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Introduction 

Rhodopsin is the photopigment in vertebrate rod 
photoreceptors. Visual phototransduction is initiated when 
rhodopsin absorbs a photon and the rhodopsin photo-
cycle is activated. Rhodopsin (absorption peak: 500 nm) 
is photoisomerized in an ultrafast time scale (~200 fs) (1) 
and then proceeds with the photo-cycle through a series 
of well characterized intermediates. The full photo-
cycle takes minutes before rhodopsin is regenerated, 
starting from the intermediate state of photo-rhodopsin 

and ending at the intermediate state of metarhodopsin 
III. The peak absorption first red shifts to 570 nm upon 
photo isomerization in about 200 fs, then blue shifts to 
450 nm when the intermediate changes to the form of 
metarhodopsin III (2,3). Rhodopsin is thus a functional 
biomarker of photoreceptors, and the light-induced shift 
in absorption spectrum can be used to assess the function 
of rod photoreceptors. As a result, quantitatively mapping 
the density distribution of rhodopsin is able to image the 
function of the rod photoreceptors. 

The traditional techniques for imaging the distribution 
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of rhodopsin use a method known as retinal densitometry 
(4-6), a technique based on optical reflectometry. All the 
imaging techniques, including fundus photography (7-9) 
and scanning laser ophthalmoscopy (SLO) (10-12), take 
advantage of the rhodopsin absorption spectral shift upon 
photo bleaching, i.e., by measuring the intensity changes 
of visible light within the rhodopsin absorption spectrum 
reflected from the retina between the dark- and light- 
adapted states (13). To calculate rhodopsin concentration 
accurately, light absorption by the rhodopsin intermediates 
activated by the probing light should be minimized. In 
fundus photography the duration of the flash light is 
usually in the millisecond level. Conventional SLO uses 
a continuous wave (CW) light source. The exposure time 
of each pixel of a full frame fundus image is inversely 
proportional to the scanning speed and is typically in the 
microsecond level. The optical density calculated from 
both of these images can be affected significantly by the 
absorption of rhodopsin intermediates.

The goal of this project is to develop a SLO system 
using a pulsed laser to reduce the effect of absorption 

from rhodopsin intermediates. The system will provide a 
better platform for rhodopsin imaging and help develop a 
quantitative model to calculate rhodopsin concentration 
in the rod photoreceptors. Table 1 shows the time and 
absorption information of the rhodopsin photo-cycle. From 
the table we can see that the first two intermediates are 
generated in picosecond level and the third intermediate 
is generated in nanosecond level. Since femtosecond and 
picosecond pulsed light source are not suitable for our 
applications due to laser safety concern, we adopted a 
nanosecond pulsed laser for the project. In this paper, we 
report on our study on rhodopsin imaging in living animals 
with a nano-second pulsed scanning laser ophthalmoscope. 

Methods and materials

Experimental system 

A schematic of the imaging system is shown in Figure 1. The 
system consists of two SLO subsystems, one of which works 
in the near infrared (NIR) for guiding the alignment process 

Table 1 Summary of absorption peak wavelength and photoisomerization time scale which are corresponding to rhodopsin and all 
intermediates (3)

Short name of intermediates Rhodopsin Photo- Batho- BSI Lumi- Meta-I Meta-II Meta-III

Absorption peak (nm) 500 570 543 477 497 480 380 450

Time scale (from last intermediate) 0 200 fs 3 ps ns ns μs ms min

Photo-, photorhodopsin; Batho-, bathorhodopsin; Lumi-, lumirhodopsin; Meta-I, metarhodopsin I; Meta-II, metarhodopsin II; 
Meta-III, metarhodopsin III. 
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Figure 1 Schematic of the nano-second pulsed scanning laser ophthalmoscopy (SLO). PD, photo-diode; SLED, superluminscent diode; C, 
circulator; SP, sampler reflector; L1-L7, lens; OL1-2, objective lens; PC, polarization controller; FP1-2, fiber port; DM, dichroic mirror; 
PBS, polarizing beam splitter cube; GM, galvanometer; LF, laserline filter; PH, pinhole; SMF, single mode fiber; APD1-2, avalanche 
photodiode; DET, near-infrared detector.
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and the other one works in the visible (VIS) for rhodopsin 
imaging. A frequency-doubled Nd:YAG laser (SPOT-10-
200-532, Elforlight Ltd, UK; output wavelength: 532 nm; 
maximum pulse energy: 20 µJ; pulse duration: 2 ns; maximum 
pulse repetition rate: 30 kHz) was used as the illumination 
light source of the VIS-SLO. The laser light first passed 
through an uncoated glass plate, the surface reflection from 
which was focused on a photodiode, the output of which 
was used to trigger the digitizer for data acquisition. The 
laser beam was expanded by a beam expander consisting 
of a lens pair and then coupled into a single mode optical 
fiber (460 HP, Thorlabs). The light output from the fiber 
was collimated by a fiber port (PAF-X-11-A, Thorlabs) and 
merged with the NIR probing light (center wavelength:  
840 nm, FWHM bandwidth: 50 nm) by a dichroic mirror. 
The NIR light came from a superluminescent diode (SLD-
37-HP, Superlum, Russia) after passing through a circulator. 
The combined light was split by a polarizing beam splitter 
cube (PBS, PBS251, Thorlabs). The vertically polarized 
components were reflected by the PBS, scanned by an 
x-y galvanometer (6215H, Cambridge) scanner, and then 
delivered into the eye by the combination of a relay lens 
and an ocular lens. A fiber polarization controller was 
used to optimize the polarization state of the laser output 
from the fiber, so that the vertical polarization component 
will dominate and the laser light was delivered to the eye 
efficiently. The VIS light pulse energy was controlled to be 
1.5 nJ/pulse before entering the eye, which is only 4% of our 
previous calculated safety limit (14), while the NIR light was 
about 600 µW. 

