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Using a near-infrared (NIR) light flood-illumination imager equipped with a high-speed
(120Hz) CCD camera, we demonstrated optical imaging of stimulus-evoked retinal activity in
isolated, but intact, frog eye. Both fast and slow transient intrinsic optical signals (IOSs) were
observed. Fast optical response occurred immediately after the stimulus onset, could reach
peak magnitude within 100ms, and correlated tightly with ON and OFF edges of the visi-
ble light stimulus; while slow optical response lasted a relatively long time (many seconds).
High-resolution images revealed both positive (increasing) and negative (decreasing) IOSs, and
dynamic optical change at individual CCD pixels could often exceed 10% of the background
light intensity. Our experiment on isolated eye suggests that further development of fast, high
(sub-cellular) resolution fundus imager will allow robust detection of fast IOSs in vivo, and thus
allow noninvasive, three-dimensional evaluation of retinal neural function.

Keywords : Near-infrared light imaging; neural activity; retina; visual information processing;
retinal diagnosis.

1. Introduction

Eye diseases, such as age-related macular degen-
eration (AMD),1 glaucoma,2,3 diabetic retinopathy
(DR),4,5 are known to cause pathological changes of
photoreceptors and/or inner retinal neurons, which
ultimately lead to vision losses and even complete
blindness. Early detection is an important step
toward preventing vision loss associated with these
diseases. Because of the delicate, complex struc-
ture of the retina,6 high-resolution functional imag-
ing is desirable for improved retinal diagnosis and
treatment evaluation. Conventional morphological
assessment of the retina, such as fundus exami-
nation, does not see retinal neural cells directly,
because they are almost transparent. Abnormal
fundus findings are therefore not always correlated

with functional changes.1,7,8 Conventional elec-
troretinogram (ERG)9 and multifocal ERG10,11 are
frequently used to measure retinal neural activities,
but the relationship between ERG and retinal neu-
ral cells is not direct. Because ERG signal is pooled
from an extended retinal area, the effect of localized
dysfunction is likely to be masked.

Transient intrinsic optical signals (IOSs) have
been recorded for spatiotemporal mapping of
stimulus-evoked neural activities in the brain
cortex.12–16 Recently, several imaging techniques,
such as near-infrared (NIR) light flood-illumination
microscope,17 fundus camera,18–20 adaptive optics
imager,21,22 and functional optical coherence
tomography23–25 have been used for IOS imaging of
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isolated retinas,17,23,25–28 anesthetized animals,19,24

and humans.18,21,22 IOS imaging holds promise for
noninvasive, high-resolution evaluation of retinal
neural function. However, practical application of
the IOS imaging still has to overcome inconsistency
in IOS time course and signal polarity. Both fast
and slow IOSs have been observed during light stim-
ulation of the retina. In general, stimulus-evoked
neural activities, metabolic changes, and activities
of other ocular tissues all can produce IOSs. Slow
IOSs, which may last many seconds after light stim-
ulation, are mainly associated with stimulus-evoked
metabolic changes. They reflect one aspect of retinal
response to light stimulation, but their relation to
actual neural activity is indirect. Fast IOSs, which
have time courses comparable to electrophysiologi-
cal kinetics of the neural activities, hold promise for
direct functional evaluation of the photoreceptors
and inner neurons. In vivo recording of transient
IOSs in photoreceptors has been obtained with
functional OCT24 and adaptive optics19,21 imaging
systems, but in vivo imaging of fast IOSs, which
have time courses comparable to ERG kinetics, such
as retinal ON and OFF responses, has not been
reported.

Isolated retina is a simple preparation for
understanding of the sources and biophysical mech-
anisms of fast IOSs and for optimization of the
instrument design. We have been successful in
imaging fast IOSs in isolated amphibian reti-
nas, which have time courses comparable to ERG
kinetics.17,26–28 IOSs in single pixels of high-
resolution (∼µm) imaging often exceed 5% ∆I/I,
allowing robust IOS imaging with single pass
measurements.17 Dark-field and polarization imag-
ing further improves the sensitivity to detect fast
IOSs.28 Using a step-visible light stimulus to acti-
vate the retina, we have shown that fast IOSs were
tightly correlated with electrophysiological ON and
OFF responses. Our experiments with isolated reti-
nas indicated that both positive and negative IOSs
could occur in retinal areas adjacent to light stimu-
lation site, which suggested that high spatial reso-
lution that minimized spatial pooling is critical for
high-performance IOS imaging.

