latency remaining stable. These responses
are similar to those reported by Pollack using VSDI [31] or to VEP responses in rodents [20,32].
The VSD imaging response to alternating grating decreased with increasing grating spatial
frequency, similar to previous reports [33–35], reaching the noise level at about 16 cpm. The
rats’ visual acuity is about 1-1.2cpd [34,36,37], which translates to a retinal resolution of around
17.4cpm, calculated for a nodal point distance of 3.3mm [22], which is in agreement with our
estimation. Previous work showed that the rat’s retinotopic structure translates nasal to temporal
retinal stimuli into medial-posterior to lateral-anterior responses in V1 cortex [3,25,38,39]. Our
results are consistent with this retinotopic organization for both the 4 and 8 grid stimuli (Fig. 4, 5,
6). More importantly, our high-resolution retinotopic mapping generated a resolution down to 4.6
degrees, significantly higher compared with previous reports in rodents. For example, a 20*20
deg retinotopy was reported in rats for both intrinsic signal imaging [25] and VSDI [3]. Similar
to other reports, both of these studies used computer monitors or a back projection on a screen
to present the visual stimuli at a distance of 30 cm from the rat eye. Previous reports showed
that the rat’s eye refraction is usually highly ammetropic and hyperopic [40]. Thus, the use of
the above-described set-up could reduce the obtained visual acuity or the electrophysiological
signal [24]. The projection of the image onto the retina using our set-up, while controlling
for the proper stimulus image quality by the retinal imaging system (Fig. 5(A)), enabled us to
stimulate the retina at a higher image quality, and thus probably increased the response and
enabled higher resolution mapping. Considering the high temporal resolution of the DMD, the
system can be used at a higher stimulation rate which is limited by the functional temporal
resolution of the dye-based imaging used for recording the cortical responses. The real-time
control of the retinal stimulation location provided by our system has important advantages over
the use of an ophthalmoscope back-projection, which is usually used in similar experiments [3]
where eye movements or other causes of stimulus location shift cannot be properly controlled,
nor can the accurate location of a stimulus to a specific retinal location. Using the controlled
localized retinal stimulation provided by the retinal imaging system, we were able to demonstrate
a small scotoma caused by a laser-induced retinal lesion of 2mm. This capability is of great
importance for studying various processes, such as the cortical reorganization caused by sensory
deprivation, as reported previously [3,30]. Future adaptation of the system to include additional
light wavelengths (e.g., near-IR or UV) can further enable studying of the cortical responses to
localized retinal treatments, such as cellular therapy, optogenetics, or retinal prostheses [20,35].

5. Conclusion

We demonstrated here a high-resolution retinotopic mapping of the visual cortex in rodents, using
a direct retinal projection system, which further enables the real-time control of retinal stimulus
locations. This approach may prove to be an important investigative tool in the field of visual
neuroscience.
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