The back-traveling photons reflected from the retina exit 
the eye with modified polarization states caused by both light 
scattering and the birefringence of the eye. After passing 
the PBS, a large portion of the NIR light was reflected into 
the same delivery path and detected by a photodetector  
(V-600, Optiphase) at the second port of the circulator. The 
output of the photodetector was digitized by a high speed 
digitizer (8 bits, PCI-5154, National Instruments). The 
horizontally polarized components of the back-reflected VIS 
light transmitted through the PBS. After passing through 
a 532 nm laser-line filter (532BP10, Omega) the light was 
focused onto a 20 µm pinhole, coupled into a single-mode 
fiber closely placed after the pinhole, and then detected by 
an avalanche photodiode (APD, APD110A, Thorlabs). An 
identical APD detected a focused sampling beam reflected 
from the dichroic mirror for VIS laser power compensation. 
The outputs of the APDs were simultaneously recorded by 
the two channels of the digitizer at a sampling rate of 1 GS/s. 

Each laser pulse was recorded by 200 samples corresponding 
to a period of 200 ns. 

Animal preparation 

We imaged albino rats (Sprague Dawley, 300-500 g, Harlan 
Laboratories) in the study. The rats were dark-adapted 
for four hours (15) before the experiment. The rats were 
anesthetized by intra-peritoneal injection of a cocktail 
containing ketamine (54 mg/kg body weight) and xylazine 
(6 mg/kg body weight). We then dilated the rats’ pupil with 
0.5% tropicamide ophthalmic solution and paralyzed the 
iris sphincter muscle with 0.5% proparacaine hydrochloride 
ophthalmic solution. After sedated, a powerless contact 
lens was put on the eye to prevent cornea dehydration and 
cataract formation (16). All experiments were performed 
in compliance with the ARVO Statement for the Use of 
Animals in Ophthalmic and Vision Research, and with 
the guidelines of the Animal Care and Use Committee of 
Florida Internal University.

Results 

Rhodopsin imaging of rat retina was performed with the 
pulsed SLO by acquiring the retinal images first under dark 
adaptation and then under light adaptation. In the in vivo 
imaging experiments a raster scan pattern consisting of 256 
(horizontal) ×256 (vertical) scanning positions was used. 
The pulse repetition rate of the laser was 20 kHz. With the 
guidance of the NIR-SLO the dark adapted eye was imaged 
first. Then the room light was turned on immediately and 
a flashlight was also used to illuminate the eye to guarantee 
complete photo bleaching of the rod photoreceptors. After  
20 seconds light adaptation, the second fundus image was 
acquired. Figure 2 shows the experimental results. Figure 
2A and B are fundus images acquired under dark adaptation 
and light adaptation, respectively. From the sharp edge of 
retinal vessels we are confident that the laser light was well 
focused on the retina. The central residual reflection from 
the cornea can still be observed and is labeled by the yellow 
arrow. Figure 2C shows the result calculated by using the 
following formula:

( ) LADALAd IIII /−= [1]

where Id represents the normalized intensity difference 
between the light (ILA) and dark (IDA) adapted retinal images. 
From Figure 2C we can see that blood vessels and the 
optic disc appear black, which means at these areas light 
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adaptation does not change the fundus reflection. This is 
reasonable because the retinal blood vessels are in front 
of the photoreceptors, which block the visible probing 
light from illuminating the photoreceptors, and there is no 
photoreceptor at the optic disc. Apart from the blood vessels 
and the optic disc, light reflection is increased in other areas 
of the retina due to photo bleaching of rhodopsin. The 
residual reflection from the cornea labeled in Figure 2A is 
eliminated in the differential image. The maximum signal 
increase is about 30%, which is close to the ex vivo data 

reported before by other groups (17). 
To prove that Figure 2C represents rhodopsin distribution 

in the retina, we also acquired an image after the image in 
Figure 2B was taken for the light adapted retina. We then 
calculated the intensity difference of these two images for 
the light adapted retina by using the following formula: 

( ) 212 / LALALAd IIII −= [2]

where ILA2 and ILA1 are the intensities of the second and the 
first light adapted images, respectively. Figure 2D shows the 
calculated differential image. From Figure 2D we can see 
that the intensity of the differential image is close to zero, 
which proved that Figure 2C is the result of photo-bleaching 
of the photoreceptors, and thus represents the rhodopsin 
distribution in the retina. 