Our long-term goal is to develop high-
spatiotemporal-resolution IOS imaging technol-
ogy that allows direct in vivo mapping of reti-
nal neural activities. Without complicated blood
changes and eye movements, isolated eye, free
from the complication of hemodynamic changes
and eye movements, can be used as a transitional

preparation between isolated retina and in vivo eye.
In this study, we demonstrate the feasibility of IOS
imaging of retinal ON and OFF responses in iso-
lated, but intact, frog eye.

2. Materials and Methods

2.1. Preparation of isolated eye

We used isolated frog (Rana pipiens) eyes for
recording IOS imaging of fast retinal neural activ-
ity through intact ocular optics. The experiments
were performed following protocols approved by
the Institutional Animal Care and Use Commit-
tee of University of Alabama at Birmingham. The
frog was dark-adapted for 20–30 min before rapid
euthanasia by decapitation and removal of the eyes.
The procedure was conducted in a dark room with
dim red illumination. The isolated frog eye was
transferred into a recording chamber filled with
Ringer’s solution containing (in mM): 110 NaCl, 2.5
KCl, 1.6 MgCl2, 1.0 CaCl2, 22 NaHCO3, and 10 D-
glucose.29

Fig. 1. Schematic diagram of the flood-illumination imager
for IOS imaging of intact frog eye. During the measurement,
the retina was illuminated continuously by the NIR light for
recording of stimulus-evoked IOSs. The visible stimulus light
was used to activate the retina. At the dichroic mirror (DM),
visible stimulus light was reflected and NIR recording light
was passed through. BS was a 50/50 beam splitter. The NIR
filter was used to block reflected visible stimulus light, and
allow the NIR probe light to reach the CCD camera.
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Fig. 2. High-resolution IOS imaging of retinal neural activity in isolated eye with intact ocular optics. Raw frames were
acquired with a frame speed of 120 frames/s. (a) IOS image sequence shows dynamic optical responses of the retina. Each
illustrated frame is an average of 120 frames over one second interval. The visible light stimulus was delivered at time 0, and
lasted for 1 s. (b) Enlarged picture of the third frame in (a). (c) M -sequence of the retinal area indicated by the white line in
(b). (d) Temporal changes of IOSs of representative pixels. Black tracings 1–6 correspond to the areas pointed by arrowheads
1–6 in (c). Gray tracing 7 is the averaged signal of the image area. Note that large IOSs of single pixels (tracings 1–6) can be
> 10%.

2.2. Experimental setup

A NIR light flood-illumination imager was con-
structed for IOS imaging of isolated frog eye
(Fig. 1). During the recording, intact frog eye
was immersed in the recording chamber filled
with Ringer’s solution. The recording chamber
was placed into a customer-designed holder, which
allowed easy adjustment of the optical axis of frog

eye relative to NIR illumination light. While the
retina was illuminated continuously with a NIR
light (785 nm) for recording of IOSs, a white light
flash (1 s) was used to activate the retina. A fast
CCD camera was used to record IOSs. The optical
images presented in this article were recorded with
a speed of 120 frames/s, and each frame consisted
of 640×480 pixels. The optical magnification, M , of
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Fig. 3. Positive and negative IOSs. (a) Dynamic optical patterns of positive IOSs. (b) Dynamic optical patterns of negative
IOSs. (c) Statistics of image area with positive and negative IOSs.

the imaging system shown in Fig. 1 can be calcu-
lated as follows:

M = (f1 × f3)/(f2 × feye), (1)

where f1 (50 mm), f2 (60 mm), f3 (40 mm), and
feye are the focal lengths of the lens L1, L2, L3,
and frog eye, respectively. We assume that feye =
2.87 mm,30 and thus M ≈ 11.6. In theory, each
CCD pixel (7.4µm × 7.4µm) corresponded to a
0.64µm× 0.64µm area at the frog retina, although
practical imaging resolution can be reduced due to
optical aberrations of the lenses and frog ocular
optics.

