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Abstract

Retinal function has long been studied with psychophysical methods in hu-
mans, whereas detailed functional studies of vision have been conducted
mostly in animals owing to the invasive nature of physiological approaches.
There are exceptions to this generalization, for example, the electroretino-
gram. This review examines exciting recent advances using in vivo retinal
imaging to understand the function of retinal neurons. In some cases, the
methods have existed for years and are still being optimized. In others, new
methods such as optophysiology are revealing novel patterns of retinal func-
tion in animal models that have the potential to change our understanding of
the functional capacity of the retina. Together, the advances in retinal imag-
ing mark an important milestone that shifts attention away from anatomy
alone and begins to probe the function of healthy and diseased eyes.
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1. INTRODUCTION

Vision is initiated with the activity of multiple classes of cells that detect and process light in the
retina. Although decades of research have contributed to an understanding of the molecular and
electrical events in retinal neurons in response to visual stimulation, our understanding remains
incomplete. Recent developments in retinal imaging provide promising methodologies to help as-
sess retinal activity in the living eye.Noninvasive approaches such as in vivo imaging are critical for
understanding visual function in the intact visual system and can provide longitudinal tracking of
retinal function in both healthy and diseased eyes. This is particularly important for investigating
changes during development, aging, disease progression, and treatment.

1.1. Function of the Retina

The retina is a multilayered structure that detects light, processes the subsequent signals, and
transmits that information to the brain (see the sidebar titledOverview of Retinal Structure).Light
that enters the eye passes through the anterior optics and transparent neural retina before reach-
ing light-detecting photoreceptors. Photon absorption by rod opsin (rhodopsin) or cone opsin
(photopsins) initiates two processes: phototransduction and the visual cycle. Phototransduction is
a cascade of events within a photoreceptor that amplifies and propagates the light response within
a single receptor to postreceptoral cells via modulation of photoreceptor glutamate release at the
synaptic terminal. In response to light, the photoreceptor becomes hyperpolarized, leading to a
reduction of glutamate release at the synaptic terminal in the outer plexiform layer. This infor-
mation is processed and relayed through inner retinal neurons before leaving the eye en route to
the brain. In parallel, the visual cycle, also known as the retinoid cycle, recycles the chromophore
through the retinal pigment epithelium (RPE) or Müller cells (for more detail, see Section 3).
Combined, these processes result in retinal function with exceptionally high metabolic activity.
The retina has the largest oxygen consumption by weight of any tissue in the human body (Lennie
2003, Wong-Riley 2010, Yu & Cringle 2001), requiring a substantial network of retinal vascula-
ture to meet this oxygen demand. Therefore, biomarkers associated with phototransduction, the
visual cycle, and neuro-glial metabolism have been common imaging targets for extracting retinal
function.

OVERVIEW OF RETINAL STRUCTURE

An outer retinal photoreceptor is comprised of an outer segment with folds of membrane densely packed with
photopigment, an inner segment densely packed with mitochondria, a soma, and a proximal synaptic terminal.
Long, narrow, and cylindrically shaped rods dominate the peripheral retina and are primarily responsible for low-
light vision (scotopic). Cones are responsible for vision at high light levels (photopic), color vision, and high spatial
acuity vision in the center of the visual field at the fovea, where they are densely packed. At greater eccentricities,
cones are larger and less densely packed. There are three types of cones, classified by their short-, medium-, and
long-wavelength sensitivities. Through phototransduction, photon absorption by the photoreceptors is transmitted
to the horizontal (involved in lateral inhibition) and bipolar cells. The latter begin the process of integrating and
comparing signals as they relay information to the dendritic arbors of ganglion cells. These dendritic fields connect
with both ganglion and amacrine cells in the inner plexiform layer. Ganglion cells further process these signals
before relaying information to the brain through their axons, which form the nerve fiber layer, leave the retina
through the optic nerve head, and terminate at the lateral geniculate nucleus and other midbrain structures. Many
excellent resources including theWebvision website (https://webvision.med.utah.edu/) provide additional details.
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1.2. Scope

In this review, we define retinal function as the response of the retina to light stimulation:
the stimulus-evoked response. Function includes blood flow, production or removal of certain
molecules within a cell, electrical activity, and cellular metabolism related to the eye’s natural sen-
sory stimulus—visible light. We restrict this review primarily to measures of vertebrate retinal
function that can be observed using imaging techniques that measure retinal activity using re-
flected, scattered, or fluorescence light. In addition to imaging using light, we also consider several
important contributions of imaging using magnetic resonance imaging (MRI). We do not cover
psychophysical testing or nonimaging measures of retinal function such as electroretinograms
(ERG), nor do we examine measures of visual processing beyond the retina.

2. OPTICAL COHERENCE TOMOGRAPHY

2.1. Theoretical Concept

Retinal responses to light can be measured with optical coherence tomography (OCT), an inter-
ferometric optical method for measuring light scattering in biological tissues that has exceptional
axial resolution and is widely used in the ophthalmology clinic. The most robust functional signals
appear to come from rod and cone photoreceptors, and recent studies show smaller signals from
inner retinal layers, possibly the inner plexiform layer (Yao &Wang 2015). Although retinal light
scatter in response to visual stimulation has been measured for many years with in vitro prepara-
tions (Hofmann et al. 1976), experiments have been carried out in the living eye in recent years
and have provided comparative results from a wide range of species including mouse (Thapa et al.
2017, Zhang et al. 2017), tree shrew (Erchova et al. 2018), macaque (Suzuki et al. 2013), and hu-
man (Lu et al. 2017). These rapid advances were fostered by technical advances in OCT methods
that improved the resolution of imaging (Kocaoglu et al. 2016, Lu et al. 2017) down to just a few
micrometers, decreased the blurring produced by eye movements via more rapid scanning (Thapa
et al. 2017, Yao &Wang 2015), and increased the signal contrast of imaging via improved analysis
(Thapa et al. 2017).

2.2. Fluctuations in Photoreceptor Length Measured with Optical
Coherence Tomography

The axial resolution of OCTmakes it possible tomeasure variations in the optical path length and,
thus, changes in thickness of individual retinal layers. In humans presented with a liquid-crystal
display with a distinctive spatial visual stimulus, the optical path length of the photoreceptor outer
segments in the stimulated regions peaked at ∼300 ms after a 50-ms stimulus (Figure 1a) and
returned to baseline within ∼3 s (Hillmann et al. 2016). This effect was much more pronounced
and long-lasting after a 500- or 3,000-ms stimulus. Extending this approach to the difficult study
of functional responses of human inner retinal neurons, Pfäffle et al. (2018) demonstrated various
methodological advances that make ganglion cell responses measurable. Use of similar spatial
patterns will be valuable in future studies that look for regional alterations in visual response
across the retinas of patients.

The use of adaptive optics (AO) combined with OCT has made possible in vivo measurements
of the lengths of individual cones. Kocaoglu et al. (2016) studied hundreds of cones in humans by
capturing AO-OCT images every 3 min for a 90-min period. At times, the cone outer segment
tip (COST) image disappeared for several minutes (Figure 1b), and when it reappeared, the outer
segment length was shortened, suggesting disc shedding.The duration of the loss of COST varied
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widely from less than 3min up to approximately 60 min, and outer segment length decreased from
25.1 µm to 22.7 µm, a difference of approximately 9.6%. The rate of disc shedding in cones was
maximal in the morning, decreasing in the afternoon and further in the evening.