We examined the dynamic bleaching process of the rod 
photoreceptors by recording the reflected light signals from 
a pulse train containing 1,000 pulses with a pulse repetition 
rate of 10 KHz delivered to the dark-adapted retina. All the 
light pulses were delivered to the same point of the retina. 
Figure 3 shows the recorded signal amplitude vs. time. 
We can clearly see that the reflected photons increased 
exponentially over time at beginning and reached a plateau 
after exposed to about 400 light pulses, i.e., a total light 
exposure of 0.6 µJ. 

We designed another experiment to further examine the 
time dependent rhodopsin bleaching process. The laser 
pulse energy was set to be 3 nJ. Under dark adaptation, we 
imaged the rat retina twice with a 45 second time delay. A 
differential image was calculated from these two images by 
using Eq. [2], which is shown in Figure 4. We can see from 
Figure 4 that the photoreceptors were bleached to at least 
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Figure 3 Time course of pulse train self-bleaching experiment. 
The two dashed lines represent the initial and the steady-state 
(bleached) signal intensity. 

Figure 4 Results of rhodopsin bleaching in a rat retina by the 
probing light pulse with a pulse energy of 3 nJ and 45 s waiting 
time. (A) First retinal image acquired with the probe light under 
dark adaptation; (B) normalized differential image from the 
sequentially captured two images. Bar: 10°. 

BA

Figure 2 Rhodopsin imaging of a rat retina with external bleaching 
light between acquisition of the dark- and light- adapted images. (A) 
Retinal image of the dark-adapted retina; (B) retinal image of the 
light-adapted retina; (C) normalized differential image calculated 
from (A) and (B) representing the distribution of rhodopsin in the 
retina; (D) normalized differential image calculated from the two 
sequentially acquired light adapted images. Bar: 10°. (C) and (D) 
share the same color map. 
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50% by the probe light pulses of the first image.

Discussion 

The experiments have proved that ns pulse can be used for 
rhodopsin imaging with good image quality. Rhodopsin 
can be bleached with either the probe light for imaging 
or the room light with sufficient waiting time (20 s in our 
experiment). The experiments showed in Figure 2 have 
successfully revealed the rhodopsin distribution in the rat 
retina. 

The experiments also showed that sufficient exposure and 
long enough waiting time are both required for fully bleaching 
rhodopsin. The experimental results shown in Figure 4 proved 
that rhodopsin in the rods can be noticeably bleached by a total 
exposure of only 3 nJ at 532 nm. In contrast, the experiment 
in Figure 3 shows that an exposure of 0.6 µJ is required to fully 
bleach the rods. This looks contradictory at first glance. The 
major difference between the two experiments is the time 
delay. Considering the rhodopsin photo-cycle we believe the 
reason for the difference in the results of Figures 3 and 4 is 
the absorption of the rhodopsin intermediates generated in 
the photo-cycle. In the pulse train experiment, the first 400 
pulses were delivered in 40 ms. According to the experiment 
of Figure 3, we hypotheses that the first several pulses have 
activated photo isomerization for all the rhodopsin molecules. 
The reduction of absorption for the following laser pulses 
over time was caused by the shift of absorption spectrum of 
the intermediates. Thus, Figure 3 should be related to the time 
course of rhodopsin photo-cycle.

To quantify rhodopsin concentration, retinal exposure 
to the probing light in the dark-adapted state needs to be 
in a level that only a negligible amount of rhodopsin is 
bleached. However, reducing the power (or pulse energy) of 
the probing light will reduce the signal-to-noise ratio (SNR), 
which will possibly reduce the accuracy of rhodopsin 
concentration calculation. According to our experiments 
we believe reducing the exposure time to at least the 
nanosecond level will be a solution.

Different from conventional CW SLO where the 
exposure time is inversely proportional to the scanning 
speed (imaging speed), the pulsed-light SLO decouples 
the light exposure time from imaging speed. In pulsed-
light SLO, where each light pulse contributes to one pixel 
of the image, the exposure time is determined by the pulse 
width while the imaging speed is determined by the pulse 
repetition rate. As a result, to increase the imaging speed 
we need a laser with higher pulse repetition rate, which is 

important for human applications.

Conclusions

We have demonstrated the feasibility of using a nano-
second pulsed-light SLO to map rhodopsin distribution 
in rat eye in vivo. By reducing the exposure time of the 
photoreceptors, the technique minimizes the effect of 
absorption of rhodopsin intermediates, which can improve 
the measurement accuracy of rhodopsin concentration in 
the rod photoreceptors.
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