2.3. IOS imaging and data
processing

The IOS images (Fig. 2(a)) shown in this article rep-
resented stimulus-evoked optical responses in the
unit of ∆I/I, where ∆I was the dynamic optical

changes and I was the background light intensity.
The IOS images were constructed as follows: (1)
Pre-stimulus baseline images were averaged, pixel
by pixel, and the averaged intensity of each pixel
was taken as the background light intensity I of
each pixel; (2) The background light intensity I
was subtracted from each recorded frame, pixel by
pixel, to get ∆I of each pixel of the image sequence;
(3) Image sequence (Fig. 2(a)) of ∆I/I was con-
structed to show dynamic IOS patterns of the acti-
vated retina. M -sequence image (Fig. 2(c)) was
used for simultaneous depiction of temporal and
spatial dynamics of the IOSs along a selected line.
IOSs of individual pixels (Fig. 2(d)) were used to
show the time courses of transient optical responses.

In order to investigate the IOSs with opposite
(i.e. positive and negative) polarities, we separated
IOS patterns with positive (Fig. 3(a)) and negative
(Fig. 3(b)) optical changes. The dynamic fractional
ratios of the activated retinal areas with positive
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Fig. 4. (a) Differential IOSs. Raw frames were acquired with
a frame speed of 120 frames/s. Each illustrated frame is
an average of 24 frames over 200 ms interval. One-second
(five frames) pre-stimulus baseline images are presented. (b)
Statistics of activated retinal area that has optical response
with magnitude |IOS| > 2.5%∆I/I . Inset panel shows an
enlarged display of the early optical response.

and negative optical signals were also quantitatively
analyzed (Fig. 3(c)).

Differential IOS images (Fig. 4(a)) were used
to minimize the effect of slow optical responses on
the fast IOSs. The construction of differential IOS
images was calculated as:

IOSt(x,y) = (It(x,y) − Iref(x,y))/Iref(x,y), (2)

where It(x,y) is the intensity value of a pixel (x, y)
at a time point t; Iref(x,y) is the averaged intensity
value, which can be quantified by:

Iref(x,y) =
(∑i=t−1

i=t−m
Ii(x,y)

)
/m. (3)

It served as the dynamic reference baseline for the
calculation of the differential IOS at pixel (x, y).
In other words, the averaged pixel values of m
frames recorded before the time point t is used
as a reference baseline to calculate the differential
IOS. Based on the differential images (Fig. 4(a)),
percentage ratio of the image area with optical
response |IOS| > 2.5% ∆I/I was calculated to
show dynamic fractional change of the activated
retinal area (Fig. 4(b)). A magnitude threshold,
|IOS| > 2.5% ∆I/I, was used to reduce the effect
of dynamic background noise.

3. Experimental Results

3.1. ON and OFF responses in
frog eye

Using the optical imager shown in Fig. 1, robust
IOSs were observed from single pass measurements.
Figure 2 represents transient IOSs recorded from
the frog eye activated by a visible light stimulus.
Transient IOSs were highly correlated with ON and
OFF edges of the light stimulus. Fast IOSs occurred
rapidly (<10 ms) after the stimulus onset. Most of
the fast IOSs could reach the maximum magni-
tude (black arrowheads in Fig. 2(d)) within 100 ms
after the stimulus onset. An additional change of
responses was typically observed within 1 s after the
stimulus offset (gray arrowheads in Fig. 2(d)).

3.2. Positive and negative IOSs
with different time courses

From Fig. 2, we observed that IOSs at adjacent
retinal locations could be both positive and neg-
ative going. The IOSs of individual pixels (tracings
1–6 in Fig. 2(d)) could often exceed 10% ∆I/I.
However, when signals of an extended retinal area
were averaged (tracing 7 in Fig. 2(d)), the response
was at least one order of magnitude smaller, due
to the cancellation of positive and negative signals.
Figure 3 shows the spatiotemporal distribution of
the IOSs with opposite polarities. After the stimulus
onset, early positive and negative optical response
(such as the third frames of Figs. 3(a) and 3(b))
had similar spatial distribution. After the stimulus
offset, however, the positive signal pattern shrunk
gradually (Fig. 3(a)), while the negative signal pat-
tern expanded over time (Fig. 3(b)). The expand-
ing process of the negative pattern could last at
least six seconds. Overall, the early optical response
was dominated by positive optical signals; while the
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later optical response was dominated by negative
signals (Fig. 3(c)).