Both outer segment elongation and increased light scattering were observed in mice in re-
sponse to brief presentations of intense light (Zhang et al. 2017) (Figure 1c,d). The time courses
of light-scattering increase and outer segment elongation were highly correlated, suggesting the
former was due to the latter. The authors constructed a model of how osmotic changes in outer
segment elongation would affect backscatter and concluded that axial changes in the length of
outer segments were sufficient to produce the observed scatter alterations. They also observed
both scattering increase and outer segment changes only in control mice and not in mice lacking
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Figure 1 (Figure appears on preceding page)

OCT functional responses. (a) Spatial pattern of optical path length of human photoreceptors measured with OCT in response to
pattern stimulus (lower left corner) (Hillmann et al. 2016). (b) OCT A-scan time trace of two representative human cones (red and blue)
over 90 min. The location of the IS/OS border and COST are shown. The COST of the lower cone disappears from minute 33 to
minute 51 (white arrow) and then reappears displaced toward the IS/OS junction. Panel b adapted with permission from Kocaoglu et al.
(2016); copyright 2016, The Optical Society. (c) Profile of OCT signal across mouse outer retina measured before (black) and 25 s (blue),
52 s (green), 80 s (yellow), and 121 s (red) after a brief stimulus; the inset shows the magnification of the outer retinal profile. The
distance from Bruch’s membrane to NFL does not change. However, the positions of other retinal layers, most notably the ELM,
IS/OS junction, and OS tips, are shifted toward the inner retina, indicating elongation of the IS and OS of the photoreceptors (Zhang
et al. 2017). (d) This elongation is plotted over time for the distance from the ELM and IS/OS to Bruch’s membrane (Zhang et al.
2017). (e) Length of human rods and dark adaptation sensitivity more than 30 min following a bright flash of blue light bleaching 96%
of rhodopsin. The recovery of rod length after ∼10 min is correlated with the recovery of visual sensitivity during dark adaptation (Lu
et al. 2017). ( f ) A single OCT B-scan image of mouse photoreceptors is shown for orientation (left) beside a differential plot showing
intensity profile over time in response to stimulation (right); outer retinal activation (OS) precedes a weaker response of the
postreceptoral IPL. Panel f adapted with permission from Thapa et al. (2017); copyright 2017, Taylor & Francis, Ltd. Abbreviations:
COST, cone outer segment tip; ELM, external limiting membrane; IPL, inner plexiform layer; IS, inner segment; ISe, inner segment
ellipsoid; NFL, nerve fiber layer; OCT, optical coherence tomography; OPL, outer plexiform layer; OS, outer segment; RPE, retinal
pigment epithelium.

the rod G protein alpha subunit, indicating that phototransduction is critical to both outer seg-
ment elongation and scattering increase. In human subjects exposed to a large-field (40°) bright
flash (1–12-ms duration), Lu et al. (2017) measured a very fast (less than 20-s measurement inter-
val) increase in the distance from the inner segment/outer segment junction (or ellipsoid zone) to
the COST, which was most pronounced near the fovea, where cones are the primary photorecep-
tors. Amuch slower thickness increase was observed between ellipsoid zone and rod outer segment
tip, lasting until approximately 25 min after the flash (Figure 1e). The observed changes in outer
retinal thickness were strongly correlated with the time course of rod and cone dark adaptation
measured psychophysically for 30 min after stimulation (Figure 1e).

2.3. Functional Responses of Inner Retina Measured with Optical
Coherence Tomography

Despite growing consensus that dramatic scattering signals from photoreceptor layers are related
to physical changes in the outer segments, the neuronal mechanism of the subtler light-induced
alterations in the inner retina (Pfäffle et al. 2018) remains controversial. Two studies suggest a
possible role for retinal ganglion cells in these responses: Mihashi et al. (2011) found no differ-
ence in inner retinal effects elicited by transcorneal or optic chiasm stimulation, suggesting both
reflected a ganglion cell response. Blocking synaptic transmission with tetrodotoxin eliminated
scatter responses in the inner retina, suggesting a role for retinal ganglion cells. More recently,
Erchova et al. (2018) imaged inner retinal responses with OCT in anesthetized and paralyzed tree
shrews in response to intense brief flashes of light as well as drifting gratings. Visual stimulation
caused positive and negative changes in reflectance and increased variability of responses in the
ganglion cell layer. This increased variation persisted when spatially filtered to the size of gan-
glion cells to remove speckle. Furthermore, these responses were correlated with on- and offset
of visual stimuli, suggesting a possible origin from ON and OFF center ganglion cells, which also
show responsivity to on- and offsets of stimuli in electrophysiology experiments.

A previous study of functional responses in mouse inner retina (Zhang et al. 2015) was recently
improved via adoption of an analytical approach to increase the signal-to-noise ratio. Applying a
method initially developed to improve vascular OCT imaging ( Jia et al. 2015), Thapa et al. (2017)
split the 104-nm-wide OCT signal into four slightly overlapping bands and analyzed each band
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separately. The intensity values in different spectral bands differed greatly, sometimes in sign,
and averaging reduced overall signal, demonstrating independent functional signals in different
spectral bands. This analysis made visible inner retinal change (Figure 1f ). In addition to the
strong scatter signals in the outer retina, there is a subtle signal in the inner plexiform layer. The
magnitude of this inner retinal response was much greater than when measured previously with
the full-spectrum OCT signal.

2.4. Future Developments

OCT methods for measuring retinal function look very promising given two continuously ad-
vancing features, exquisite axial resolution and high imaging speed that freezes eye motion. If
combined with AO, OCT can observe effects within individual photoreceptors, even separating
rods and cones (Wells-Gray et al. 2018), making detection of microscopic events such as disc
shedding possible (Kocaoglu et al. 2016). An all-optical method (Ling et al. 2018) is also being de-
veloped to detect individual action potentials of cells by measuring phase changes possibly caused
by membrane deformation. If it can be extended to in vivo retinal imaging, this method could rev-
olutionize retinal function studies in humans. Because OCT needs no external contrast agent, this
method is ideal for examining human retinas. A major limitation is that it cannot provide fluores-
cence information such as autofluorescence and biosensor-added fluorescence (see Sections 3.4
and 7.1). However, the development of joint-registered fluorescence and OCT imaging (Yuan
et al. 2010) will eventually provide the multimodal benefits of both approaches.

3. RETINAL DENSITOMETRY

3.1. Theoretical Concept

Photoreceptor outer segments contain photopigments that absorb photons of light and begin the
phototransduction process.These photopigments are comprised of an opsin that dictates the spec-
tral sensitivity of the photopigment and the chromophore 11-cis-retinal. In the dark, photorecep-
tor outer segments are packed with tens to hundreds of millions of photopigment molecules that
are ready to absorb photons in the visible spectrum (∼400–700 nm). Photopigment molecules are
activated when exposed to light, but upon releasing the chromophore, they are unable to absorb
additional visible wavelength photons. The opsin does not strongly absorb in the visible spectrum
without retinal. Light-induced change in the spectral absorption of the photopigment is known
as bleaching. Spectral absorption of photoreceptors differs depending on available photopigment.
Retinal densitometry takes advantage of this change in spectral absorption to measure photore-
ceptor pigment density. The pigment optical density is measured by comparing the intensity of
reflected visible light in response to a bright visible light bleach and the amount of photopigment
inferred (Figure 2a).Tracking the optical density over time during bleach recovery can provide in-
formation about the rate-limited kinetics of pigment regeneration (Lamb& Pugh 2004). Further-
more, bleaching with specific wavelengths tuned to the preferred wavelengths of different cone
classes can be used to probe and identify individual cone spectral types (Roorda &Williams 1999).

3.2. Classical Rhodopsin Densitometry

Campbell & Rushton (1955) performed early work in retinal densitometry measurements using
modified retinal cameras. Since then, the introduction of new imaging modalities including
scanning laser ophthalmoscopes (Elsner et al. 1992, van Norren & van de Kraats 1989) and
AO imaging systems (Masella et al. 2014) has made possible new measurements. Densitometry
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a b

dc M/L cone Rod

–5% 25% 0% 4%

**

Figure 2

Photopigment densitometry. (a) Scanning laser ophthalmoscope images in human show a localized increase
in reflectance in response to a focal 4.8° circular stimulus (532 nm, 1.5 × 107 scot Td-s) (right). Stimulus
response compared with the dark-adapted state is evident with the naked eye (left). Panel a adapted with
permission from Morgan & Pugh (2013). (b) Selective cone bleaching with an adaptive optics scanning light
ophthalmoscope allows classification of individual human cones. S (blue), M (green), and L (red) are shown in
false colors overlaid on an image of the cone mosaic (Sabesan et al. 2015). (c) Photopigment distribution
maps of M/L cones (left) and rods (right) are consistent with expected cell topography in macaque. The color
map represents the reflectance change following illumination with 5.35 log phot Td between 60 s and 180 s
for M/L cones and with 4.73 log scot Td between 52.5 s and 150 s for rods. Panel c adapted with permission
from Hanazono et al. (2012). Horizontal dimensions are ∼35° and ∼60° for M/L cone and rod images,
respectively. (d) Exposure of human retina to 488-nm excitation light in a scanning light ophthalmoscope
(Heidelberg Retina Angiograph 2, Heidelberg Engineering) leads to an increase in emitted fluorescence
>520 nm with a border matching the shape of a mirror within the instrument. The increased fluorescence
may indicate that photopigment bleaching reduces photoreceptor screening of lipofuscin fluorescence. Panel
d adapted with permission from Theelen et al. (2008); copyright 2008, The Optical Society.

measurements have provided consistent results regarding the photosensitivity of rhodopsin
from rods. For example, photosensitivity (expressed in units of scotopic illuminance) has varied
between 6.9 in Rushton’s (1956) data and 7.2 in Morgan & Pugh’s (2013) data. Measurements of
the rate of rhodopsin regeneration in humans are also consistent across densitometry experiments
and with psychophysical and ERG results (Lamb & Pugh 2004).

Possibly owing to reduced reflection from peripheral cones, which have short tapered outer
segments and decreased reflectivity at their narrow tip, Morgan & Pugh (2013) found an absence
of cone contributions in human subjects at an eccentricity of 15°. This is also near the eccen-
tricity of maximum rod density. Similarly, using an AO scanning light ophthalmoscope (AOSLO)
for macaques, Masella et al. (2014) found no significant difference in apparent density or initial
photopigment recovery rate at ∼15° eccentricity when the contribution from cones was removed.

Despite their theoretical utility, densitometry measurements have been fraught with chal-
lenges in accounting for non-photopigment-related variations in sequentially acquired images
in bleached and unbleached states. These measurements likely do not represent complete
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double-pass transmission through the photoreceptor, as multiple reflections and absorptions can
occur from pre- to postreceptor retinal layers (van de Kraats et al. 1996). Generalized models of
fundus reflectance can be incorporated into analyses of densitometry data (Morgan & Pugh 2013,
Masella et al. 2014). Additionally, a normalization has also been applied with images taken at a
wavelength likely unaffected by a change in pigment density (Morgan & Pugh 2013). This works
well in widefield images of the peripheral retina, where the contribution of cones in minimal,
but it is not successful in cone-dominated fovea or in AO imaging methods (DeLint et al. 2000,
Masella et al. 2014).

Densitometry measurements may provide valuable information about photoreceptor function
in healthy and diseased eyes. With age, the difference between bleached and dark-adapted pho-
topigment density increases, and the rate of rhodopsin regeneration declines (Liem et al. 1991).
Many diseases, such as fundus albipunctatus, vitamin A deficiency, and drusen in early age-related
macular degeneration, manifest with reduced pigment density and/or slowed dark adaptation
(Liem et al. 1996). No disorders with accelerated dark adaptation have been documented. Us-
ing an AOSLO to perform retinal densitometry measurements in macaque, Masella et al. (2014)
observed changes in the rhodopsin density of rods that were located above regions of RPE pho-
todamage, but the initial recovery rate remained unchanged. Thus, these photoreceptors retain a
functioning visual cycle, even in the presence of RPE disruption.

3.3. Densitometry for Cone Classification

Using AO imaging, the photopigment density of single cones can be separated from that of rods.
Using AO fundus photography with selective comparisons between dark-adapted and bleached
states, Roorda & Williams (1999) and then Hofer et al. (2005) classified individual cones. Their
early work represented a time-consuming process that could require repeated daily sessions for
up to 5 days for each bleaching condition. Today, with the development of high-speed retinal
tracking algorithms in combination with AOSLO, such measurements may be performed with
intermittent imaging over the course of 3–9 h. Sabesan et al. (2015) performed cone-resolved
densitometry with AOSLO (Figure 2d) by first dark-adapting subjects for 5 min. S cones were
identified by simultaneously bleaching and imaging at 543 nm.Light at 680 nmwas used to bleach
L cones ∼15 times more than M cones, and 479-nm light was used to selectively bleach M cones
∼1.8 times more than L cones. Intensity versus time was tracked for a 3-s video acquisition, so the
relative total change in reflected intensity could provide an indication of the amount of bleaching.
For example, at 543 nm, S cones showed little to no response, whereas L/M cones showed a
substantial increase in reflected intensity. Using this method, Sabesan et al. (2015) reported that
their optical densities are comparable with those of other groups, but lower than those estimated
from single-pass psychophysical measurements. Such optical measurements can be the basis for
psychophysical testing to understand the perceptual responses of single-cone stimulation (Sabesan
et al. 2016). Furthermore, cone classification may be important in identifying the susceptibility of
various cones to phototoxicity or retinal degeneration.

Bedggood & Metha (2012) investigated the millisecond dynamics of visible light reflectance
of individual foveal cones following bleach. By combining densitometry with a flood-illuminated
AO ophthalmoscope, they found substantial variability between individual cones within 1° of the
fovea in response to light adaptation to a supercontinuum laser source in the range of 540 nm to
573 nm. With a rate of 1,000 frames/s, fluctuations were observed on the order of milliseconds.
The observed cone-to-cone variability in the magnitude of the reflected intensity increased, sug-
gesting that as cone photopigment becomes bleached optical waveguiding improves. Individual
cones within the same putative color class produce heterogeneous responses to the same stimulus,
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showing significant variability in photopigment density and photosensitivity between neighboring
cones.

The varied spectral sensitivity of rods as well as S, M, and L cones can also be used to map
the cone mosaic near the fovea or to perform widefield assessments of photoreceptor densities.
Tracking reflectance in response to light adaptation at different wavelengths over time in rhesus
monkeys, Hanazono et al. (2012) measured M/L, S, and rod functional maps across the central
20° (Figure 2c). By selecting various time points for comparison, they isolated the responses of
rods and different cone classes. M/L cone density and S cones were assessed by plotting light-
reflectance change measured 60–180 s and 30–60 s after the onset of 590- and 445-nm light,
respectively. Rods were also assessed using adaptation to 500-nm light with responses between
52.5 s and 150 s. The time windows for analysis were chosen on the basis of inflections in the
percentage change in light reflectance versus time for cone-rich foveal regions and rod-dominated
temporal retina. These functional maps are comparable to photoreceptor density maps that take
into account how photoreceptor volume varies with eccentricity.However, the former require very
bright light exposures and long fixations. Thus, this methodology is not yet ideal for clinical use in
humans.

3.4. Using Fundus Autofluorescence for Retinal Densitometry

Photopigment density may also be inferred from the increase in autofluorescence intensity mea-
sured in the RPE (Figure 2d). Given their accumulated lipofuscin, RPE cells fluoresce from the
deepest retinal layers, and exposure to visible photopigment bleaching lights reduces absorption of
screening photopigment. Thus, as Theelen et al. (2008) demonstrated using a Heidelberg scan-
ning laser ophthalmoscope, the intensity of autofluorescence emitted from the RPE increases
following photopigment bleaching (Prieto et al. 2005). Morgan & Pugh (2013) found the initial
increase in autofluorescence after a full bleach of rhodopsin is significantly greater than predicted
by rate-limited kinetics of rhodopsin regeneration and possibly reflects a different component
of retinoid processing. This raises the question of whether the same apparent measurement is
confounding two processes. This autofluorescence method provides single-pass measurements,
potentially explaining why the optical density measurements it produced were lower than tradi-
tional densitometry measurements (Prieto et al. 2005). Although potentially clinically useful, such
densitometry measurements are time consuming and confounded by competing signals, so they
have not been widely adopted. Autofluorescence densitometry may also be challenging or impos-
sible in the presence of RPE atrophy, yet a recent report by Choi et al. (2017) demonstrates utility
in patients with acute central serous chorioretinopathy.