3.3. Dynamic differential IOS
imaging

Figure 4 shows differential IOS images recorded
from the same frog eye used for the experiment
shown in Figs. 2 and 3. Given the fact that
the dynamic differential processing acted as a
high-pass filter, the slow component of the IOSs
shown in Figs. 2 and 3 was reduced; while fast
optical responses associated with ON and OFF
edges of the visible light stimulus were enhanced.
Figure 4(b) shows the statistics of activated retinal
area. A threshold (|IOS| > 2.5% ∆I/I) was used
to reduce the effect of background noises on the
statistics. From Fig. 4, we observed that transient
IOSs occurred immediately after stimulus onset,
and fractional value of activated retinal area could
reach a magnitude peak within 50 ms (black arrow-
head in Fig. 4(b)) after the stimulus onset. An
additional peak (gray arrowhead in Fig. 4(b)) was
observed within 0.5 s after the stimulus offset.

4. Discussion

In summary, we demonstrated that NIR light imag-
ing of fast IOSs could be obtained from isolated
frog eye through intact ocular optics. Fast IOSs
had time courses that were tightly correlated with
the ON and OFF edges of the stimulus, and thus
might reflect dynamic neural activities of activated
retinal neurons directly. Slow IOSs (e.g. recovery
phase of the tracing 7 in Fig. 2(d)) could last a
relatively long time (>6 s), and did not return to
pre-stimulus baseline within the recording time.
Dynamic differential IOS imaging (Fig. 4) can
provide a simple strategy to minimize the effect
of slow optical responses on fast IOSs, which
are most interesting for direct evaluation of fast
retinal neural activity. While major part of the
slow IOSs may result from stimulus-associated
metabolic changes of the retina and other ocu-
lar tissues, dynamic phototransduction procedures
of photoreceptors may also partially contribute
to transient IOSs. Previous studies with isolated
photoreceptor outer segments and isolated retinas
have demonstrated transient IOSs associated with
phototransduction.31–33 Both binding and release
of G-proteins to photoexcited rhodopsin may con-
tribute to transient IOSs.33 While on-going phase

of the phototransduction-associated optical changes
occurred immediately after the stimulus, the recov-
ery phase could last for a relatively long time.33

Transient IOSs with both positive and neg-
ative polarities were observed at adjacent reti-
nal locations. Different dynamics, in term of time
course and optical patterns (Fig. 3), of tran-
sient IOSs with opposite polarities suggest multiple
sources, or mechanisms, of the IOSs. We hypothe-
size that positive IOSs result primarily from scat-
tering changes due to transient mechanical (swelling
or shrinking) dynamics of stimulus activated reti-
nal neurons34,35; while negative IOSs, particularly
slow negative IOSs in the edge of the stimulus acti-
vated retinal area (Fig. 3(b)), may mainly relate to
absorption changes correlated with stimulus acti-
vated metabolic procedures of the retina and other
ocular tissues. Further study is required for bet-
ter understanding of the sources and mechanisms
of positive and negative IOSs with different time
courses.

Our experimental results indicated that high
spatial resolution was required to differentiate pos-
itive and negative IOSs in adjacent retinal areas.
Dynamic optical change at individual CCD pix-
els could often exceed 10% of the background
light intensity (Fig. 2). Recording at a low spa-
tial resolution could pool responses of opposite
polarity together, and thus reduce recorded sig-
nal magnitude or even fail to record fast IOSs
(Fig. 2). We anticipate that further development
of fast (>100 Hz), high(sub-cellular)-resolution fun-
dus imager, with sophisticated data process-
ing system, will allow robust detection of fast
IOSs in vivo, and thus allow noninvasive, three-
dimensional evaluation of retinal neural function.
High-resolution imaging of retinal neural function
will provide improved retinal diagnosis and treat-
ment evaluation.
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