4. INTRINSIC SIGNAL IMAGING

4.1. Concept

Intrinsic signal optical imaging encompasses various techniques reporting functional activity on
the basis of endogenous changes in tissue. Comparison of images from baseline and stimulated
states reveals that tiny changes in optical back reflection are often present but invisible to the naked
eye. Sensitive digital cameras can yield repeatable imaging and quantification of these changes.
There is no single biophysical origin of intrinsic signals; rather, they compose the aggregate re-
sponse of multiple optical changes in response to tissue stimulation such as those of activated
neurons and glial cells (Hill & Keynes 1949, Keynes 1951). These changes can alter optical prop-
erties and thus may reveal neural tissue physiology. In addition, as thirsty neurons drive local
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modulations in blood flow to serve metabolic needs, and thus neurovascular coupling also impacts
optical interactions with tissue.

Intrinsic signal optical imaging was originally developed to reveal functional brain architecture
that could not be visualized by anatomy alone. Optical changes were confirmed to arise in neural
tissue partly in response to hemodynamic modulations caused by neural activity (Frostig et al.
1990, Grinvald et al. 1986, Malonek & Grinvald 1996, Malonek et al. 1997, Ts’o et al. 1990) as
well as light scatter endogenous to the neural tissue (Frostig et al. 1990). Other physiological
processes such as osmotic changes or ionic movements that cross the cell membrane as well as
pigment and chromophore changes associated with glycolysis or related to the redox ratios of
energy production and utilization from NAD, cytochromes, or other components of the citric
acid cycle may also induce optical changes (Cohen 1973, Cohen & Salzberg 1978).

Although retinal neurons share many similarities with cortical neurons, the retina contains sev-
eral specialized chromophores, proteins, photopigments and epithelia that are unique.Measuring
photopigment densitometry (Rushton 1956) is one such example described above. However, be-
cause mammalian opsins show dramatic absorption reduction beyond 700 nm (DeLint et al. 2000,
Grieve & Roorda 2008, Stockman & Sharpe 2000), intrinsic signals in the near infrared (NIR)
(∼700–1,000 nm) are likely distinct from photopigment-related changes in the retina. Therefore,
NIR optical changes may represent a unique class of biophysical reporters.

Intrinsic signal optical imaging in the retina compares a baseline (NIR only) with a stimulated
state (NIR plus visible light, the retina’s natural stimulus). This approach has at least three ma-
jor benefits. First, functional measures are distinct and not confounded by photopigment density
(DeLint et al. 2000). Compared with its visible densitometry counterpart, the NIR intrinsic signal
often shows opposite polarity as well as a different spatial topography and functional time course
(Figure 3a) (Tsunoda et al. 2004). As a result, optical signatures could be studied in cells without
photopigment. Second, the use of NIR light may leave the retinal opsins in a near-dark-adapted
state (Stockman & Sharpe 2000) that is beneficial for imaging the baseline and light-evoked re-
sponse. Third, because NIR light is within the sensitivity range of many digital cameras, more
light can be used without risking photochemical damage to the retina. Because ample photons
are provided for digital that the eye cannot see, the signal-to-noise of the NIR response may be
higher than its visible counterparts in photopigment densitometry.

4.2. Spatial Characteristics of Intrinsic Signal Imaging

Using a modified scanning laser ophthalmoscope, DeLint and colleagues (2000) found a slow
change in backscattered NIR light in response to visual stimulation at the fovea of the human
retina. Along similar lines, Tsunoda and colleagues (2004) observed changes in NIR reflectance in
response to a short flash of visible light. In contrast to the increase seen in visible light reflectance
(consistent with densitometry), recordings made with 900-nm imaging light revealed a global
decrease in NIR reflectance (Figure 3b). Compared with its visible densitometry counterpart, the
NIR intrinsic signal showed not only opposite polarity, but also a different spatial topography and
functional time course (Figure 3a,b).

The NIR response of the human retina can be focally stimulated (Abramoff et al. 2006). Mea-
sured with a spectrally modified flood ophthalmoscope using a patterned 550-nm visual stimulus,
the NIR response was found to localize with the area of stimulation. Although its biophysical
origins are still being elucidated, this response is evidence of a focally precise mechanism. In
many studies, the NIR response could be evoked with a very-low-energy visible stimulus of
only 10 cd/m2 corresponding to the low-photopic, high-mesopic range of vision. Thus, the NIR
response may be physiologically relevant to ordinary pattern vision.
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Figure 3 (Figure appears on preceding page)

Near-infrared intrinsic signals in macaque, cat, and human. (a) In macaque, visible light reflectance increases
in the macula and decreases in the periphery in response to a short flash of white light (consistent with
conventional densitometry); the panel shows visualized (top) and quantified (bottom) time progressions.
(b) Using the same preparation, imaging with near-infrared light shows a global decrease in reflectance
across the retina. Panels a and b adapted with permission from Tsunoda et al. (2004). (c) In cat, focal
stimulation with a small spot of visible light reveals activations of a negative- and positive-evoked response;
white squares indicate the times when stimulus was present. There is a slow, continuous rise of signal during
stimulus and a slow recovery of each signal back to baseline. Panel c adapted with permission from Ts’o et al.
(2009); copyright 2009, Japanese Ophthalmology Society. (d) In human, focal retinal response to patterned
stimuli in a commercial device shows spatially precise activations. Panel d adapted from with permission
from Vanzetta et al. (2014); copyright 2014, Springer Nature. Abbreviation: dR/R, change in reflectance
normalized by baseline reflectance.

4.3. Animal Studies Reveal Conserved Features of Mammalian
Optophysiology in the Near Infrared

Multiple studies have used animal preparations to facilitate more detailed study, and animal studies
provide opportunities for retinal stabilization that cannot be realized in humans (Schallek et al.
2009a,b). NIR optical signals have been observed in every species examined in vivo including cat
(Schallek & Ts’o 2011; Schallek et al. 2009a, 2012; Ts’o et al. 2009), monkey (Hanazono et al.
2012, Ts’o et al. 2009, Tsunoda et al. 2004), rabbit (Naderian et al. 2017), mouse (Wang et al.
2016), and frog (Zhang et al. 2011). Such findings point to a signal that may represent a consistent
aspect of vertebrate and, especially, mammalian physiology. In anesthetized and paralyzed cat,
the spatial confinement of the intrinsic signal yielded a spatial point-spread function of ∼80 µm,
corresponding to 22 arcmin (Ts’o et al. 2009). Therefore, a spatially precise control mechanism
may be used to probe the geographic integrity of the retina at a variety of eccentricities.

When imaged with flood-illuminated cameras, macaque monkeys and humans show a pre-
dominantly negative signal (decrease in backscatter) (Abramoff et al. 2006, Hanazono et al. 2012,
Ts’o et al. 2009, Vanzetta et al. 2014). However, in some species, especially in cat, there appear
to be both spatially localized negative and positive signals (increase in light reflectance). Nega-
tive signals colocalize with stimulus location, whereas positive signals are often adjacently located
(Schallek et al. 2009b). The sided asymmetry of the positive signal is poorly understood, though
the vascular watershed hypothesis indicates that vascular shunting (vascular steal) could provide
a basis for both positive and negative signals (Shmuel et al. 2002). Negative and positive signals
are present at the same time (Figure 3c), suggesting a more complex interaction at the spatial or
axial scale.However, neither signal appears to grow or propagate spatially over time, so activity re-
mains spatially specific and does not, for example, demonstrate traveling wave activity (Figure 3c).
In cat, both negative and positive signals appear to have a similar time course on the order of sec-
onds that may indicate a similar biophysical origin. In rabbit, however, intrinsic signals appear to
have a biphasic response exhibiting both negative and positive signals that are temporally sepa-
rate. These differences prompt the question of whether there are species differences or whether
laminar contributions may impose optical changes that balance inner and outer retinal contribu-
tions in different ways as the signal is integrated across the entire neural retina, RPE, and some
contribution of the choroid and sclera (van de Kraats et al. 1996).

In addition to their two reflectance polarities,NIR signals exhibit two generalized time courses.
Fast optical signals show kinetics on the order of milliseconds and appear to resemble the electrical
response function of activated neurons when compared with components of the ERG (Wang
et al. 2016, Yao & Wang 2015, Zhang et al. 2011). Slow optical changes have a rise time on the
order of seconds and often have a progressive growth function consistent with retinal activation
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energy (Abramoff et al. 2006, Okawa et al. 2007, Schallek et al. 2009b, Tsunoda et al. 2004). Most
signals reported in vivo show a signal rise time on the order of seconds, enabling more sensitive
integration at safe light levels.

Given the observations reported above, signal originsmay arise from layers containing different
subsets of neurons. Attempts to address this issue are perhaps where the field is most fraught with
conflicting findings. In studies from laboratories using rhesusmonkey and rabbit, injection of inner
retinal blocking drugs reduced the intrinsic signal amplitude (Hanazono et al. 2008, Naderian
et al. 2017). However, other studies using similar drugs in cat found inner retinal blocking agents
have minimal impact on the intrinsic signal amplitude, suggesting a dominant outer retinal origin
(Schallek et al. 2009a) that has also been corroborated using a cat model of congenital glaucoma
in which ganglion cells were severely compromised (Schallek et al. 2012). Studies using confocal
AOSLO imaging also point to a signal change arising from individual photoreceptors in both
frog and human (Cooper et al. 2017, Grieve & Roorda 2008, Zhang et al. 2011). Further research
is needed to sort out the laminar contributions and species-related differences. Currently, the
only commercially available instrument for making such measurements is the Retinal Functional
Imager (Optical Imaging, Ltd., Rehovot, Israel) (Izhaky et al. 2009, Nelson et al. 2005, Vanzetta
et al. 2014). Reports from this device focus mainly on blood velocity (discussed below), though
some modalities reveal distinctive focal activations (Figure 3d).

4.4. Intrinsic Signal Imaging with the Aid of Adaptive Optics Ophthalmoscopes

AOSLO resolution has allowed for precise retinal motion correction to mitigate further the
impact of motion artifacts that could contaminate focal intrinsic optical signals. Using an
AOSLO to image the response of single cones to patterned visible stimuli in human, Grieve &
Roorda (2008) studied the cellular contributions of intrinsic signals related to photoreceptor func-
tion (Figure 4a). Given the confocality of the system (∼150 µm), the strongest signals using
840-nm light were observed conjugate with the photoreceptor outer segments and represented
slow changes on the order of seconds. This finding is similar to pharmacological studies that em-
phasized an outer retinal origin (Schallek et al. 2009b). However, in contrast to much work in
primate and cat, the photoreceptor-based intrinsic signal appeared to be an increase in reflected
light. Estimations from Stockman & Sharpe (2000) rule out a primary contribution from pho-
topigment densitometry because the absorption coefficient of photopigment at 840 nm given the
power intensities used was negligible. Grieve & Roorda (2008) did not detect a spatially corre-
lated negative signal.However, using single-receptor resolution,Cooper et al. (2017) distinguished
both positive and negative polarity intrinsic signals in response to visible stimulation. The authors
also found that photoreceptors demonstrated both positive and negative signals at the single-cell
level in response to the same stimulation (Figure 4b). The aggregate response was assigned a
variance measure rather than the fractional reflectance change measure used by others. Recep-
tor reflectance variances are sensitive to light of different wavelengths in a manner that tracks
the human spectral sensitivity function (Vλ), suggesting the same processes that initiate our vision
also modulate the optical signature (Figure 4d).Work remains to determine why cone reflectance
both increases and decreases in response to the same visual stimulus.

4.5. Contributions from Retinal Blood Flow

Findings from several studies support the idea of a hemodynamic optical signal in the retina. For
example, when contrast agents were injected systemically into blood circulation, NIR intrinsic
signals increased in magnitude (Schallek &Ts’o 2011) while maintaining a similar spatial scale and
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Figure 4

Photoreceptor imaging using adaptive optics scanning light ophthalmoscope reveals single-cell changes in
response to light. (a) Human retina shows spatially precise activations in response to a 2 × 2 checkerboard
pattern. The net response is an increase in normalized 840-nm backscatter that grows during 658-nm
stimulus presentation. Panel a adapted with permission from Grieve & Roorda (2008). (b) Single
photoreceptors show variable responses to light presentation in the human retina. Some cones increase in
reflectance, whereas others decrease. Cells often show a unique temporal response profile. (c) Photoreceptor
response determined by measuring signal variance relative to baseline, as the evoked response grows in
amplitude in correspondence with brighter visual stimuli. (d) Photoreceptor responses matched the human
photopic luminosity function in five human subjects when tested with stimuli at different visible wavelengths.
Panels b–d adapted with permission from Cooper et al. (2017); copyright 2017, The Optical Society.
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Holangiotic retina:
retina with a vessel
plexus in the neural
retina; it is present in
primates, carnivores,
and most rodents, but
not rabbits, horses, and
birds

matched temporal dynamics. Thus, intrinsic signals arise, at least partly, in response to changes
in blood flow in the retina, consistent with numerous brain studies (Malonek & Grinvald 1996,
Malonek et al. 1997). Spatial stimuli also appear to activate an NIR optical change in feeding
and return vessels far from the visual stimulus (Figure 5c). Additionally, optic disc analyses show
darkening of the primary arterioles and venules (Hanazono et al. 2007) and vessels projecting to
the visually stimulated area (Okawa et al. 2007). Combined, these studies suggest that modulations
in retinal blood flow may change how NIR light interacts with the retina, despite low overall
absorption of hemoglobin at these wavelengths.

5. BLOOD FLOW IN THE RETINA

5.1. Concept

Blood perfusion is essential for healthy vision. It is the source of retinal nutrition and is critical for
removing metabolic waste products. Two primary circulation pools serve the retina: the choroidal
complex, located behind the neural retina, and retinal circulation, located on the surface and in-
terspersed within the inner retinal layers in human and other holangiotic retinas (Michaelson &
Friedenwald 1954).

Since the observations of Roy & Sherrington (1890) more than a century ago, coupling be-
tween neural activity and blood flow (neurovascular coupling) has provided a physiological linkage
enabling noninvasive readout of neural tissue via patterns of blood flow and oxygen saturation.
As such, neurovascular coupling is a fundamental readout mechanism in blood-oxygen-level-
dependent (BOLD) functional MRI (fMRI), laser Doppler imaging, and aspects of the intrinsic
signal response discussed above. In the brain and retina, changes in both total blood flow and
oxygen content of hemoglobin are modulated in response to the activity of functionally orga-
nized neural populations (Fox & Raichle 2007, Ogawa et al. 1990; for comprehensive reviews of
neurovascular couplingmechanisms in the retina, see Kornfield&Newman 2014,Newman 2013).

5.2. Oximetry

The first spectral measurements of blood were performed in the late 1800s by Stokes (1863),
who determined the spectral characteristics of oxygen-bound and -depleted hemoglobin. Spec-
tral changes associated with oxy- and deoxyhemoglobin have been extensively characterized, and
initial attempts tomeasure oxygen unloading have been visualized in the human eye.Retinal circu-
lation in human shows an arteriovenous saturation difference of approximately 35–43% (Hickam
& Frayser 1966, Schweitzer et al. 1999) that is consistent with the high metabolic demands of the
neural retina (Ames et al. 1992, Lennie 2003, Wong-Riley 2010). Oximetry is not considered a
strong intrinsic signal contributor in the choroid, owing to the exceptionally high perfusion rate
leading to only ∼1% total oxygen extraction measured in cat (Alm & Bill 1970).

Today, several commercial and research-grade devices including the Oxymap T1 (Reykjavik,
Iceland) and Retinal Functional Imager measure oximetry in the largest vessels within retinal cir-
culation (Blair et al. 2017,Geirsdottir et al. 2012, Izhaky et al. 2009,Nelson et al. 2005).Challenges
remain in properly accounting for pigmentation, scatter, and spectral properties of the anterior op-
tics that may alter or bias spectral measurements and degrade the integrity of the oximetric signal
(Beach et al. 1999).There is also a limit to the test-retest variability of fundus-basedmeasurements
in the same subjects over weeks (10–16%) and within the same session (3.7–8%) (O’Connell et al.
2014). Nevertheless, oximetry may reveal baseline dysregulation in diseased retinas (Stefansson
et al. 2017).

Another approach that obviates the need for optical pigmentary corrections is fMRI (Ogawa
et al. 1990), which has revealed both blood flow and BOLD hemodynamics associated with neural
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Figure 5 (Figure appears on preceding page)

Imaging the neurovascular response to visual stimulation. (a) Functional magnetic resonance imaging reveals
focal activations of cat retina. The inferior and superior retina show independent activations with blood-
oxygen-level-dependent signals in response to visual stimulation (black bars). Panel a adapted with permission
from Duong et al. (2002). (b) The blood velocity of a single arteriole (measurement site) is tracked using an
adaptive optics scanning light ophthalmoscope in response to four different flicker sites. Blood velocity
modulation reflects two aspects. First, all plots show blood velocity modulations from the cardiac pulse wave.
Second, only stimuli that fall within the watershed area of the imaged arteriole show velocity increases in
response to flicker (conditions 3 and 4). Condition 1 (no stimulus) and condition 2 (presumably supplied from
other vessels) do not show a differential response. Panel b adapted with permission from Zhong et al. (2012).
(c) In cat, near-infrared reflectance imaging of focal activations shows vessel darkening far from stimulus
sites, indicating putative increase in blood volume. Active vessels do not appear in response to the blank
condition (far right) ( J.B. Schallek and D.Y. Ts’o, unpublished observations). Abbreviations: A, anterior;
P, posterior; V, ventral.

activity. Neurovascular coupling is the key readout mechanism used in BOLD fMRI, as changes
in total blood flow and oxygen content of hemoglobin are dependent on total hemoglobin levels
and blood oxygen content (Fox & Raichle 2007, Ogawa et al. 1990). Technical advances have also
minimized voxel size to enable laminar images of the retina (Duong 2014, Duong et al. 2002). In
studies by Duong and colleagues (2002), retinal hemifield stimulation caused focal stimulations
in putative blood flow changes (Figure 5a). These changes represent blood volume or BOLD
signals, as has been corroborated by gas challenge experiments where subjects breathe different
concentrations of oxygen, carbon dioxide, and nitrogen affecting systemic blood gases and re-
vealing modulated BOLD responses (Peng et al. 2011, Zhang et al. 2011).The time course of
fMRI findings show some consistency with optical measures of putative blood flow changes of
the intrinsic signals (discussed above) (Shmuel et al. 2002). Currently, fMRI retinal imaging is
time consuming, expensive, and not available to many research institutions. Nevertheless, these
early investigations offer great potential for understanding blood flow regulation in healthy and
diseased eyes.

5.3. Imaging Stimulus-Evoked Blood Flow Changes

Several decades of work have revealed that retinal circulation modulates blood flow in response
to visual stimulation and blood flow states may differ in light- versus dark-adapted retinas (Feke
et al. 1983). Investigations using high-resolution AOSLO have measured the speed of single blood
cells (Guevara-Torres et al. 2016; Martin & Roorda 2005, 2009; Tam & Roorda 2011; Zhong
et al. 2012). Zhong and colleagues (2012) showed that the velocity of single blood cells in larger
arterioles increased in response to visual stimulation. Large retinal subfields (2°–10° visual angle)
also modulate their local blood flow in response to visual stimulation (Figure 5b). These findings
are consistent with the neurovascular coupling response reported in the brain. Work remains to
determine the degree of local control in the retina and which cell type regulates this control (e.g.,
smooth muscle or retinal pericytes) (Schallek et al. 2013).

Techniques measuring Doppler shift in light revealed that blood cell speed can also be ex-
tracted to provide a meaningful report of blood velocity in larger vessels (Feke & Riva 1978, Riva
et al. 1972). Along with visual stimulus flicker and a constant light-adapted state, blood flow in-
crease is also observed in retinal circulation (Riva et al. 1991, Vo Van & Riva 1995). Initial reports
used a single beam positioned on a vessel of interest, and this approach was subsequently coupled
withOCTmethods (Leitgeb et al. 2014, Singh et al. 2010).Reports usingDoppler signals to reveal
flicker-evoked responses show increased blood velocity, flow, and volume (Wang &Kefalov 2011).
Combining OCT, Doppler shift, and dynamic vessel analysis, Garhöfer et al. (2004) estimated
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substantial increases in total blood flow to the retina exceeding 50% following visual flicker stim-
ulation. An increase in retinal vessel diameter and, as a consequence, lower resistance and faster
blood velocity mediate the change in total blood flow. Work on this front is beginning to study
the impact of neurovascular dysfunction in a number of retinal degenerative diseases using the
Dynamic Vessel Analyzer (Imedos GmbH, Jena, Germany), which measures large vessel diameter
in response to visible flicker (Garhöfer et al. 2010). Analyses will benefit from combining measures
of diameter alone with those of blood cell speed (Riva et al. 1991, Vo Van Toi & Riva 1995, Zhong
et al. 2012) or of the flux of single blood cells recently demonstrated using labeled (Kornfield &
Newman 2014) and label-free detection of single blood cells (Guevara-Torres et al. 2016).

6. INTRINSIC FLUORESCENCE IMAGING

6.1. Theoretical Concept

The generation of adenosine triphosphate, a unit of intracellular energy, is of critical importance
for cell function. In the mammalian central nervous system, its generation takes place mostly
through either glycolysis (anaerobic) in the cytosol or the Krebs cycle (citric acid cycle or
tricarboxylic acid cycle) and oxidative phosphorylation (aerobic) in the mitochondria. In these
cycles, oxidation and reduction reactions involve nicotinamide adenine dinucleotide (NADH)
and flavin adenine dinucleotide (FAD) (Wong-Riley 2010). NADH and FAD are fluorescent,
potentially providing a window into cellular respiration throughout the entire retina (Heikal
2010, Huang et al. 2002).

The visual cycle is critical for maintaining human vision. Following photon absorption by pho-
topigment in the photoreceptors, the chromophore 11-cis-retinal is isomerized to all-trans-retinal,
which must be converted back into 11-cis-retinal to rebind with the opsin through the visual cycle
(Kiser et al. 2012). To begin this process, all-trans-retinal is converted into all-trans-retinol in the
photoreceptor outer segments. All-trans-retinol is moved into the cells of the RPE, where it is
converted into all-trans-retinyl esters that are stored in retinosomes until needed. All-trans-retinyl
esters are then converted into 11-cis-retinol and finally to 11-cis-retinal. The latter is transported
to the photoreceptor outer segment to bind with the opsin, concluding the visual cycle. This en-
tire process of photopigment regeneration can be quite slow; a completely bleached human rod
can require 30 min or more to regenerate all its photopigment (Hecht et al. 1937).

In addition to using the traditional visual cycle for chromophore regeneration, cones can re-
generate photopigment through a cycle involving Müller cells (Wang & Kefalov 2011). In this
alternate cone cycle, all-trans-retinol is transported to Müller cells, where it is converted into
11-cis-retinol before being transported back to the cones. Unlike rods, cones can convert 11-
cis-retinol into 11-cis-retinal. This alternate process is significantly more rapid at producing the
11-cis-retinal required for binding with the opsin to form cone photopigment. Advantageous for
imaging, molecules involved in the visual cycle, in particular, retinol and retinyl ester, are highly
fluorescent. By-products of the visual cycle that accumulate in the RPE form lipofuscin granules,
which are also fluorescent. However, because lipofuscin itself is not modulated with physiological
levels of light that drive the natural stimulus-evoked response to patterned light stimulation, it is
outside the scope of this review.

6.2. Imaging Cellular Metabolism

Ex vivo studies indicate metabolism changes in response to visual stimulation (Chen et al. 2005).
FAD in retina can be imaged in vivo via blue-light excitation (Elner et al. 2008). The mag-
nitude of emitted flavoprotein fluorescence varies with disease (Field et al. 2012), but it has
not been studied in response to visual stimulation. To image NADH, traditional single-photon
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fluorescence excitation must use UV light. However, UV light is highly phototoxic, and it is
strongly filtered through the anterior optics of primate eyes because its peak excitation falls below
400 nm,which is poorly transmitted by the optics. By contrast, two-photon excitation uses longer-
wavelength pulsed light that can pass through the anterior optics and reach the retina to produce
an excitation approximately equivalent to half the wavelength or twice the energy.NADHmay be
the dominant fluorophore in fluorescence images of retinal ganglion cells and other inner retinal
neurons acquired in macaque (Sharma et al. 2016b). By comparing the intensity of fluorescence
emitted by FAD and NADH, researchers can quantify changes in the reduction-oxidation (redox)
state of a cell (Chance et al. 1979). Such measurements are feasible, but challenging, in vivo and
have not yet been demonstrated in the living eye (Miura 2018).

6.3. Imaging the Visual Cycle

Retinoids of the visual cycle also require two-photon excitation for visualization in the living pri-
mate eye. Sharma et al. (2016a) observed retinol production in macaque rods and cones, retinol
clearance, and establishment of an equilibrium in response to light adaptation. Following a brief
incremental stimulation, the magnitude of retinol production and the rate of its clearance from
the outer segment can be measured in macaque rods (Sharma et al. 2017) (Figure 6a,b). The
fractional change in emitted two-photon excited fluorescence (TPEF) as a function of the inten-
sity of incremental stimulation was consistent with the fraction of bleached rhodopsin pigment.

0
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0 min (after flash) 10 min 20 min 30 min 60 min
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te
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Time (s)
40 6020 80
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Figure 6

Two-photon excited fluorescence (TPEF) imaging of intrinsic visual cycle fluorophores. (a) Individual
macaque rods and cones visualized with infrared reflectance (left) and TPEF (right) adaptive optics scanning
light ophthalmoscope. (b) Fluorescence from macaque rod locations increases exponentially in response to
730-nm light used for TPEF imaging. An additional brief flash of 561-nm light (7.35 log scot Td-s for 0.175
s) (vertical green line) bleaches 98% of photopigment and leads to a rapid increase and subsequent exponential
decease in emitted TPEF likely corresponding to rapid production and clearance of all-trans-retinol from
rods (Sharma et al. 2017). (c) TPEF images of retinosomes (bright spots) in mouse retinal pigment epithelium
at multiple time points after flash stimulation. The fluorescence increases approximately three times in the
20–30 min poststimulation (Imanishi et al. 2004). The brightness of images has been adjusted 10% for
reproduction.
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However, the rate of retinol clearance from rods is substantially faster than rates measured by
densitometry, which rely on the regeneration of visual pigments. Imaging the visual cycle may be
useful in quantifying photoreceptor function, as demonstrated in three macaque models of altered
outer retinal function. In a macaque model of induced retinal degeneration, photoreceptors miss-
ing their outer segments showed little change in TPEF upon stimulation (Walters et al. 2019).
Similarly, phototoxic damage to select cones may be identified by a cell-specific decrease in TPEF
intensity and altered TPEF time course after visual stimulation (Schwarz et al. 2018). The rate
at which TPEF intensity changes with visual stimulation is also slowed in the cones of macaques
breathing 10% versus 100% O2 (S. Walters & J.J. Hunter, unpublished data). In mouse, TPEF
imaging of the RPE revealed retinosomes that sequester retinyl esters until needed to regenerate
photopigment. In response to visual stimulation, there was an increase in TPEF intensity of the
retinosomes corresponding to an increase in the concentration of retinal esters (Imanishi et al.
2004) (Figure 6c). Translating these TPEFmeasurements of the visual cycle (Schwarz et al. 2016)
may be greatly beneficial in identifying the early stages of human retinal degeneration involving an
altered photoreceptor visual cycle such as Stargardt’s disease, retinitis pigmentosa, or age-related
macular degeneration.

7. MONITORING NEURONS WITH EXTRINSIC
FLUORESCENT BIOMARKERS

7.1. Theoretical Concept

The precise metabolic and physiological status of retinal neurons can be tracked by measuring
fluorescent signals emitted by biosensors targeted to cells and properties of interest. This is al-
ready a highly developed technology for use ex vivo or in other organ systems for monitoring
neural activation (calcium indicators, voltage sensors, glutamate markers), metabolism (glucose
level, pH, mitochondrial function, hypoxia), and gene expression. Much of the early use of fluo-
rescent biomarkers was with in vitro preparations (Duebel et al. 2006, Wang et al. 2014), since
in vivo imaging can be difficult, but over time increasingly more studies have developed meth-
ods for in vivo imaging involving choice of optimal organisms (e.g., larval Xenopus or Drosophila)
and methods adapted to a variety of larger organisms, such as AO imaging. Genetically encoded
biosensors (e.g., GCaMP) can be particularly valuable in providing stable, long-term monitoring,
although less permanent indicator dyes (e.g., Oregon green 488) can be inserted repeatedly into
cells. Choice of indicator is critical, and considerations include whether the indicator provides a
quantitative metric (e.g., a ratiometric signal or fluorescence lifetime) and minimizes measure-
ment uncertainties due to uneven dye loading, photobleaching, cell density, etc. Sensors should
be selectively targeted to the cells or cell components of interest (amacrine versus bipolar cells,
different classes of horizontal or ganglion cells). It is also important to determine the acute or
long-term toxicity of the sensors or the light used to image the targets as well as whether the sen-
sor alters the function being assessed or if its signal is altered by changes unrelated to the measure
of interest (for example, pH alters some biosensor signals). Because the retina, unlike the brain, is
optically transparent, it may be used to image fluorescent signals in deep tissue without the severe
attenuation and scattering produced by brain tissue.

7.2. Biomarkers of the Metabolic State of Retinal Neurons

Given the similarities between brain and retinal neurons, many metabolic biomarkers devel-
oped to examine the former (Nguyen et al. 2017) may be applied to retinal studies (Stefansson
et al. 2017). The most extensive research, including much in vivo imaging, has been done with

34 Hunter • Merigan • Schallek

A
nn

u.
 R

ev
. V

is
. S

ci
. 2

01
9.

5:
15

-4
5.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

R
oc

he
st

er
 L

ib
ra

ry
 o

n 
09

/1
8/

19
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



VS05CH02_Hunter ARjats.cls August 31, 2019 11:55

fluorescent biomarkers of retinal oxygenation or reactive oxygen species. To date, these methods
have been used to examinemany retinal manipulations including reperfusion injury after elevation
of interocular pressure (Rayner et al. 2014), light damage (Prunty et al. 2015), hypoxia (Uddin
et al. 2016), retinal vein occlusion (Uddin et al. 2017), and nerve crush (Fan et al. 2017). In the
future, these approaches may be applied to study light-evoked vascular activity as described above
for nonfluorescent methods. Quantitative fluorescent biomarkers for such neuronal indexes as
glucose, pH, redox ratio, NADH, etc., are also being developed (Yellen & Mongeon 2015) for
ratiometric or lifetime imaging, but they have not been used in in vivo studies of the retina.

7.3. Imaging Indicators of Neural Function

Many biomarkers can track neuronal function, providing complementary information about neu-
ronal activity. Neuronal function was traditionally measured with electrophysiology, including
recordings of extracellular neuronal spiking as well as intracellular and local field potentials mea-
suring excitatory and inhibitory slow potentials. Mimicking electrophysiology, some imaging
methods examine membrane or dendritic voltage (Hochbaum et al. 2014, Maclaurin et al. 2013,
Xu et al. 2017), calcium levels that increase within excited neurons (Thestrup et al. 2014), neuronal
glutamate release (Borghuis et al. 2013, Park et al. 2014), and chloride concentration (Zhang et al.
2006).These measures can be precisely related to excitatory and inhibitory neuronal inputs as well
as the impact of neuromodulators such as dopamine, acetylcholine, and histamine. These imaging
methods have been largely used for in vitro studies but are now being developed to understand
neuronal function in vivo.

However, when findings depend on the intactness of the organism, in vivo studies are nec-
essary. Combining in vitro and in vivo methods, one study demonstrated that internal stores of
calcium contribute little, if anything, to the light response ofDrosophila ommatidia, which depends
on influx of extrinsic calcium (Asteriti et al. 2017). Calcium responses were imaged with the fluo-
rescent sensor GCaMP6f expressed in photoreceptors of transgenic Drosophila under the control
of the opsin promoter Rh1. Measurements were made in dissociated ommatidia in calcium-free
medium and compared with whole-cell patch-clamp electrophysiological recordings as well as in
vivo imaging to exclude the possibility that dissociation altered ommatidial response.

Calcium imaging with an AOSLO has been used to measure the light responses of retinal gan-
glion cells in mouse and macaque retina, an approach complicated by potential cross talk between
the visual stimulus and the visible imaging light. In an initial study to insert GCaMP3, Yin et al.
(2013) injected a glycoprotein-deleted rabies virus (Wall et al. 2010) intomouse superior colliculus
for retrograde transport into mouse retinal ganglion cells. Interference between stimulating and
imaging light sources was minimized by separating their spectral absorption, a method previously
described by Akerboom et al. (2013). Yin and colleagues (2013) altered this method by stimu-
lating photoreceptors with a highly visible ultraviolet light (Nikonov et al. 2006) that minimally
activates GCaMP. ON and OFF responses were observed in different ganglion cells; certain cells
responded to 8-s stimuli with a sustained response (Figure 7a), whereas others showed a more
transient response.This study (Yin et al. 2013) demonstrated amajor benefit of in vivo fluorescence
imaging—the ability to image the same cell repeatedly over multiple days. Indeed, the cellular vi-
sual response decreased before they could no longer be imaged. Calcium responses may also be
measured with infrared light and TPEF (Bar-Noam et al. 2016). Using a modified two-photon
microscope, Bar-Noam and coworkers (2016) found that GCaMP6s-labeled ganglion cells re-
sponded robustly to repeated visual stimulation of 10–20-ms pulses of blue (∼450–500 nm) light.

AOSLO imaging of calcium sensors have been used to measure retinal ganglion cell re-
sponses in living macaque (Yin et al. 2014) (Figure 7b). The spatial separation between foveal
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photoreceptors in macaque and the ganglion cells to which they project minimized cross talk
between the stimulating and measuring light. A calcium indicator was inserted into the inner
retinal neurons via intravitreal injection of AAV2-CAG-GCaMP5, which was densely expressed
in a circular band around the fovea. As in mouse studies, Yin et al. (2014) identified both ON and
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Figure 7 (Figure appears on preceding page)

Fluorescent calcium responses of ganglion cells in mouse and macaque retina. (a) GCaMP3 is expressed in
mouse ganglion cells (upper panel). Tracking fluorescence in a single cell shows repeatable activations in
response to presentations of an 8-s ultraviolet stimulus. Panel a adapted with permission from Yin et al.
(2013); copyright 2013, American Physiological Society. (b) GCaMP5 is expressed in macaque ganglion cells
surrounding the fovea (upper panel). The lower plot shows the fluorescence response to a 1-s visible stimulus
presented at time 0. Panel b adapted with permission from Yin et al. (2014); copyright 2014, Society for
Neuroscience. (c) In monkey, microscopic stimuli (blue dots) were presented at the foveola to measure the
receptive field of displaced ganglion cells labeled with GCaMP6. Both ON (red) and OFF (green) cells show
a consistent displacement radiating from the fovea center (McGregor et al. 2018).

OFF ganglion cells, 12 of whose intensity response function they also measured. Subsequently,
measurements using GCaMP6s and fine-flickering checkerboard stimuli have shown that indi-
vidual macaque ganglion cells are radially displaced approximately 200 to 400 µm from their
foveola receptive fields (Figure 7c) (McGregor et al. 2018).

Measurements of calcium responses provide a unique way to directly examine optogenetic
vision restoration in blind mouse by the use of the red-shifted channelrhodopsin ChrimsonR,
developed by Klapoetke et al. (2014). Individual ganglion cells of retinal degeneration (RD10)
mice were coinjected with viral vectors containing both ChrimsonR and the calcium indicator, and
many cells in the ganglion cell layer then expressed both constructs (Cheong et al. 2018).Cross talk
was minimized via ultraviolet visual or red ChrimsonR stimulation, neither of which stimulated
GCaMP. The amplitude of restored responses decreased slowly over a period of approximately
6 weeks, possibly owing to changes in ChrimsonR, GCaMP6, or both.

In a major advance for in vivo functional imaging, Yang et al. (2016) used calcium and voltage
indicators to examine the light responses in the first few neurons of the Drosophila visual pathway
(comparable to bipolar and ganglion cells in vertebrates). Voltage responses were essentially iden-
tical to patch-clamp electrophysiology of the same neurons, and different locations along the same
neuron showed consistent results. Changes in the sign, amplitude, and kinetics of responses were
found only across synapses. However, calcium responses varied substantially from location to lo-
cation within a single neuron, indicating compartmentalization of local processing and making it
possible for a single neuron to transmit distinctive signals across different synapses. Application of
both sensors provided valuable insights into slow potentials as well as neuronal spiking. Prospects
for the use of extrinsic fluorophores to measure neuronal metabolism and function are promis-
ing. Because many available biomarkers can be conjugated to a fluorescent marker and given the
very distinctive lifetimes of different fluorophores, future approaches may provide intensive or
ratiometric fluorescent readouts (Stepanenko et al. 2008).

8. CONCLUSIONS

As the only portion of the central nervous system that is optically accessible at high resolution,
the retina may be used to examine function longitudinally in animals and to carry out noninva-
sive studies in humans. Examination of retinal function in the intact organism (e.g., vascular or
metabolic studies) provides a wealth of information, and examining the same neurons longitu-
dinally over weeks to months, for example, to track vision loss or restoration, is also beneficial.
We are relatively early in the digital imaging revolution. However, the greater sensitivity, spectral
range, precision, and accuracy of current approaches are expanding what may be imaged in the
living eye.Moreover, on the brink of deep learning and convolutional neural network image anal-
ysis, we may be able to extract further information from increasingly rich imaging sets (Gulshan
et al. 2016). New imaging abilities for exploring neurophysiological questions in humans may
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change the way we evaluate retinal circuits, much as noninvasive human fMRI has revolution-
ized the ability to image the brain. Critically, functional retinal imaging approaches will not re-
place, but rather complement, existing functional methods such as electrophysiology. In the best
of ways, multimodal approaches will provide corroborative evidence to drive conclusions when
single-biomarker modalities are limited or confounded. Together, they will accelerate our abil-
ity to relate the response of retinal neurons to visual perception, provide a deeper understanding
of retinal physiology, diagnose retinal disease, and evaluate cutting-edge restorative/preventative
therapies against retinal vision loss.

SUMMARY POINTS

1. Photoreceptor responses to light have beenmeasured by a variety of noninvasive imaging
techniques, revealing modulations of backscattered light and changes in the optical path
length of outer segments in response to light.

2. Near-infrared intrinsic signal imaging of the retina has shown positive and negative re-
flectance changes that are not impacted by photopigment changes.

3. Many imagingmodalities have examined vascular light responses and neurovascular cou-
pling in the retina, measuring retinal vessel caliber, flow, and oxygenation.

4. Imaging of autofluorescent compounds native to the retina is a new direction toward
noninvasive imaging that may reveal the modulation of both metabolic processes and
aspects of the visual cycle within cells of the living eye.

5. Imaging extrinsic fluorophores can boost the contrast of specific physiological processes
in retinal neurons. For example, responses of ganglion cells have been studied using
calcium indicators of neuronal function.

6. Imaging of functional responses of the inner retina is often overshadowed by stronger
outer retinal responses.

7. Collective advantages of these in vivo imaging techniques include the tracking of visual
response over time, greater understanding of normal physiology, surveillance of disease,
and increased testing efficacy of vision restoration.

FUTURE ISSUES

1. Combining multiple modalities will be essential to understand and take advantage of the
complex interplay of the myriad of biological reporters. For example, optical coherence
tomography combined with adaptive optics two-photon excited fluorescence imaging
would be far more informative than the same methods used separately.

2. Work remains to make the imaging tools discussed here more widely accessible and
adopted by investigators. These goals involve both the commercialization of new in-
strumentation and the demonstration of its research and clinical value.

3. Toward these goals, there needs to be continued improvement of both instrumentation
(e.g., detectors, newmodalities) and biological reporters (e.g., indicators for voltage, neu-
rotransmitters, ions, metabolic function such as glucose and NADH).
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4. Limitations of in vivo imaging include the difficulty of studying the majority of postre-
ceptoral cells in the retina and the need to optimize reporters for inner retinal function.
Owing to new advances in phase-contrast techniques, these cells can now be visualized
and tracked, which provides an exciting step forward to measuring their function.
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